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Abstract

Permanent magnet AC motors have a wide range of applications mainly because of their
high efficiency and high power density. To implement a self-synchronous conffol system, the

conventional PMAC motor drives require some form of mechanical position sensors, usually

attached directly to the motor shaft. However, mechanical sensors have a number of
drawbacks in practical applications, such as increased number of wires and their sensitivity to

the environmental factors. Therefore, elimination of the mechanical position sensor is

desirable.

A number of position detection techniques have already been reported in the literature for
PMAC motor drives, which may be named as indirect position sensing techniques. However,

they have a number of limitations, such as math intensive calculations, limited operating

speeds, sensitivity to the measurement noise and motor parameter variations, which all
reduce the accuracy of the position data and the operating speed range of the motor drive.

In this thesis, a robust indirect position sensing technique is proposed and implemented in
real time using a DSP based motor controller. The technique is based on a rotor position

estimation using the measured phase voltages and currents of the motor. In this study,

however, an incremental algorithm is used to estimate the flux linkage increments, which
effectively eliminates the integration involved in the flux linkage estimation. Thus, the

integration that exists in the outer loop is moved to the position calculation section forming
an internal closed-loop. V/ith the help of a phase-locked loop (PLL) algorithm, the internal

closed-loop can significantly reduce the drift in the position estimation, which may be due to

the parameter deviations or measurement inaccuracies. It was demonstrated that this feature

provides a wider operating speed range and robustness. Theory analysis and real time
implementation of the proposed indirect position detection technique are detailed in the thesis.

In addition, a number of real-time tests are performed using a PMAC motor drive to
demonstrate the accuracy and the robustness of the technique.

A PMAC motor drive always requires signals of phase currents and voltages to achieve the

closed-loop current control or rotor position estimation. The phase voltages and currents are

measurable quantities, but they can also be reconsffucted from DC link measurements of the

inverter for some low cost applications. This thesis also proposes and develops a novel three-

phase currents reconsffuction technique that is based on an adaptive current observer. The

observer uses the mathematical model of a PMAC motor drive to estimate the three-phase

cuments, and then reconstructs the DC link current based on the relationship with switching
states as its output. The correction section of the observer is the comparison between the

measured and the estimated DC link currents and the result is used to compensate the DC link
voltage to correct any deviations, assuming that three phases of the motor are symmetrical. A
number of experimental results are provided in this thesis to demonstrate the accuracy of the

cunent reconstruction for both sinusoidal and rectangular current excitations. A set of real-

time experimental results also show that the reconstructed cunents can replace phase current

measurements as feedback signals to implement current closed loop control with single

current sensor only.

In the fînal section of the thesis, two methods, the position estimation and the current

reconstruction, are combined together to achieve a PMAC motor drive utilising a minimum
number of sensors in the motor drive. The real time experimental results provided in this

section illustrate that a good steady-state and dynamic performance can be achieved using the

methods proposed, which effectively reduces the number of sensors in the motor drive to
two, one voltage and one current sensors on the DC link. The number can further be reduced

to one if the DC link voltage is assumed constant during the operation of the motor drive.
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Chapter L

Introduction

1.1 Overview and Background

Electrical motor drives are widely used in industrialised nations. For example,957o of all

prime movers in industry are electric motors. In the last century, most of the motor drives in

industrial systems, commercial equipments, and domestic appliances were designed to

operate essentially at constant speed, mainly because of the absence of the efficient variable

speed drives. With the advancement in power electronics and developments of industrial

automation within the last 20 years, many mechanical loads, such as elevators, paper and

steel mill drives, machine tools, and robots, were accommodated adjustable speed motor

drives, which significantly improved the performance, productivity, and energy efficiency

t1l.

Among the motor types, due to their simple construction, induction motors have been the

most popular type, which are also inherently reliable and require minimum maintenance.

Although such motors are widely used in constant speed applications, after the development

of vector control methods in the early 1970's, their speed control performance became very

close to the performance of the conventional brush DC motor (with commutators). Moreover,

the rapid advancements in power electronics and microprocessot technologies made the

induction motor drives very competitive in terms of real-time performance and overall

system efficiency. As a result of these developments, the applications of adjustable speed AC

motor drives have increased tremendously with the improvement of the performance and the

reduction of the cost [2].

Permanent magnets (PMs) have been used in elecfrical machines as replacements for the

electromagnetic excitation systems almost from the beginning of the development of such

machines. However, the low energy densities of the earlier magnetic materials limited their

use to small or brush DC machines. After the introduction of advanced permanent magnet

(PM) materials, however, such as rare earth PMs, the use of PM motors has become more

attractive than the vector controlled induction motor drives in the recent years [3].

I



2 Chapterl. Introduction

The PMs in motors produce the air gap magnetic field, which eliminate the use of

excitation or field windings as in the conventional brush DC motor. The PMs not only can

improve the motor's performance, but also make it possible to design a motor with much

higher efficiency characteristics. The higher efficiency is mainly due to the absence of the

field windings and associated copper losses. In addition, higher magnetic flux density in the

air gap can be achieved by using high performance PM materials. This higher magnetic flux

density made it possible to design the motor with impressively high values of power density

and torque-to-inertia ratios. The superior characteristics of PMs make them very attractive

candidate in numerous applications including actuators and servo motor applications that

demand the fastest possible dynamic response. Furthermore, the absence of the fîeld

windings simplifies the construction and maintenance of the PM motors while increasing the

flexibility of their usage in special applications. In general, compare to their counterparts,

modern PM motors are competitive both in performance and cost, which also improves

continuously with the significant drop in their cost.

A brushless permanent magnet AC (PMAC) motor has magnets mounted on the rotor and

three-phase armature windings mounted on the stator, which are usually connected star

configuration. The armature currents of the motor flow through the stator windings, and due

to the absence of the rotor windings this arrangement allows excellent heat dissipation in the

motor.

However, the brushless configuration means an electronic switching converter has to be

accommodated to perform the similar function of the mechanical commutators/brushes that

exist in the conventional brush DC motor. The principal function of the electronic switching

converter is to produce excitation current for each phase, which must be synchronised with

the back-EMF voltage of that phase. Since the back-EMF voltage is related to the magnet

positions in the rotor, the rotor position of the PMAC motor has to be known for correct

current commutation. With the development of power electronics, microprocessor and motor

control technology, nowadays, PMAC motor control is becoming much easier and

inexpensive opening a wide range of applications where such motor drives are utilized.

1.2 Objectives and Contributions

Effectively, PMAC motors are synchronous motors and in the absence of auxiliary rotor

windings, power electronics devices must be used to synchronise the AC exciting currents

with the instantaneous rotor position accurately. This is a requirement to obtain smooth
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electromagnetic torque from the motor drive. As stated earlier, generally, a three-phase

inverter is used to power the PMAC motor. The conventional method of ensuring

synchronism is achieved by switching the power devices of the inverter directly from a shaft-

mounted rotor position sensor. This action is commonly known as self-synchronisation,

which effectively keeps the torque angle of the synchronous PMAC motor constant at zeto

degrees. This function is analogous to the role of the mechanical commutators and brushes

where the current commutation is achieved mechanically. Therefore, the PMAC motors with

trapezoidal back-EMF voltages are also known as brushless PMDC motors [4].

However, mechanical shaft-mounted position sensors, such as resolvers, absolute position

encoders and Hall-Effect sensors, have many drawbacks and their applications are restricted.

Firstly, a special mechanical arrangement is needed to mount the position sensor on the

motor shaft, and the mounting accuracy directly affects the accuracy of the position

detection. Secondly, a number of signal wires are needed between the motor and the

controller. Such wires increase the cost and decrease the reliability of the motor drive system.

Thirdly, these sensors, particularly Hall-Effect sensors, are sensitive to the environmental

factors, such as temperature, humidity and vibration, so that their applications are limited in

many applications. Moreover, using a shaft-mounted position sensot increases the moment of

inertia and motor size. In addition, using a position sensor increases the system cost

significantly, which should consider the sensor itself and associated electronic circuit [5].

One of the most active research areas of PMAC motor controls during recent years has

been the rapid development of new techniques for eliminating the rotor position sensors. It

can be concluded that the position sensors are the most expensive and fragile components in

the entire motor drive. Therefore, elimination of the shaft-mounted position sensor is a very

desirable objective in many applications. Although the elimination of the direct sensor does

not eliminate the requirement for the position information, there are a number of benefits of

this, such as the elimination of elecnical connections to the sensor and associated

environmental factors, and reduction in overall size. Of course, the absence of the direct

sensor should not limit the operation of the motor drive at zero, low and higher speeds.

A number of position sensor elimination, or indirect position detection, techniques have

been proposed for the PMAC motor drives. These techniques can broadly be classified in

three groups.

J



4 Chapterl. Introduction

In the first group, the position sensing is based on the back-EMF sensing. However, since

the back-EMF voltages are too low to be sensed at low speed range, this technique is not

suitable at start and at low-speed operation, which may be critical in certain applications. In

the second group, the position information is obtained by measuring and processing the phase

voltages and the currents of the PMAC motor. However, in this group, computationally

intensive real-time algorithms a¡e needed. The methods are also very sensitive to the motor

parameter variations and measurement inaccuracies. In addition, these techniques may also

suffer at low speed operation that may be due to integration drift in the algorithms. The third

group of indirect position techniques is based on the detection of the rotor saliency due to

structure or magnetic saturation in certain PMAC motors. Therefore, these techniques are not

suitable for surface permanent magnet (SPM) motor, which has no rotor saliency.

In order to estimate continuous rotor position information, most of the proposed position

estimation algorithms require the measurements of three-phase currents and voltages of the

motor. In addition, the three-phase currents are also used in the drive to implement the

closed-loop current control. The most effective method is to measure all five quantities

directly.

In practice, Hall-Effect sensors for current measurements and isolation amplifiers for

voltage measurements are utilized, which also provide electrical isolation between high-

voltage inverter and low-voltage control circuit. Additional hardware, such as ND
converters, is still needed to implement digital control. However, using current sensors and

associated conditioning circuits may result in increased complexity, cost, space and a

reduction of system reliability. Therefore, employing a minimum number of sensors, which

also increase the reliability of the system and reducing cost, are desirable in many

applications. This is the primary aim of this project.

In this research, a robust position sensorless technique, which is suitable for both

sinusoidal and trapezoidal PMAC motors without rotor saliency, is proposed and

implemented in real time with a DSP controller. The method proposed here is based on the

estimation of rotor position using phase voltages and line currents. In this study an

incremental algorithm is utilised to transfer the integration from flux linkage calculations to

the position calculation, which forms an internal closed loop. V/ith the help of a phase-locked

loop (PLL) algorithm, the internal closed loop corrects any position drift caused by the motor

parameter deviations or measurement inaccuracies. Therefore, the position sensorless

technique can operate in a wider speed range, and has robustness with respect to motor
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parameter variations and the measurement elrors. In comparison with other position

estimation methods, moreover, the algorithm has less mathematical computations, which

makes the real-time implementation of the method easier. A wide range of experimental

results is provided in the thesis to demonstrate the high accuracy of the position estimation.

Moreover, parameter variations and measurement inaccuracies aÍe also investigated

thoroughly. It was shown that the estimated rotor position can replace the measured position

signals to implement a closed-loop position sensorless control. Furthermore, real time

experiments demonstrated that the position sensorless drive system has good static and

dynamic performances, and achieve high robustness and reliability that are required in any

practical applications.

The second major contribution of this thesis is the proposition and implementation of a

novel three-phase current reconstruction technique. The technique is based on an adaptive

current observer, which estimate the three-phase currents according to the mathematical

model of a PMAC motor drive. Based on the relationship among the switching states, a DC

link current is reconstructed from the estimated three-phase currents and used as an output of

the adaptive current observer. The ouþut is then compared with the actual measured DC link

current and the result is used to correct the estimated current from the observer. Under the

assumption of the symmetry of the three phases of a PMAC motor, the correction factor is

utilised to compensate the DC link voltage, so that all of the three-phase estimated currents

can be corrected at all time. With the adaptive current observer, therefore, the three-phase

current can be reconstructed from DC link measurements and switching signals of the

inverter. The phase currents reconstruction technique is suitable for both trapezoidal and

sinusoidal PMAC motor drives with rectangular or sinusoidal current excitation. The

experimental results demonstrate that the reconstructed three-phase currents can follow the

actual winding currents accurately and have good dynamic performances. This makes it

possible to replace the phase current measurements with a single current sensor on the DC

link. Real time steady state and dynamic results were obtained under a single current sensor

operation of the PMAC motor

The key contribution of this thesis is to combine the novel position sensorless and current

reconstruction techniques to demonstrate a practical PMAC motor drive with a minimum

number of sensors. In the final method developed, the three-phase voltages and currents

required by the position estimation are reconstructed using the DC link current measurements

and switching signals of the inverter, and then the rotor position is estimated using these

5



6 C hap te r 1 . Int ro duc tion

reconstructed phase voltages and reconstructed phase currents. Effectively, this fînal

implementation requires only two sensors: DC link current and DC link voltage sensors. It is

worth noting here that if dc link voltage remains constant, only one measurement, DC link

current, is sufficient. Real time experimental results are also given under steady state and

dynamic operating conditions using a single sensor in the DC link.

1.3 Outline of Thesis

The contents of this thesis are organised as seven chapters.

The objective of Chapter 2 is to introduce the operation principle and control methods of

two major classes of PMAC motors (trapezoidal and sinusoidal) in order to provide a

theoretical basis for the research work presented in the thesis. As it is shown, due to the

differences in their configurations, these two types of motors PMAC motors have some

notable difference in their performances and their controls. Therefore, a major portion of this

chapter is devoted to a comprehensive discussion on commonalities, differences and controls

of these two classes of PMAC motors. The particular requirements of the PMAC motors for

the synchronization of the phase currents with the rotor position are also addressed.

Chapter 3 provides a review of previous position sensorless and phase current

reconstruction techniques. The advantages and disadvantages of each method are discussed

with reference to their application targeting a practical PMAC motor drive. The position

sensorless methods can be broadly divided into three groups, based on back EMF sensing,

based on an estimation method using the measured three-phase currents and voltages, and

based on the inductance variations that has to be identified indirectly. In this chapter, it is
summarised that previous position sensorless methods have limitations, mainly based on the

accuracy of position data and limited operation under low and high speeds, In addition, it is
explained in this chapter that three-phase voltages and currents of a PMAC motor powered

from an inverter can be directly measured or reconstructed from DC link measurements in

order to reduce the cost. The chapter also reviews the previous current reconstruction

techniques and highlight their limitations in term of accuracy and operation in a closed-loop

real time system.

Chapter 4 develops a mathematical model suitable for the application of digital control

techniques for both trapezoidal and sinusoidal PMAC motor drives. The derivation of the

model is briefly reviewed to show the theoretical control principles of PMAC motor drives.
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Based on the mathematical model, a general dynamic simulation Virtual Instrument (VI) for

a PMAC motor drive is established using a graphical programming language, LabVIEW. In

this study, the developed simulation tool is used to predict the static as well as the dynamic

performances of the motor drive, and the results are verified by the experimental data. Of

course, the main purpose of the development of the simulation tool is to provide an

evaluation platform to simulate the rotor position estimation and phase current reconstruction

algorithms before they are actually been implemented in the practical real time motor drive.

Chapters 5, 6 and 7 compose the core of this thesis, which cover the major contributions

of this research.

Chapter 5 concentrates on the development of the robust position sensorless technique for

a wide range of PMAC motor types. Based on the discussion of all possible approaches to

derive rotor position information from ideal mathematical model and measurable quantities

of a PMAC motor drive, the derivation of the novel incremental position estimation

algorithm is detailed at the beginning of the chapter. The characteristics of this algorithm are

also covered in the chapter. To demonstrate the validity and reliability of the new position

sensorless technique, the Chapter provides some computer simulations and examines the

robustness of the method with respect to the motor parameter variations and the measurement

enors. In addition, the real data obtained from the actual motor drive are used to estimate the

rotor position, and the results are compared with the actual rotor position signals to

demonstrate the validity and the robustness of the position estimation algorithm. Finally, the

position sensorless technique is implemented in real time using a DSP based motor

controller. The hardware and software details are provided, and a wide range of experimental

results is given to demonstrate the ability of the position sensorless PMAC motor drive.

Chapter 6 primarily focuses on the three-phase current reconstruction from DC link

measurements of an inverter. In a three-phase inverter, DC link current fully depends on the

switching states of the inverter and the three-phase currents. Based on the discussions of all

possible operating modes of a three-phase inverter, this Chapter first presents a novel

approach to analyse the switching states, and then establishes a background discussion to

reconstruct the DC link current using the estimated three-phase currents. Assuming a three-

phase symmetry in the PMAC motor, a novel approach of three-phase current reconstruction

using the DC link measurements is proposed, which is based on an adaptive state observer.

Similar to the previous chapter, the phase current reconstruction technique is also validated

using the computer simulation developed. Following this section, the real data obtained from

7



8 Chapterl. Introduction

the DC link current and the switching signals measurement are used to reconstruct the three-

phase currents. The experimental verifications demonstrated that the accuracy of the

reconstruction is good to be used as a current feedback signals. Finally, the phase current

reconstruction technique is implemented in real-time in a closed-loop current control system,

and experimental results are given at the end of the chapter.

In chapter 7, two of the novel techniques, the position estimation and the phase current

reconstruction, are combined to achieve a PMAC motor drive with a minimum number of

sensors. First, the chapter reviews the reconstruction techniques of phase voltages and

currents and discuss the possible approach to estimate the rotor position using the

reconstructed phase voltages and currents. Then, a real PMAC motor drive with a minimum

number of sensors is implemented. Hardware and software details of the combined system

are given. Finally, a wide range of experimental results is given to demonstrate the

performance of the motor drive. In this section a discussion is provided to highlight the

implementation of the method in sinusoidal and trapezoidal PMAC motor drives.

The appendices are used to supplement the work found in the chapters. Appendix A

details the hardware of the actual motor drive. The major features of IRMDAC3 3-Phase

460VAC 3HP Motor Drive Board and ADMC 300 DsP-based Motor Controller as well as

the processor board of the controller are given. Appendix B describes the hardware and

software of the data acquisition system, which includes two analogue boards of PCI-6110E

boards and one high-speed digital board of PCI-6534. The principal features of these boards

are given, and the software diagrams with I¿bVIEV/ are also provided here to show the

implementation of the synchronization technique of the data acquisition. Appendix C details

the derivation of the different position estimation etrors, which are used to discuss the

robustness of the position estimation algorithm.



Chapter 2

Permanent Magnet AC Motors and Control

2.L lntroduction

Permanent magnet (PM) motors fall into a generalized classification known as double-

excited motors, which have two sources of excitation: usually known as the armature and the

field excitation. In conventional synchronous and brush DC motors, both of these excitation

sources are elecftical windings connected to an external source of electrical energy. In PM

motors, however, the field excitation windings are replaced by PMs and, of course, no

external source of electrical energy is required. The use of permanent magnets to replace the

field excitation windings in a motor brings several benefits. First, no electrical energy is

absorbed by the field excitation system, and thus there is no excitation loss that means

substantial increase in the efficiency. Second, higher magnetic flux density in the air gap can

be achieved by using high performance PM materials. This make it possible to design a PM

motor with higher torque or output power per volume and better dynamic performance

compared with motors with electromagnetic excitation. In addition, the absence of

electromagnetic excitation can simplify construction and maintenance of the PM motors and

also increase flexibility of size and shape for special application [3].

When the PMs are mounted on the stator of a motor, the motor falls into a PMDC

commutator motor since a special commutator must used to connect the armature rotor with

an external electrical power supply. Because of the action of the commutator, of course, the

control of a PM brush DC motor is comparatively simple and so, it is still widely used in

many applications. However, the commutator of the motor and its brushes also cause several

construction and maintenance problems, so that brushless or replacement of the mechanical

commutator with an electronic switching converter is required in some applications, which is

named as brushless PM motor [4].

A brushless PM motor has PMs located on the rotor and a polyphase, usually three-phase,

stator similar to conventional synchronous or induction motor. The most obvious advantage

of the brushless configuration is the removal of the brushes, which are subject to wear and

9
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require maintenance. Another advantage of the brushless configuration, in which the rotor is

always inside the stator, is that more cross sectional area is available for the power armature

winding that make the condition of heat through the frame improved. Consequently the

power per volume and the efficiency of a brushless PM motor is likely to be higher than that

of a PM brush DC motor. In addition, the absence of commutator and brushes reduces the

motor length and rotor inertia and eliminate brush fiction and speed dependent current

limitations. Thus, considerable improvements in dynamics can be achieved specifîcally for

servo-type applications.

However, the brushless configuration does not come without some disadvantages. When

rotor with PMs rotating, the back EMF voltages induced in the stator windings are AC. Thus,

the excitation currents fed to stator armature should also be AC in order to produce constant

torque. This means that the brushless PM motor actually is an AC motor, Consequently, one

of the main disadvantages compared with the PM brush DC motors is that PMAC motors

require more complicated electronic controller to provide AC excitation currents. In addition,

the excitation currents should be synchronous with the back EMF voltages, that is, the rotor

position. Therefore, a position sensor should be mounted on the shaft of the PMAC motor to

achieve a correct current commutation, that is, a self-synchronous control. However, these

disadvantages have been surmountable with the development of power electronics and motor

control technology [2].

The objective of this chapter is to examine the principal control techniques of PMAC

motor drives in order to provide basic concepts for the research work presented in this thesis.

Two major classes of PMAC motors, trapezoidal and sinusoidal, will be introduced that have

some notable difference in their respective control requirement and performance

characteristics. A major portion of this chapter will be devoted to a discussion of the

commonalities and differences associated with their controls. The particular requirements of

PMAC motors for the synchronization of excitation currents with the rotor position will also

be addressed.

2.2 Confrguration of PMAC Motor

As stated above, the stator of a PMAC motor is essentially identical to that of a

synchronous or induction motor, which is usually formed from punched soft magnet steel

laminations. On inner surface of the stator lamination, there are several slots, which are used

to hold the armature windings, which are usually connected to a three-phase source as star or
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delta form. Since the distinguishing feature of PMAC motors is the present of a set of PMs in

the rotor, a great variety of PMAC motor configurations do exist, and much of this variety is

due to the location of the PMs within the rotor structure. Thus, PMAC motors may be

classified according to their rotor configurations [2].

One of the simplest rotor configurations is shown in cross section in figure 2.1(a). The

rotor has an iron core that may be solid iron or made of punched laminations. Thin PMs are

mounted on the surface of this core using adhesives. Alternating magnets of opposite

magnetization direction produce radially directed flux density across the air gap. This flux

density then interacts with currents in the armature windings to produce torque. The surface

PM motors usually have equal inductances in direct-axis and quadrature-axis. Because of

thefu high efficiency, such PM motors have the potential to replace the induction motors in a

number of industrial, commercial, and domestic variable speed drives. However, constant

power operations of these motors are very limited. This is due to the fact that a large

demagnetising component of stator current is required to produce a significant reduction in

magnet flux.

If some of the properties of a reluctance motor are incorporated into the PMAC motor,

effective flux reduction can be achieved. A simple example is an inset PM motor, in which

the PMs a¡e inset into the rotor core as shown in figure 2.1(b). Due to the near unity relative

permeability of the PM material, the direct-axis inductance of the inset PM motor is smaller

than the quadrature-axis inductance, which is due to the small iron-to-iron gap throughout the

quadrature sector. Because of the presence of a reluctance torque, in these types of motor flux

reduction can be effectively achieved by advancing the stator current phase angle from a

maximum torque, Therefore, they are suitable for constant power speed range applications.

G) ft) (c)

Figure 2.1 Cross section of PMAC motors: (a) Surface magnets,
(b) Inset magnets, (c) Interior magnets



t2 Chapter 2. Permanent Magnet AC Motors and Control

Another rotor configuration for a PMAC motor is shown in figure 2.I(c).In this interior

PMAC motor, the magnets are directed circumferentially to supply flux to the iron poles,

which then produce radially directed air gap flux. To increase ar gap flux, the shaft should be

nonmagnetic. This type of structure can achieve a high atr gap flux density. The direct axis

inductance of this motor is low because its flux path is largely through low permeability

magnets, while the quadrature-axis inductance is high since its flux can circulate in and out of

each pole face. Many structural variants of interior PM motor have been proposed. Since the

magnets are very well protected against centrifugal forces, some of them are well suitable for

high frequency and high-speed applications.

Apart from the rotor configurations given in figure 2.I, many other rotor geomefiies have

been proposed for PMAC motors. Most of the research and advance developments in PMAC

motors today is focus on the optimum rotor structure, which may be based on weight

minimization or cost minimization or both. However, in terms of motor parameters, an

optimum rotor should maximize the air gap flux density and minimize the leakage flux

between magnets that does not contribute to energy conversion process. Structure integrity

and ease of assembly are also concerns in the optimisation process.

Although there are a number of the PMAC motor configurations, from the control point of

view, they can be broadly classified into two principal classes: sinusoidal current excited and

rectangular current excited motors. Due to the sinusoidal back-EMF waveforms, a sinusoidal

current excited motor should be powered by three-phase sinusoidal currents to produce

constant torque, so that it is usually called sinusoidal PMAC motor. Also, since it operates on

the principle of a rotating magnetic field as other synchronous motors, it is simply called PM

synchronous motor. Rectangular current excited motors are also fed with three-phase currents

shifted by 1200 one from another, but due to the trapezoidal back-EMF waveforms, the

current waveforms should be rectangular and precisely synchronized with the rotor

instantaneous position. These motors are usually called trapezoidal PMAC motors [2].

In trapezoidal PMAC motors, the most direct and popular method of providing the

required rotor position information to the controller is using an absolute angular position

sensor mounted on the rotor shaft. This control scheme is an electronic commutation that is

analogous to the mechanical commutation in a brush PMDC motor. For this reason, the

rectangularly excited motors are also known as brushless PMDC motors, or simply brushless

DC motors.
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In practice, only surface magnet rotor configurations are used with both trapezoidal and

sinusoidal PMAC motors, while inset and interior magnet rotor configurations are used only

with sinusoidal PMAC motors [3].

2.3 PMAC Motor Control Characteristics

2.3.1 Trapezoidal PMAC Motor

As stated above, trapezoidal PMAC motors are usually of surface magnet rotor

configuration. The magnets mounted on the surface of the rotor core are usually designed as

wide magnet pole arcs, such as 1800. In ideal case, therefore, a rectangular distribution of

magnet flux can be achieved in the air gap, as shown in Figure 2.2(a).In practice, however,

fringing causes the corners to be somewhat rounded.

In addition, the stator windings of afrapezoidal PMAC motor are always concenffated in a

few slots, as an example of 12 slots for three-phase winding (that is two slots per pole per

phase). If the two adjacent fuIl-pitch coils are connected in series as one phase winding, the

back-EMF induced in the winding will ideally produce a stepped shape, as shown in Figure

2.2(b), when rotor of the motor rotates. In practice, fringing will cause coÍners in the back-

EMF waveform to be round. As a result, a roughly trapezoidal back-EMF voltage will be

produced in each stator phase winding during rotation, as shown by the dotted lines in Figure

2.2(b). Thus, the back EMF waveform has the trapezoidal shape that is characteristics of

trapezoidal PMAC motors [4].

0

50Û

þ)

I 20Û

(c)
E

Figure 2.2Trapezoidal PMAC motor with ideat waveforms of flux density' back EMF,
and current: (a) Magnet flux density around the air gap. (b) Back EMF
waveform, (c) Ideal phase current waveform.

(a)
E

E
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With 1800 magnet arcs and two slots per phase, the crest of the back EMF waveform is

ideally 1500 wide, but in practice the fringing field reduces this to a somewhat smaller value,

possible as little as 1200, which is required to maximise the smoothness of the resulting

output torque. The back-EMF amplitude E- is proportional to rotational angular frequency

a)r, as follow,

(2.r)

where K" is back-EMF constant.

If a current with fixed amplitude f. is flowing into the motor phase during the time

interval when the back-EMF is cresting as indicated in Figure 2.2(c), the instantaneous power

converted by this phase from electrical form (Pa) into mechanical form (P-q) will be,

(2.2)

where (Za) is instantaneous electromagnetic torque developed by the excited phase. Using

the equation (2.I), the torque is given by,

T"ø =k"I * (2.3)

These dual direct proportionalities of back-EMF to speed and torque to current expressed

in equations (2.1) and (2.3) are identical in form to expressions characterising a conventional

brush DC motor with constant field excitation. Some of the control techniques for brush DC

motor can be used in trapezoidal PMAC motor drive. This is also the reason of naming

trapezoidal PMAC motor as brushless DC motor. Despite the popularity of this name,

however, it should be nol.ecl thal. the trapezoidal PMAC motor is fundamentally a

synchronous AC motor, and not a DC motor as the name implies.

.Ro

+

vi

aE^=k,

1o=E*I*-P*Q=a,Trø

r

Lr*

lÌr

Figure 2.3 Basic per phase equivalent circuit of a trapezoidal PMAC motor.
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The standard per phase equivalent circuit model, as shown in Figure 2.3, can be used to

analyse a three-phase trapezoidal PMAC motor [1]. The equivalent phase inductance in this

model is constant since the rotor of a surface magnet motor presents virtually no net magnetic

saliency, which would result in inductance variations at the motor stator terminals. The back-

EMF voltage source included in this model delivers the signature trapezoidal voltage

waveform shown by the dotted lines in Figure 2.2(b), corresponding to the open circuit back-

EMF waveform measured across each of the phase terminals.

2.3.2 Sinusoidal PMAC Motor

Unlike the trapezoidal PMAC motor with concenfiated stator windings, the windings of a

sinusoidal PMAC motor are typically distributed over multiple slots on the inner surface of

the stator in order to approximate a sinusoidal distribution. The resulting back-EMF

waveforms generated by sinusoidal PMAC motors have sinusoidal shape. In addition, the air

gap flux density distribution of a sinusoidal PMAC motor is also modulated to reduce the

harmonics of the back-EMF waveforms.

Trapezoidal PMAC motors strongly favour surface magnet designs, so that the phase

inductances remain constant as the rotor rotates. In contrast, besides the basic surface magnet

design, sinusoidal PMAC motors can provide flexibility for adopting a variety of rotor

configurations including inset or interior magnets. Hence, sinusoidal PMAC motors can offer

various performance characteristics for a wide range of applications.

Similar to the induction motors, the most convenient analysis method for the sinusoidal

PMAC motors is to use instantaneous current, voltage, and flux linkage phasors in a

synchronously rotating reference frame locked to the rotor [1]. In the analysis, three-phase

sinusoidal currents, voltages and flux linkages can be integrated as synchronously rotating

phasors. When a synchronously rotating reference frame is set up and d-axis is aligned with

the PM flux linkage t/ , the phasors of current, voltage and flux linkage can be given as in

Figure 2.4. T\e three-phase back-EMFs obtained from the flux linkages can also be

integrated as a phasor Ë, which will be aligned with the quadrature or q-axis. The amplitude

of the back-EMF phasor is proportional to rotational angular frequency (D, and can be

expressed as:

(2.4)rE^ N a W^
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where No is the number of pole pairs and V* is the amplitude of the magnet flux linkage.

q-Ðns
+
E

d-axis

Stalor axls

Figure 2.4 Basic phasor relationships for the
sinusoidal PMAC motors

As shown in Figure 2.4, the cwrent phasor i.un be divided into d- and q-axis scalar

components l, and in in the synchronously rotating reference frame. Similarly, the applied

stator voltage phasor í 
"un 

also be divided into two scalar components v, and vo . The

components of the d-q frame and the abc three-phase reference frame are interrelated by the

Park transformation, which can be written for currents as follows:

cos(á) sin(á)

.¡

v4

vd

The basic voltage equation describing the sinusoidal PMAC motor in the synchronously

rotating reference frame is given by:

2n. 2ncos(d- 
3) 

sm(d- 
3) [;;]

cos(d -+, sin(á -7,

v¿=R.ío+Lo 
*-@".Lo.io

lo

ib

i"

io + o)"
din

dt
ro:R.io+Ln

2
a
J

(2.s)

(2.6)

*0, Ld V^

where R is the winding resistance, Lo and Ln arc the d- and q-axis stator phase inductances

respectively, and ø, is the angular electrical speed.
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The values of the stator phase inductances l, and Lo are equal in a non-salient PMAC

motor with surface magnet rotor. However, Lo will be small than Ln in salient-pole PMAC

motor using inset or interior magnets.

This d - 4 phasor representation given in figure 2.4 leads to the following general

expression for the instantaneous electromagnetic torque developed in a sinusoidal PMAC

motor,

T, =r.SN p lyr^ in+io'in'(La -Ljil (2.7)

The torque equation consists of two terms and each of them has a useful physical

interpretation. The first magnet torque term is independent of io but is directly proportional

to stator current component rn, which is in phase with the back-EMF. In contrast, the second

reluctance torque in equation (2.7) is proportional to the current component product (idiq)

and to the difference in the inductance values along the two axes ( Lo - Ln). For a non-salient

surface magnet PMAC motor, the reluctance term naturally disappears since l, equals Zn.

However, since l,o is typically larger than Lo in a salient pole PMAC motor, it is worth

noting that io and io must have opposite polarities for the reluctance torque to contribute a

positive torque component and therefore the total torque is no longer linearly proportional to

the stator current amplitude as in trapezoidal PMAC motor [1].

2,4 Current Control of PMAC Motor

2.4.1 Control Requirements

As discussed above, sinusoidal and trapezoidal PMAC motors have different control

characteristics. These differences will be reflected in their respective current control

requirements, which are naturally derived from their fundamentally different excitation

current waveforms.

In order to produce a smooth torque in a PMAC motor with trapezoidal back-EMF, an

ideal rectangular waveform of phase current should be provided to the phase windings. The

current pulses should be 1200 electrical wide and of magnitude 1-, and the positive direction

of the current must be against the back EMF. The conduction periods of the three phases are
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symmetrically phased so as to produce a three-phase set of balanced 1200 square waveforms,

as shown in Figure 2.5(a).

In contrast, a PMAC motor with sinusoidal back-EMF should be fed by the sinusoidal

current in order to produce a constant electromagnetic torque. The excitation waveforms for

sinusoidal PMAC motors are shown in Figure 2.5(b).

,iq tb lc id ib ê

conducting switches switches

5

6

(') (b)

Figure 2.5 Excitation current waveforms and conducting switches in a three-phase
inverter: (a) Trapezoidal PMAC motor, (b) Sinusoidal PMAC motor

There are some different control techniques to achieve the current requirements of

sinusoidal and trapezoidal PMAC motors. For high performance cuffent controller, however,

the differences between them are only in the method used to generate the reference current

waveforms. A sinusoidal PMAC motor need a sinusoidal reference current generator, while a

trapezoidal PMAC motor need a rectangular reference current generator, but similar current

control techniques can be applied to both motors.

2.4.2 Power Converter

For PMAC motor drives supplied from utility power lines, some form of powcr clectronic

converter is required to transform the fixed frequency, fixed amplitude input power into the

variable frequency, variable amplitude power needed to excite the PMAC motors. The most

popular approach is to use a converter with an intermediate DC link between the input

rectifier and output inverter. There are two types of intermediate DC link. One uses an

inductance in the DC link as a cutrent source, so the inverter is called current source inverter.

The second type accommodates a large capacitor in the DC link as a voltage source, so the

inverter is called voltage source inverter [1].
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Figure 2.6 Three-phase AC-to-AC converter with voltage source DC link

To produce the required three-phase symmetrical sinusoidal or rectangular excitation

currents, the most typical structure for a PMAC motor is a three-phase AC-to-AC converter

with voltage source DC link, which consist of a three-phase (or a single-phase) diode bridge

rectifìer, voltage source DC link and a three-phase power switch inverter as shown in Figure

2.6. T\e rectifier with diodes is unconffollable, so the DC link voltage only depends on the

input voltage. The power switches in the inverter are the key elements of the converter,

which achieve the regulation of the phase currents in the motor drive.

The inverter has two primary functions for the PMAC motor control. The first function is

position synchronization that requires the inverter to direct excitation to the proper phases at

each time instant to maintain synchronisation and to maximise the torque ouþut. The second

function is the current regulation, taking the advantage of the direct proportionality between

the current amplitude and the output torque.

2.4.3 Position Synchronization

Since the PMAC motors discussed here are also from the synchronous motors family, a

constant torque can be produced only when the excitation currents are precisely synchronized

with the instantaneous rotor position. The most direct and powerful method of ensuring this

requirement is to continuously measure the rotor position and switch the excitation to make

sure the PMAC motor phases are in exact synchronism with the rotor's motion. This method,

commonly known as self-synchronization showing in Figure 2.7, uses direct feedback of the

rotor position to ensure that the PMAC motor never experiences loss of synchronization [1].
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Figure 2.7 Block diagram of a self-synchronising
PMAC motor controller.

For the ftapezoidal PMAC motors, the concept of self-synchronization is always known as

electronic commutation since this action is functionally equivalent to the mechanical

commutator's role in a DC motor. The electronic commutation function can be easily

accomplished by opening and closing the power switches in the inverter according to the

rotor position of the PMAC motor. The most direct means is to detect the rotor poles with six

position sensors, such as Hall-Effect sensors, which are shifted from each other by 600

(electrical), and hence to obtain six discrete switching points per electrical cycle. Each of the

position sensors is used to trigger on one power switch in the inverter during 1200 electrical

per cycle. However, it can demonstrated that only three Hall-Effect sensors are sufficient to

generate six discrete switching points per electrical cycle by using a logic circuit. In the

trapezoidal PMAC motors, the power switches conduct in a six-step sequence, and only two

power switches (one in the upper DC rail and one in the lower DC link) conduct at any

instant, as shown in Figure 2.5(a).

For the sinusoidal PMAC motors, however, the self-synchronization requires continuous

rotor position information to produce the sinusoidal excitation. Moreover, the self-

synchronization should be implemented together with the current regulated. This means that

six power switches of the inverter have the added responsibility of sinusoidally shaping the

applied excitation waveform in addition to adjusting their amplitudes and frequency. A PWM

switch control algorithm is typically used to eliminate all major low-order harmonics of the

des ired fundamental frequency exc itation waveforms.

Va¡ious PWM algorithms can be used to obtain the sinusoidal current excitation. If a

voltage source inverter is used, a typical approach is to use a closed-loop current control to

achieve high-performance motion control in the sinusoidal PMAC motor drive. In this case, a

rotor position sensor is required to feedback continuous position information to generate



Chapter 2. Permanent Møgnet AC Motors and Control 21

required sinusoidal reference current, and the actual phase cuffents track the reference

currents in the cuffent controlled inverter, as will be described in the next subsection.

Although there are different current control techniques that can be used in trapezoidal

PMAC motor drives, such as using a single current sensor in DC link [6], the similar PV/M

algorithms for current control can also be used for high-performance trapezoidal PMAC

motor drives. The only difference is the three-phase reference cuffents generated from rotor

position, which are rectangular waveforms.

2.4.4 Current Regulation

The purpose of current regulation in PMAC motor drives is to force the actual phase

currents to track the reference currents. The closed-loop current regulation conventionally

requires at least two current sensors to directly measure two-phase currents (assuming that

the motor is star connected). Although several different schemes have been proposed to

implement such current regulation, only two basic schemes, hysteresis and PWM current

control, will be discussed below.

a) Hysteresis Current Control

Figure 2.S(a) shows the block diagram of one phase of the hysteresis current controller

[5]. Three of these controllers are required for a three-phase motor drive, one for each phase.

In this diagram, a current sensor is used to feedback the actual instantaneous phase current

signal to the controller. The measured signal is compared with the current reference signal,

which is ideal rectangular or sinusoidal waveform produced using the current command and

the rotor position signal. Then the current error signal is used to generate switching signals

for the power switches of the inverter, so that the current error can be minimized.

Figure 2.S(b) illustrates the typical waveform produced by a simple hysteresis current

controller for a sinusoidal reference current. As shown in the figure, if the actual current is

more positive than the reference current value, the upper power switch is turned off and the

lower power switch is turn on causing the actual motor current to decrease by applying a

negative voltage to the related phase. Conversely, when the actual current is more negative

than the reference current value, the upper power switch is turned on and the lower power

switch is turned off causing the motor current to increase by applying a positive voltage. The

hysteresis comparator has a bandwidth that determines the permitted deviation of the actual

phase current from the reference value before a switching is initiated. Thus, the actual current
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can track the reference value without significant amplitude error or phase delay. Although

setting a small hysteresis bandwidth, a nearly sinusoidal or rectangular phase current with

small current ripple can be obtained, this results very high switching frequency in the inverter

causing high switching losses.

hysteresis

comparator

I D1
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S4
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Figure 2.8 Hysteresis current control: (a) block diagram;
(b) basic current waveform, i is the actual
current and i* is the reference current.

This control schcmc is simplc to implement and has high dynamic performance. Howevel,

there are some inherent drawbacks [7]. One of the drawbacks is that the switching frequency

is not constant. This is because the switching frequency not only depend on the hysteresis

bandwidth but also the back-EMF and inductance of the motor at a given speed and position

respectively. For a given supply voltage, when the back-EMF of the motor is low, the

switching frequency may rise excessively.

b) PWM Current Control

Figure 2.9(a) shows the block diagram of one phase of a PWM current controller. Similar

to the hysteresis current control, a current sensor is required to feedback the actual

instantaneous phase current signal, but the error between the reference current and actual

current is regulated by a proportional integral (PI) controller to derive the reference signals u*

for the pulse width modulator (PWM). The output of PWM is used to drive the inverter

power switches, so that the aetual current is forced to track the reference current.
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The switching procedure for a PWM current controller is illustrated in Figure 2.9(b). If the

reference curent is more positive than actual current, the PWM reference signal u* derived

from PI controller may be positive. The reference signal is compared with triangular carrier

signal u", from the carrier generator. If the reference signal u* is more positive than the carrier

signal u"r, the upper power switch is turned on and the lower power switch is turned off, so

that positive voltage is applied to the related phase. While, if the reference signal u* is more

negative than the carrier signal urr, the upper power switch is turned off and the lower power

switch is turned on causing negative voltage power applied to the related phase. Since the

reference is positive, the interval of applying positive voltage will be longer than that of

applying negative voltage within one PWM cycle. This will reduce the current error and

force the actual current to track the reference current. Conversely, if the reference current is

more negative than actual current, the PWM reference signal u* may be negative, so that the

interval of applying negative voltage will be longer than that of applying positive voltage

within a PWM cycle. This also forces to reduce the current error and make the actual current

to track the reference current closely.

cafircf
gcnerator

i' 0,1

T
comparator

D4

ut

(b)

Figure 2.9 PWM current control: (a) block diagram;
(b) Carrier signal (u".) and reference current (u*).

The switching frequency in the PWM controller is defined by the triangular carrier signal.

It is preset and therefore will ensure the inverter switching capability not exceeded. The

tracking eÍror can be kept low by choosing a high gain of the PI controller. The gain is

limited, on the other hand, as it also amplifies the harmonic currents. In order not to impair

S4

(4
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the proper operation of the pulse width modulator, the slop of the cturent error signal must be

always less than the slop of the triangular carier signal.

2.5 PMAC Motor Drive

2.5.1 Control Structure

Regardless of whether the PMAC motor is sinusoidal or trapezoidal, the control structure

of a PMAC motor drive shares important common characteristics. Figure 2.10 shows how

control loops can be cascaded using classic techniques to achieve, successively, torque,

speed, and position control in a PMAC motor motion control system [1].

a) Torque Control

Torque conffol is the most basic conffol function for a motion control system. Due to the

close relationship between current and torque produced in any PMAC motors, as described in
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Figure 2.10 Typical cascaded control structures for high performance PMAC
motor drives: (a) current-regulated torque control; (b) closed-loop
speed control with inner current loop; (c) closed-loop position
control with inner speed and current loops.
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more detail in Section 2.3, torque confrol of a PMAC motor drive can directly map into

current control. In order to achieve high-performance motion control, the majority of PMAC

motor drive applications incorporate closed loop regulation of the phase current as shown in

Figure 2.10(a). Note that this basic torque control configuration also incorporates the self-

synchronization concept using rotor position feedback discussed previously in Section 2.4.3.

For trapezoidal PMAC motors, if the rectangular excitation currents are exactly in phase

with the trapezoidal back-EMF, the relationship between electromagnetic torque and current

amplitude is almost perfectly linear, so that the torque command can map directly into the

current command with only a simple proportionality constant.

In contrast, sinusoidal PMAC motors usually require a non-linear mapping between torque

and current command. One basic approach to implement this non-linear mapping for high-

performance torque control of sinusoidal PMAC motor drives is shown in Figure 2.11.

According to this approach, the incoming torque command Z,* is mapped into commands for

d-q axis current components ij and ll using functions f¿ and fi respectively, which are

extracted from torque equation (2.7). These current commands in the rotor d-q reference

frame (DC quantities for a constant torque command) are then transformed into the

instantaneous sinusoidal current commands for the individual stator phase currents G:,i;,

and ij ) by using the Park transformation in Equation (2.5). The most common means of

defining functions l¿and,fnto map the torque command f| into the d-q current component

commands i) and ij is to set a constraint of maximum torque-per-amp operation, which is

nearly equivalent to maximizing operation efficiency [8].

¡d

r:

Êf

Figure 2.11 Current command for high performance
sinusoidal PMAC motor drive

Since d- and q-axis stator phase inductances, Z, and Ln are equal, the torque-per-amp in

the non salient sinusoidal PMAC motor can be maximized by simply setting í¿ to zerc for all

values of the torque, that is,/¿ is equal to zeÍo andfo is a proportional constant. In this case,

fd

¡
T(4)
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the torque is proportional to the amplitude of the excitation currents and the sinusoidal

currents are always exactly in phase with the back-EMFs of the motor. This control scheme is

similar to that of the non-salient trapezoidal PMAC motor as described above,

In contrast, the maximum torque-per amp for a salient PMAC motor can be developed by

advancing the phase angle of the stator phase currents, so that they lead their respective back-

EMF waveforms by angles between zero and 450 electrical. This means that two non-linear

functions f¿ and fn, which define the maximum torque-per-amp trajectory for the salient

PMAC motor, should be used to produce the commands of d - q axis current components lj

and i for the control of the stator current [9].

b) Speed Control

Speed control can be conveniently achieved in PMAC motor drives by closing a speed

feedback loop around the inner torque/current loop as illustrated in Figure 2-10(b). Usually,

this speed feedback signal can be derived from the same shaft- mounted sensor used to detect

the rotor position, eliminating the need for an additional sensor. In many cases, a simple

proportional integral (PI) controller is sufficient to achieve the desired dynamic performance

requirements. The output of the speed controller will be the torque command for the torque

control.

c) Position Control

A position confol loop may be needed for position control applications. Using a similar

loop cascading procedure, position control can be accomplished by closing an outer position

loop around the nested current and speed loops as shown in Figure 2.10(c). If a gearbox or

some other power transmission device couples the motor to a load, it is often necessary to

introduce a second position sensor attached to the movable output load. This direct

measurement of the load position will make it possible to compensate any non-linear effects

in the mechanical drive train and free the controls from the problems associated with tracking

the absolute position of the load over multiple turns of the motor shaft. On other hand, cost

pressures or other considerations may make it necessary to sacrifice some of the position

accuracy in order to eliminate the extra sensor.

As in the case of speed conffol, a basic PI controller may be sufficient in many position

applications. Using classic servo control techniques, the dynamic characteristics of the nested
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loops are typically designed, so that the innermost current loop has the fastest dynamic

response, while the outermost position loop is the slowest. However, a wide variety of

alternate controller configurations are also possible to achieve desired performance for

PMAC motor position applications.

2.5.2 Torque Ripple

Due to the magnet flux density distribution and the exciting current of a practical PMAC

motor drive cannot be as perfect as described in Section 2.3, the drive always has some

periodic torque ripple components that may pose problems in some applications. There are

two major sources contributing to the torque ripple, one principally motor related while the

other predominantly inverter related. The motor related source causes the back-EMF

waveform distorted, such as the round back-EMF top (not flat) of a trapezoidal PMAC motor

or the harmonic components in the back-EMF of a sinusoidal PMAC motor. Various PMAC

motor design improvements have been suggested to minimize this torque ripple [10].

The inverter related source is that no ideal sinusoidal or rectangular excitation current may

be supplied by a practical inverter. For trapezoidal PMAC motors, the most trouble torque

ripple components are caused by the phase current commutation. When current is transferred

from an off-going inverter phase to the next on-coming active phase at the end of each 600

elecfiical interval, the commutation between the two phases will take some time, which

depends on the phase inductance and the available voltage. During this time, the sum of the

currents in the off-going and on-coming motor phase is never constant. This causes the

commutation torque ripple, which occurs every 60 electrical degrees, giving rise to a torque

ripple component with a fundamental frequency of six times electrical excitation frequency.

In order to reduce the amplitude of the commutation torque ripple, several techniques have

been proposed for modifying the current PWM regulation scheme [11].

In addition to the commutation torque ripple, there is an inverter related torque ripple

component, which is directly proportional to the high-frequency PWM ripple in the motor

phase currents. This torque ripple component is generally not significant because the

mechanical load inertia is typical large enough to filter out its effect on the speed of the

motor.

The inverter related torque ripple component is only produced by the high-frequency

PWM ripple in the motor phase currents, so that the torque ripple associated with sinusoidal
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PMAC motors is generally less than that developed in trapezoidal motors. This is due to the

fact of sinusoidal PMAC motors do not experience the abrupt phase-to phase current

commutations as that of trapezoidal PMAC motors. Therefore, sinusoidal PMAC motors are

preferred in high-performance motion control applications, such as servo systems.

2.5.3 High-Speed Operation

As discussed earlier in Section 2,3, the amplitude of the back-EMF of a PMAC motor

increases linearly with the rotor speed. V/hen the speed increases to a value where the

amplitude of the peak line{o-line back-EMF approaches the DC link source voltage, the

current controller of the PMAC motor drive will gradually degrade in quality. Eventually the

current regulators saturate, losing their ability to force the actual currents to track the

command currents, so that the inverter naturally reverts to its basic voltage source operation.

For a trapezoidal PMAC motor, when rotor speed is relatively low, the current conffoller

can force the actual currents to track the reference current and a good quasi-rectangular

current waveform, as shown in Figure 2.12(a), can be produced in each phase of the

trapezoidal PMAC motor. This is called low speed operation with current control model.

However, when the sum of the back-EMF voltages of the two conducting motor phases

approaches the DC link source voltage with the rotor speed increase, the actual phase current

amplinrdes and the motor torque will both fall off quite abruptly. Since the phase currents in

this case depend only on the phase voltage and the back-EMF, the actual current waveforms

are not quasi-rectangular. This is because the back-EMF of the off-going phase during

commutation is in such a direction as to drive the current down and assist commutation. In

addition, the back-EMF in the on-coming phase is of equal value and in a direction as to

oppose the current build-up, so that the phase current waveform as shown in Figure 2.12(b)

will be produced. For this reason, this is called high-speed operation without current control

model. The non-rectangular current waveforms also will cause more commutation torque

ripple components. Under such conditions, however, the effect of these torque disturbance on

motor speed tend to be less troublesome due to the effective low-pass filtering action of the

rotor inertia at high-speed range.

As mentioned before, when the speed increases above the threshold value, the torque

drops quite heavily for the trapezoidal PMAC motor. In order to expand the speed Íange, a

technique of advancing the phase angle of the excitation transition points relative to the back-

EMF may be used to restore some degree of torque production at the high-speed operation.
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(*) (b)

Figure 2.12 Typical phase current waveform of a trapezoidal PMAC motor.
(a) Low speed with current control. (b) High speed without current control.

As the phase angle is advanced, the current in the on-coming phase is given a controlled time

interval to build up before the back-EMF increases and limits further cunent increase.

Unfortunately, the available range expansion with this approach is relatively modest and

comes at a price of increased peak phase current amplitude and significant increases in the

torque ripple [12].

High-speed operation of sinusoidal PMAC motors has similar constraint from back-EMF

increase with the rotor speed. However, the current regulators for sinusoidal PMAC motors

will naturally saturate to six-step voltage excitation with 1800 switch conduction intervals

(that is three inverter switches on at all times) then the peak line-to-line back-EMF

approaches the DC link source voltage. This makes it easier to achieve extended high-speed

operation in sinusoidal PMAC motor drives.

Similar to the conventional DC and induction motor drives, high-speed constant power

operation can be achieved in the sinusoidal PMAC motor drives by flux weakening. For

simplicity, a non-salient sinusoidal PMAC motor is used as an example to introduce this

concept here. As mentioned in Section 2.5.I(a), to maintain maximum torque-per-amp

operation at low-speeds is to hold d-axis current component i¿ at zero. As the speed is

increased toward the threshold value, a d-axis current component i¿ caî be added to produce

a negative d-axis stator f\,tx (L¿ i¿), which counteracts the positive d-axis magnet flux t/,, so

that a limited amount of flux weakening can be achieved. This demagnetising culrent

component can be implemented by advancing the phasor angle of the stator phase currents.

The flux weakening can develop greater torque for a sinusoidal PMAC motor drive in high-

speed regime, but it is no longer in maximum torque-per-amp operation. Although this

concept is innoduced by using a no salient PMAC motor, flux weakening for high-speed
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operation can be used more effectively in a salient PMAC motor by advancing the current

phasor angle from the maximum torque-per-amp trajectory [13].



Chapter 3

Survey of Sensorless Techniques in PMAC Motor

Drives

3.1 Introduction

A PMAC motor with a squirrel cage winding on the rotor can produce asynchronous

torque, hence can be started and operated from an inverter without any rotor position data. In

such motor, a simple constant volt-hertz (YlHz) control algorithm can be used to achieve

open-loop speed control in applications such as pumps and fans that do not requfue fast

dynamic response. However, rotor position information is always required in any other type

of PMAC motors, which effectively synchronize the phase excitation currents to the back

EMF waveforms.

As described in the previous chapter, a trapezoidal PMAC motor with an electronic

switching converter is basically equivalent to a brush DC motor with the mechanical

commutators. The principal function of the electronic switching converter is to switch the DC

source according to the rotor position information. Therefore, the motor can produce constant

electromagnetic torque and never lose synchronism. Because of the high cost of the power

switches, the number of the phases is kept much smaller than the equivalent number of the

commutator segments on the brush DC motor's rotor. For a three-phase winding motor, six

power switches (equivalent to six commutator segments) should be used to switch the DC

source and to generate three-phase symmetrical excitation currents. This means that the rotor

position information must be obtained at a 600 interval to ensure that two of the power

switches in the inverter are on for the correct current excitation and for the synchronisation.

However, because of the small phase numbers, the electronic commutation of the trapezoidal

PMAC motor is quite coarse compared to the mechanical commutator.

In contrast, since the back-EMF waveforms of a sinusoidal PMAC motor rotate

continuously at aconstant speed with the rotor rotation, continuous rotor position information

must be obtained to generate the required sinusoidal excitation currents and maintain the

phase currents at a fixed angle. If a similar analogy is applied to the sinusoidal PMAC motor,

3I
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the continuous rotor position information makes such motor drives similar to a brush DC

motor having an infinite number of commutator segments. Consequently, in such motor

drives, a very low level of high-frequency torque ripples are produced because of the limited

resolution of the practical rotor position sensors resulting a high-frequency harmonics in the

excitation currents.

In addition to the position synchronization, it should be noted here that the rotor position

information may also be used to derive the rotor speed for closed-loop speed control of the

PMAC motors.

In order to obtain the rotor position information, the simplest method is using some form

of rotor position sensor on the motor's shaft. Such a sensor measures the mechanical position

of the rotor based on either optical or electromagnetic principle. For trapezoidal PMAC

motor, for example, Hall-Effect position sensors may be preferred to detect the rotor position.

Normally, a group of three Hall-Effect sensors are mounted on the stator positioned by 1200

electrical. When the shaft rotates, such sensors are triggered either by the rotor magnets or by

a separate magnets ring, so that the rotor position information can be obtained at a 600

electrical resolution.

To obtain more accurate digital position information, optical encoders are used, which

consist of a coded disc mounted on the shaft of the motor, a light emitting diode (LED) acting

as a light source, and a phol.otlamisl.or l.o tlel.ecl. light. The coded disc can either block or pass

the emitted light to the phototransistor at different position, so that the on-off states of the

phototransistor can be transferred to rotor position information as the motor is running. There

are two main classes of optical encoders, incremental and absolute encoders. Incremental

encoders usually use a coded disc with certain number of equally spaced slots. In these

scnsors, the position information is obtained by counting the slots as the shaft rota[es.

However, such encoders require a reference position to determine the absolute position

reference to this reference, and their operation is strictly limited in the case of a power supply

failure. An incremental encoder can also be made using elecfromagnetic position sensor. In

such sensor, the coded disc is replaced with a metal-toothed wheel and the light emitter is

replaced with a form of electromagnetic sensor that can detect the change of the

electromagnetic permeability as the metal wheel rotates.

Absolute encoders provide a series of uniquely coded positions, such as eight different slot

patterns with eight detectors arranged concentrically for an eighlbit encoder. These encoders
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can output digital signals that can directly be interfaced to a computer controller. Unlike the

incremental encoders, absolute encoders cannot lose the absolute rotor position in the case of

a power supply failure, but they are more expensive specifically if a higher resolution sensor

is needed,

Resolvers are also a type of rotor position sensors attached directly to the shaft of the

motor. Their operation is based on inductive coupling between its stator and rotor windings

of a special rotating electrical machine. Normally, the rotor winding of a resolver is excited

by a reference voltage at 50 Hz or 400 Hz, so that the induced voltages in the stator windings

can be processed to output sine and cosine signals. Then the ouþut signals are processed and

converted to highly precise absolute digital position information using a Resolver to Digital

converter. However, resolvers together with the associated electronic circuits are expensive

for many applications of PMAC motor drives.

Although direct position sensing is readily available and widely used in industrial

applications, their usage has a number of disadvantages in practical PMAC motor drives.

Some of these disadvantages may be summarized as below [5]:

a) A special mechanical arrangement is needed to mount the position sensor on motor

shaft since the accuracy of the mechanical mounting directly affects the accuracy

of detection. In addition, direct sensors always require maintenance.

b) A number of connection wires are required for the shaft sensors, between the

motor and the controller, which have to be shielded against EMI. This increases

the overall cost and reduces the reliability of the motor drive.

c) The direct position sensors are sensitive to environmental factors, such as dust,

temperature, humidity and vibration. This tends to reduce the reliability of the

motor drives and limits their application areas.

d) The shaft mounted position sensors increase the inertia of the motor system, and

the size and cost of the system.

Because of the above listed disadvantages, direct rotor position sensor elimination

techniques for PMAC motor control received a wide range attention within the last decade.

The position sensor elimination techniques are also known as position sensorless operation.

However, the term of position sensorless doesnÆmeans that the drive operates without rotor
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position data, but it means that the position data is obtained indirectly using different sensors

that already exists, easy to connect and reliable.

Recently, a number of position sensorless control scheme for PMAC motors have been

developed. In the following sections of this chapter, a comprehensive review of the operation

of these previously proposed position estimation methods will be given, and the advantages

and disadvantages of each method will be discussed with reference to the implementation in

practical PMAC motor drives. Section 3.2 provides the survey of the indirect rotor position

determining techniques particular for fiapezoidal PMAC motors. V/hile, Section 3.3 gives the

summaries of rotor position estimation techniques developed for sinusoidal PMAC motors,

although some of them may also be used for ftapezoidal PMAC motors. Most of the position

sensorless, or indirect position sensing methods are not self-starting techniques. Therefore a

special starting strategy is needed for start up the motor drive. Several starting strategies are

described in Section 3.4.

In order to estimate the rotor position, most of the proposed position sensorless techniques

require a number of voltage and current measurements. Unfortunately, the sensors used to

measure such quantities are expensive due to the need of isolation. Therefore, a reduction of

the number of the sensors, and as a result the cost of the drive, is desired in many PMAC

motor drive applications. Several current reconstruction techniques to reduce the number of

the sensors will be reviewed in Section 3.5.

3.2 Position Sensorless Techniques for Trapezoidal PMAC

Motors

As discussed previously, a trapezoidal PMAC motor has trapezoidal back-EMF

waveforms with 1200 flat top. In order to produce maximum torque, phase currents of the

motor should be l2O0rectangular waveforms and in phase with the corresponding back-EMF

waveforms. The excitation currents are delivered to the motor phases via a three-phase

inverter that commutates the currents at every 600 electrical. This means that the rotor

position information must be known at the same interval to generate the correct switching

sequence to maintain the synchronisation of the excitation currents. Several methods have

been reported in literatures to indirectly determine the rotor position in trapezoidal PMAC

motor drives.
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3,2.1Using Back-EMF

Since the back-EMF of a PMAC motor is a function of the rotor position, the most

common approach to estimate rotor position is to extract the rotor position information from

its back-EMF waveform. As stated previously, in a trapezoidal PMAC motor, each phase

conducts 1200, which means that only two of three phases are excited at any instant of time,

and ideally there is no current on the third phase. Therefore, no current instant of a phase can

be used to observe the back-EMF voltage of that phase, which ideally contains the zero

crossing levels of the back-EMF voltage. Therefore, using the terminal voltages of the motor

and switching sequence of the inverter, the back-EMF in an unexcited phase can be easily

derected [14].

Several specific algorithms have been developed that use the back-EMF waveform

measurement of the unexcited phase to determine the electronic commutation instants for

trapezoidal PMAC motors. One of these algorithms is based on detecting the instant when the

back-EMF voltage in the unexcited phase crosses zero [15,16]. In this algorithm, three

terminal voltages Vu, Vb, V", and the neutral voltage Vn of the motor with respect to the

negative DC link voltage are measured. At the instants of the zero crossing of the back-EMF

waveform, the terminal voltage is equal to the neutral voltage. For example, when the back-

EMF of phase A crosses zero, then Vu = Vn =YaJ2.In order to use this zero crossing point to

derive ttre switching sequence, the phase of this point has to be shifted by 300. The simplest

method to implement the phase shift can be achieved by using the zero crossing signal to

trigger a timer, which may be as simple as an R-C time constant, so that the next sequential

inverter commutation occurs at the end of this timing interval.

The price for this simplicity tends to be vulnerable to noise in detecting the zero crossing

and also shows a degraded performance over wide speed ranges due to the phase shifting

variations with different speeds. An alternative approach for phase shift is to use phase-

locked loop (PLL) techniques to lock the back-EMF waveform of the unexcited phase during

each 600 interval, so that the proper instant for next inverter commutation can be derived

from the phase-locked loop circuit [17]. The phase-locked loop system can be simple but

sensitive to switching noise at the output of the inverter and may also not operate over a wide

speed range.

A significant improvement of this method, comparing with the basic zero-crossing

algorithm innoduced above, has been proposed in reference [18]. Instead of using the zero
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crossing point of the back-EMF waveform to trigger a phase shifter directly, this method uses

a back-EMF integration approach in virtue of less switching noise sensitivity and automatic

adjustrnent of the inverter switching instants with the variation of the rotor speed. In this

method, a signal selector circuit selects the phase-to-neutral motor voltage of the unexcited

phase, which is equal to the desired back-EMF for position sensing. The absolute value of the

selected back-EMF is integrated starting from the zero crossing point. The ouþut of the

integrator will be proportional to the amplitude of the back-EMF because the instantaneous

back-EMF voltage is varying approximately linearly with time in the vicinity of the zero

crossing point. When the output value reaches a pre-set threshold value, the next

commutation device of the inverter can be initiated. Since the amplitude of the back-EMF is

proportional to the rotor speed, the conduction intervals automatically scale inversely with

the speed with a fixed threshold value. The choice of the threshold value and the integrator

constant for a given motor determine the specific alignment of the excitation phase current

waveform with the back-EMF voltage.

However, one of the special control issues for any such scheme, which uses back-EMF

sensing, is starting from standstill at which point the back-EMF voltage is zero. A typical

approach for handling this condition is to initially ovenide the position signal by sequentially

stepping the commutation at a fixed rate in the desired direction of the rotation. This open

loop excitation sequence provides initial acceleration to the rotor and generates a back-EMF

signal with sufficient amplitude for the back-EMF sensing scheme to smoothly take over

control of the interval switch commutation sequencing.

3.2.2 Using Stator Third Harmonic Voltages

A trapezoidal PMAC motor also has approximately trapezoidal stator voltage waveforms,

which include significant third harmonic voltage components that can be used for position

sensing 119,201.It is well know that, the third harmonic components of a symmetrical three-

phase star connected motor can be extracted from the stator phase voltages while the

fundamental as well as other polyphase components are eliminated via a simple summation

of the three phase voltages. In the method proposed in [19], the third harmonic voltage is

directly measured between the actual neutral point and an artificial neutral point created by

three high value external resistors, which are connected to the motor terminals. The measured

third harmonic signal keeps a constant phase relationship with the back-EMF waveforms for

any motor speed and load condition. If the third harmonic signal is integrated, the zero
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crossing point of the integrator ouÞut will be exactly at every desired cunent commutation

instant, so that the zero crossing signal can be used to determine the switching sequence of

the inverter.

In contrast with the back-EMF sensing scheme, the key advantages of this technique are

simplicity of the implementation and low susceptibility to the switching noise. The high

frequency zero sequence components including the result of the summation of the three-

phase voltages can be easily eliminated by a low pass fîlter. This filtering action will not

introduce a significant phase delay in the third harmonic signal, so that this method can

achieve a better performance for a wide speed range. In addition, since the third harmonic

signal has a frequency three times higher than the fundamental back-EMF, the signal

detection at low speeds is possible. This allows the method to operate in a wider speed range

than the techniques based on the direct back-EMF sensing. However, because of the

relatively low value of the third harmonic voltage at low speed, the major disadvantage of the

method is the difficulty in detecting the correct relative phase relationship between the third

harmonic signal and the corresponding phase at low speed. If the sequence is lost, the system

has to be restarted.

3.2.3 Using Conducting States of Freewheeling Diodes

A special method to obtain the switching sequence has been presented in reference l2Il.

This method is based on the conducting states of freewheeling diodes in an inverter bridge.

For a trapezoidal PMAC motor fed from a three-phase voltage source inverter, only two of

three phases should be excited at any instant of time, and the excitation current flows through

two legs of the inverter. During this conduction period, two of the power switches on the

third leg of the inverter are in off state. However, the freewheeling diodes connected across

these Power switches may conduct current resulting from the back-EMF produced in the

motor winding of this phase. In the proposed method, a special alternative chopping control

approach is used to make sure that only one of the two power switches in the on state of the

two conducting phase legs is turned on and off at a chopper frequency. When the chopped

power switch is turned off, the excitation current will circulate within the inverter bridge, not

flowing via the DC link voltage source. In this case, one of the freewheeling diodes on the

unexcited phase leg may conduct a current if the direction of the back-EMF of this phase is

the same as the diode. Therefore, the zero crossing point of the back-EMF voltages can be

detected by checking whether the corresponding freewheeling diode is conducting or not. In
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this sensing method, similar to the back-EMF sensing method, the detected signal leads the

next commutation by 300. Therefore, a phase shifter must be used to shift the signal to initiate

the next commutation of the inverter.

This method is considered to be an indirect detection of the back-EMF voltage through the

freewheeling diodes, and makes it possible to detect the rotor position over a wider speed

range compared with the conventional method of direct back-EMF voltage sensing. However,

the inverter needs to be operated in a special alternative chopping control approach in order

for the algorithm to work properly. Moreover, the starting problem also exists in this method.

3.3 Position Sensorless Techniques for Sinusoidal PMAC Motors

Due to the sinusoidal back-EMF waveforms, a sinusoidal PMAC motor requires

sinusoidal excited currents to produce a constant torque. In order to synchronize the

sinusoidal excitation currents with the rotor position, a continuous rotor position feedback

signal (compared with the rotor position information for every 600 in trapezoidal PMAC

motors) is required to control the inverter. Due to the sinusoidal excitation currents, all three-

phases of the sinusoidal PMAC motor conduct currents at any instant of time, and therefore

no unexcited phase winding exists. This makes it impossible to measure the back-EMF

voltage directly using the terminal voltages. As a result, estimation and observer techniques

used in such motors are more complex, which usually requires multiple phase voltage and

current measurements. A number of algorithms have been proposed for the rotor position

estimation in sinusoidal PMAC motors, and several of these can be extended to trapezoidal

PMAC motor drives. These techniques will be discussed below.

3.3.1 Position Information Based on the Flux Linkage Calculation

Several sensorless position detection methods have been developed, which measure the

phase currents and voltages and estimate the flux linkages of the PMAC motor. The basic

principle of these methods is based on the field orientation in the stationary reference frame.

As mentioned in Section2.3.2, three-phase sinusoidal currents, voltages and flux linkages of

a sinusoidal PMAC motor can form three rotating phasors. These phasors rotate

synchronously in a stationary reference frame and therefore the phase of the stator flux

linkage phasor reflects the rotor position information of the motor. Fortunately, the stator flux
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linkages can easily be calculated by an integrator using the measured stator voltages and

currents

When the stator flux linkage phasor has been determined, the instantaneous phase angle of

the rotating phasor can be directly derived by an arc tangent function. If the stator power

factor has to be unity, the phase angle can be used as the rotor position information to

produce required excitation current command signals l22l.T\e motor drive system controlled

by this position information can achieve near unity power factor over a wide range of torque

and speed. However, unity power factor is not always required by most applications of

sinusoidal PMAC motor drives. In addition, the integration drift in the calculation of stator

flux linkages significantly changes the accuracy of the position calculation even though an

offset compensation is applied. To eliminate this, an improved method has been proposed in

reference [23]. The proposed method uses the voltages and currents to directly calculate the

phase angle of the stator flux linkage instead of conventional flux linkage calculation based

on an integration method. Moreover, a load angle, which is estimated based on the steady-

state relationship between the torque and the flux linkage, is introduced to compensate the

difference between the rotor position and the stator flux linkage angle. However, two major

problems still exist in this approach. One is that it is very sensitive to the noise from the

measured voltages and currents, which are directly used to calculate the phase of the stator

flux linkage. The voltages and currents may include high frequency harmonic components

due to ttre PWM confrol, and the use of a low pass filter will cause phase delay. Another is

the difficulty of the trigonometric function calculation for the phase of the stator flux linkage

using two flux linkage components, which are sinusoidal functions.

An extension to the above mentioned technique has been given in references 124,251.T\e

new algorithm still uses measured stator voltages and currents to calculate the flux linkages

of the PMAC motor, but it has two current-loop structures. At each time step, the previously

estimated flux linkages and a prediction of rotor position are used to generate an estimate of

stator currents in two stages. These estimated values are compared with the measured stator

currents and form the two current-loop structures to correct the predicted rotor position and

the estimated flux linkage respectively. In this way, an accurate rotor position can be

estimated over a wide speed range, even at very low speed. Since the calculations are based

on the ABC reference frame model of the PMAC motor, another advantage of this algorithm

is that it can be applied to both trapezoidal and sinusoidal PMAC motors [26]. However, the

performance of the algorithms depends on the quality and accuracy of the estimated flux
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linkages and measured values of voltage and current. Parameter variations due to temperature

and saturation also affect the accuracy of the estimated rotor position.

3.3.2 Position Information Based on a Hypothetical Rotor Position

Another rotor position estimation technique is based on the vector conffol principle of AC

motors in the synchronously rotating reference frame 127-30l.In this estimate strategy, the

difference between the detected actual variables and the estimated state variables is used to

determine the rotor position information. Firstly, a hypothetical synchronous rotating

reference frame is set up, which doesnÆnecessarily coincide with the actual rotor po sition.

Then, the detected three-phase voltages and currents are transformed to this hypothetical

coordinate system. Under the ideal condition, in which the hypothetical rotor position is

equal to the actual position, the ideal applied voltage can be calculated by using the

instantaneous voltage equation of the motor and the measured current. The error between the

actual and the ideal voltages is approximately proportional to the angular difference between

the hypothetical and the actual rotor positions. Therefore, self-synchronisation is possible by

reducing the angular difference to zeÍo, by changing the speed of the motor, and the

hypothetical rotor position will be an estimation of the actual rotor position.

There are two approaches in this method. First approach is based on the voltage model of
the PMAC motor, as mentioned ahove, and the seconcl method is based on the current model.

The strategies used in the current model are similar to those of the voltage model; the

estimation of the rotor position is performed by using a current error (instead of voltage

error) that is the error between the actual current and the calculated current using the motor

model. A comparative study of the two self-synchronization approaches is presented in 1291,

and some of the important implementation problems are described in [30]. Since the accuracy

of the detected voltages and currents and the steadiness of the motor parameters are vital to

this algorithm, it has the same drawbacks as the method based on calculating the flux

linkages. In addition, this algorithm cannot operate normally at very low speed.

3.3.3 Sensorless Operation Based on a Kalman Filter

Kalman filter is an optimum state estimator, which provides an optimum estimation from

noisy sensed signals and processes that are disturbed by some random noise. This assumes

that measurement noise and disturbance noise is uncorrelated. Kalman filter is a viable and
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efficient approach for on-line estimation of the speed and the rotor position of the PMAC

motor. This is because the mathematical model describing dynamic performance of the

PMAC motor is suffîciently well known. If measured three-phase voltages and the currents

are transformed to a stationary frame, the voltage equations in this stationary frame, as well

as the motion equation of the PMAC motor can consist of the state equations in this

approach. When some state variables of the state equation (stator voltages and currents) are

detected from the motor drive, the missing state variables (rotor position and velocity) can be

estimated using a Kalman filter [31-33].

The Kalman filter consists of a two-step process, prediction and filtering. The prediction

part of the algorithm calculates the next estimation values for the variables and the state

covariance matrix before the new measurement is made. In doing so, the predictor uses the

state variable equations, state transition maffix, disturbance covariance and measurement

covariance matrixes. The function of the filter is to correct the estimation process in a

recursive manner. The filter constantly works on the ouþut and corrects its quality in a

recursive manner based on the measured values. Based on the deviation from the estimated

value, the filter provides an optimum ouþut value at the next ouþut instant.

However, the critical step in the Kalman filter design is to select the coefficient values to

yield the best position estimation performance. Moreover, the Kalman filter approach is

computationally intensive, all of the step involved require a vector or a matrix operation, and

depends on the accuracy of the parameter of the model and the motor.

3.3.4 Sensorless Operation Based on State Observers

Numerous research papers have been published, which estimate the rotor position of the

sinusoidal PMAC motor using state observers. These techniques are based on the space

control theory. The mathematical model of the PMAC motor is used as a state space model,

or state estimator, which has the same input signals as the actual motor. The outputs of the

actual motor and the estimator are compared and the error is fed back to the estimator, so that

the behaviour of the estimator can be corrected. The internal state, such as rotor position, of

the estimator can be monitored directly, so that it can be used to estimate the actual rotor

position.

One of these methods constructed a state observer based on the motor model, including

electrical and mechanical equations, in the synchronous rotating coordinate [34]. In this
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observer, the output is defined as a combination of the state variables, and this ouþut is

compared with the equivalent measured output of the actual motor. Any error between the

two output values is used to correct the state trajectory of the observer. The stability of this

observer is an important consideration in providing accurate estimation of the rotor position

information for the motor drive system. Loss of observer stability would result in erratic and

possible destructive motor operation. In order to stabilise the system, the gain of the observer

has to be optimised. However, because of non-linearity of its electrical equation, it is difficult

to determine the optimum gains of the observer under different operation conditions.

To improve this issue, a reduced order state observer has been proposed in t351. In this

reduced order state observer, the nonJinear terms are eliminated by introduction of a group

of control inputs, so that a linear control strategy can be used to estimate state variables of the

observer. The use of reduced order observer also simplifies the system and reduces the

computational burden in implementation.

Instead of a direct estimation of the rotor position, another reduced order observer has

been used to estimate the back-EMF voltages of the motor in the references 136,371. Since

the mechanical time constant is usually much larger than the electrical time constant of the

motor, this method is the reduced order observer by assuming the motor speed approximately

constant during a short time interval in the calculation of the electrical state variables.

According to the relationship between the rotor position and the back-EMF voltages, the

rotor position can be easily derived using the estimated back-EMF voltages.

Another indirect approach to estimate the rotor position, which is based on disturbance

observer, is proposed in [38]. The non-linear term in the voltage equation of a PMAC motor

is the back-EMF voltage, which includes information of the rotor position. This non-linear

term is considcrcd as a disturbance and can be estimated using a distulbance observer. A

common conclusion from these reviews is that, whatever type of state observer is used, the

key problem remains s¿rme, how to obtain the initial information of the state, which is

required for proper convergence of the observer.

3.3.5 Position Information Based on Inductance Variations

As mentioned in Section 2.2, sinusoidal PMAC motors have various geometrical designs.

Interior permanent magnet (IPM) motors and surface permanent magnet (SPM) motors are

the two main kinds of sinusoidal PMAC motors. The inductance in the direct and quadrature
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axis of an SPM motor is approximately equal and constant, while an IPM motor has different

inductances in both axis due to the saliency. In most designs, the motor inductance along the

q-axis is greater than the inductance along the d-axis because of the low permeability of the

magnet material. The different inductance between the d-axis and q-axis means that the

variation of the inductance is a function of the rotor position.

Based on the inductance variation with the rotor position, two approaches of rotor position

estimation have been proposed, which are based on detecting the variation of the inductance

with position. One method is the direct use of the fundamental voltage and current signals

under conventional PWM modulation to calculate the motor inductances, which include rotor

position information 139-431. An IPM motor fed by a voltage-source pulse width modulation

(PWM) inverter will generate current ripples. The measurements of the amplitude and the

rise time of the current, as well as the causing voltage vector can be used to determine the

inductances within each cycle of the PWM, and then the rotor position information can be

derived from the inductances using their relationship with the rotor position. This approach

can also be used in the SPM motor without rotor saliency as proposed in 1441. In this

reference, the measurements of the current ripple are not used to calculate the inductances but

the back-EMF voltages. Then, the rotor position information is derived from the estimated

back-EMF voltages. Since this algorithm does not use integration operation, it works well at

very low speeds. However, the implementation of this approach based on current ripple

measurements is quite difficult in practice. This is because the time intervals of the current

ripples sometimes are very short, so that it is very hard to measure the current ripples

accurately, and the measurement noise will significantly influence the accuracy of the rotor

position estimation.

Another method based on detecting the variation of the inductance of the IPM motor is to

inject a high frequency sinusoidal signal into the stator windings of the motor. The rotor

position information in this method is extracted from the responses of the high frequency

excitation t45-501. Usually, the high frequency signals can be used to modify the PWM

modulation and can be injected into the motor under normal excitation together via the

inverter. The corresponding responses, which contain frequency components depends on the

rotor position, can be extracted from the current measurements using a high pass filter. In this

method, the rotor position estimator based on a phaselocked loop technique contains the

saliency models and the model of the mechanical subsystem.
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A key advantage of the methods based on the inductance variation is that the estimation

accuracy does not rely on the rotor speed, specifically at zero speed operation. Moreover, the

methods are less sensitive or completely insensitive to the parameter variations of the motor.

However, since the method requires prior calculation of the inductance, the rotor position

information depends on the accuracy of the calculation, and the inductance calculation may

lead to the position effors due to sub transient effect [49].

3.4 Starting Strategies

Unlike the position sensorless induction motor drives, the starting procedure of position

sensorless PMAC motor drives is more difficult. Since the rotor has a PM and due to the

absence of the rotor position at start, the application of the magnet field at an arbitrary

position may be accompanied with a temporary reverse rotation or may lead to a starting

failure. Most of the position sensorless techniques proposed for PMAC motor drives are not

self-starting techniques. In order to detect the back-EMF voltage or to calculate the position

from the measurements of the stator currents and the voltages, the motor must be flrst started

and brought up to a certain speed where the terminal quantities are detectable.

Most of the starting strategies presented lor trapezoidal PMAC motor drives are based on

open-loop control or arbitrarily exciting the two or three stator windings and expecting the

rotor to align to a certain definite position. In [16], the motor phases are excited by specific

currents at an increasing frequency in an open loop mode. Then, when the back-EMF voltage

of the motor is sufficiently high to allow the determination of the rotor position using the

terminal voltages, the motor drive is switched to the self-synchronous mode. Another

arbitrary starting procedure is described in [21]. In this strategy, two arbitrary phases of the

motor are excited with limited current for a preset interval. This causes the rotor of the motor

to rotate in the direction corresponding to the excited phases. When the rotor aligns to a

certain position due to this excitation, the next commutation signal that advances the

switching pattern by 1200 is generated and the motor drive switches immediately from open

loop commutation to self-commutation.

The similar starting strategies can also be used in the sensorless sinusoidal PMAC motor

drives, In 1221, an open loop control approach is used to accelerate the motor from standstill

to the speed at which the flux linkage angle can reliably be determined. In [28], the motor is

started by applying a specific PWM pattern (say device Tl,T2, and T6 are turn on and off) to
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the inverter for about 200 ps. This pattern is repeated several times to align the rotor in the

direction of the A-phase winding, and then the specific sensorless control strategy is applied.

The above starting strategies have poor dynamic response and the rotor can be in the

hunting mode due to the absence of position information at standstill and a¡birary increase

speed. In addition, the switch from starting stage to normal position sensorless operation may

not be smooth, which is required in some applications.

Due to the saturation effect of the core in the magnetic circuit, the phase inductances vary

slightly with the rotor position in a PMAC motor. This principle is indirectly used to start a

trapezoidal PMAC motor [51]. Instead of measuring the inductance, the sign and the

amplitude of the current waveform is determined when two phases are excited. After a given

time T, the current is reversed, and the sign and the amplitude are determined again. If the

current difference sign is positive, the PM flux has the same sign as the flux created by the

positive current. If the current difference sign is negative, the PM flux has the same sign as

the flux created by the negative current. The process is repeated for other phases, and the

information obtained is used to determine the rotor position. This algorithm is used

repeatedly until sufficient back-EMF is developed to use it for obtaining the correct

switching patterns. Similar method is also used to start the sinusoidal PMAC motors as

described in 126, 521. However, this method is difficult to estimate the rotor position

accurately due to the problem in detecting the current amplitude accurately. In addition, the

exciting current pulses may generate rotating torque, which may change the initial rotor

position.

For the salient PMAC motors, the saliency of the rotor can be used to determine the rotor

position at standstill. Several different uses of the saliency have been proposed. One of the

methods proposed in t53l is based on the current locus. Due to the rotor saliency, an IPM

motor has different d-axis and q-axis inductances. The difference of the inductances makes

the locus of the stator current vector as an oval when the stator voltage is balanced with the

three-phase sinusoidal waveforms. The major diameter direction of the current vector ellipse

gives the information of the rotor position. In 1541, a second method utilizing the rotor

saliency is proposed. In this method, when the IPM motor is excited by a current controller,

the phase difference between the magnetizing current and the voltage reference makes it

possible to estimate the rotor position without using the motor parameters, which uses the

ratio of the d-axis and q-axis inductances only.
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In the starting, the methods based on the injection of high frequency test signals proposed

in [45-50] claim to offer accurate rotor position information even at standstill, which can also

be used to derive the initial rotor position and requires no additional starting strategy.

Although these methods can achieve high dynamic performance in closed loop position

control, no practical test results have been reported to verify this claim.

3.5 Current Reconstruction Techniques

In many servo applications, the PMAC motor drive often needs to operate together with a

fast acting closedJoop current controller, which requires the knowledge of the three-phase

winding currents of the motor. In addition, the current measurements are always required in

most of the position sensorless techniques to estimate the rotor position information in

PMAC motor drives.

As indicated in the previous chapters, the most effective method to measure the winding

currents is to use low value resistors or Hall-Effect current sensors in series with the

windings. The later is usually preferred since they provide electrical isolation at relatively

high frequency bandwidth. However, a three-phase motor drive requires three Hall-Effect

current sensors that are expensive specifically at high frequency switching applications.

Although the number of current sensors in the star-connected three-phase motor drives can be

reduced from three to two, this method may inftoduce errors in the calculation of the third

phase current because of the discrepancies in the gain constants and the DC offsets of the two

current sensors. As can be predicted, using less number of sensors, such as a single sensor on

DC link, can reduce the error introduced by the gain constant of a sensor.

A number of studies were reported in the literatures, which reconstructs the phase currents

of an AC motor using the DC link current measurement. As reported in [55-58], the

reconstruction of phase currents of the trapezoidal PMAC motor with rectangular current

excitation is relatively easy, since only two of the three phase windings conduct currents at a

given time. In such motor drives, since two-phase windings conduct currents at a given time,

the values of the two-phase currents exactly equal to the DC link current. However, the

direction of the currents may be the same or reverse, depending upon the switching states of

the inverter. With the help of switching states of the inverter, the three-phase currents can be

reconstructed from the DC link current measurement as described in [55]. However, during

the current commutation period (the current transfer period from one phase to the other),
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current flows in all three phases of the motor, hence three-phase currents cannot be

reconstructed. In [56], a simple single cuffent sensor technique for the trapezoidal PMAC

motor is proposed. The major feature of this method is that the switching information of the

inverter is not needed in the current sampling processing.

An estimation method of three-phase currents using the DC link current measurement is

proposed in [57] and [58] for the trapezoidal PMAC motors. This method involves the

application of a state observer, which uses the error between the actual and estimated DC link

current of the drive and updates its phase current estimates. The major advantage of this

method is that the measurements are made equally on all three phases of the motor, so that

the effects of sensor imbalance are eliminated. However, when all three-phase windings

conduct currents during the current commutation period, the phase current estimation is not

possible since the state observer is observable if the current flows only through two-phase

windings.

In the PMAC motors with sinusoidal current excitation, howevero all three-phase windings

c¿trïy curents at any instant. Although the current reconstruction is still possible in these

motor drives [59-65], it is not as easy as in the trapezoidal PMAC motors with the

rectangular current excitation.

A three-phase inverter consists of six switches and their associated freewheeling diodes. If

all of the three phases conduct current simultaneously, the inverter only has eight possible

switching states, which can be represented with two zero-states and six active-states. During

the six active states, one of the phase currents flows through the DC link. At two zero-states,

however, the phase currents circulate inside the inverter bridge, not passing through the DC

link. Under the normal PWM modulation mode, there are two possible active-states in each

PWM cycle. Thus, the two-phase currents can be derived from the DC link current at the two

consecutive points. If the PV/M frequency is high enough, the phase currents vary slightly

over one PWM cycle. Hence, the derived two-phase currents can represent current values of

the two phases within this PWM cycle, and the third phase current can easily be calculated

using the two derived currents if the motor is star connected [59]. However, under certain

operating conditions of the PWM control, either two active-states of the inverter may last

very short period of time. As a result, due to the finite switching time of the power devices,

the dead bands, and the delays in the electronic circuits, actual phase current may not be

visible on the DC link measurement.
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Different approaches have been proposed to solve this problem. In [60], a sample-and hold

technique is used to sample a phase current through DC link current in the period of the

phase current passing through the DC link and hold the value until the same active-state take

place again. The second phase current can be sampled using the similar method, and the third

phase current can be calculated from these two currents. This method is used in a simple

control scheme for an induction motor in [61]. Although the test results in [61] are

satisfactory, the problems related to the very low modulation index and the delay of current

sampling are not discussed in this reference. V/hen the period of the active-state is too short,

a solution by replacing all active-states less than 30 ps with a zero-state has been proposed in

162l and [63], in which the missing time is added to the next PWM cycle. This makes the DC

link current composed of wider pulses, and therefore it is more suitable for phase current

reconstruction. However, this approach delays the current feedback signals and makes the

current control more difficult, specifically at low speed operation.

In [64], it is proposed to sample the DC link current in the center of each active state that

gives a better current sampling. Under the narrow-pulse conditions, this paper proposes two

adjustment schemes for the duty-cycles in a single-ended modulation strategy. One of the

adjustment schemes is based on reducing the zero-state time if one of the active states is too

short. The second method uses no zero-states when the active states are too short but uses

two complementary voltage vectors closest to those already used. This approach introduces

more switchings but information about all thrcc-phase cuffents exists in one PWM cycle.

Two other methods are also proposed in 165-671that can work in the whole operation area of

the inverter, When duty-cycles of two phases are almost equal, one method is to adjust the

duty-cycle within one PWM cycle by shifting the switching signals one forward and one

backward. Thus, clear and visible two active states can be obtained, but the average voltages

applied to the two phases remain same during this P\ryM cycle. The second method is to

adjust the duty-cycle in two PWM cycles by adding the duty-cycle of one phase in fîrst PWM

cycle and reducing it in the next, which ensures the average voltage applied to the phase

remaining same. Both of the methods are capable to operate at low speed and can easily be

implemented in practice using a computer-based controller. In t68l and [69], the problem of

all possible fault protections based on one DC link cunent sensor is also discussed. A

comparative study of the different approaches to reconsffuct the three-phase currents is

presented in [70].
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An alternative approach to reconsfruct the three-phase currents from DC link measurement

is proposed in [71, 72] for the PM synchronous motors. This approach is based on a state

observer. The method proposed in these references can provide reliable phase current

feedback to the controller under all operation conditions of the motor drive. However, the

impacts of the parameter variations of the motor are not discussed in these papers.

The above proposed methods of three-phase current reconstruction from DC link current

measurement have been used in low-cost AC motor drives and demonstrated good

experimental results. However, in general, there still are some limitations in these methods.

For example, since the DC link current waveforms are naffow pulses, it is not very easy to

sample the current values accurately at determined point. The measurement noise always

influences the reconstructed currents. In addition, these methods can only obtain the average

values of the phase currents within one or several PV/M cycles. Therefore, the current

variation within a PV/M cycle cannot be obtained, which is required in the fast acting closed

loop current conffollers.

3.6 Conclusion

It can be seen from above discussion that the research of position sensorless techniques is

one of the most active and widespread area of the control of the PMAC motor drives in the

recent years. A comprehensive review of the existing position sensorless techniques are

discussed in the chapter. Since only two of the three stator windings are excited at any instant

of time and since the voltage induced in the unexcited winding can be used to determine the

rotor position, the position sensorless strategy is much simpler to implement in the

trapezoidal PMAC motors. In the sinusoidal PMAC motors, however, the position detection

is more complex, mainly due to current conduction in all three windings of the motor.

The most commonly used position detection scheme for the trapezoidal PMAC motors is

based on the back-EMF sensing. In this scheme, since there is no sufficient back-EMF signal

at low speeds, it is not suitable at low-speed operation. In addition, this method requires a

special strategy to start the motor from standstill.

The position detection schemes used in the sinusoidal PMAC motors are mainly based on

the position estimations utilizing the phase voltages and the currents of the motor. By using

these quantities, the rotor position can be determined by a state observer, Kalman filtering

technique, or by direct calculations. However since these techniques are computationally
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intensive, significant rotor position detection error occurs mainly resulting from quantisation,

truncation errors, and measurement inaccuracies. The variation of the motor parameters due

to the temperature and the saturation also affects the accuracy of the position estimation in

these methods. Moreover, these techniques may also suffer from low speed operation, mainly

due to the integration drift in the algorithms.

For the PMAC motors with rotor saliency, the position information can be extracted from

the variation of the inductances. The most popìllar method is to inject a high frequency test

signal and extract the rotor position by analysing its response. Since the high frequency

injection exists independent from the motor speed, these techniques can operate at low speed

including at standstill. However, they are not suitable for the surface permanent magnet

(SPM) motors that have no rotor saliency.

Finally, the elimination or the minimization of the discrete current sensors in the PMAC

motor drives is also addressed in the chapter. As discussed, the researches in the area indicate

that the three-phase currents of the PMAC motor can be reconstructed from the DC link

current measurement using a single current sensor. However, the key issue of further research

is how to minimize the degradation of the current regulator performance that appears in the

form of increased waveform distortion, even though the system's dynamic response is still

very fast.

Thc rcview results summarized in this chapter demonstrate that there is a necd l.u irnprove

sensorless technique, which can accommodate a minimum number of sensors. This will be

discussed in detail in the successive chapter.



Chapter 4

Mathematicat Model and Simulation of PMAC

Motor Drives

4.L lntroduction

As mentioned in Chapter 2, under the ideal conditions, it is possible to predict the steady-

state performances of a PMAC motor under various operating modes using analytical

methods. However, when the motor is fed from a power electronic converter, which naturally

generates some non-ideal waveforms, the analysis of dynamic behavior of the motor using

analytical methods is impossible. Therefore, computer simulation provides a very useful

medium to analyze the behavior of the motor drive under steady state as well as dynamic

conditions without the implementation of hardware. If the simulation model of the drive is

done accurately, it is possible to predict the performances of the motor drive under practical

operating conditions, including start up, and step load changes. In addition to this, once the

accurate simulation model of the drive is achieved, the simulations can easily be forced to

operate under an extreme operating condition without the fear of damaging the motor drive.

Although a number of modeling and simulation approaches have been developed previously

173-781, they all have varying degrees of complexity and accuracy.

The main objective of this chapter is to develop a general simulation algorithm for both

ftapezoidal and sinusoidal PMAC motor drives, which include the components of PMAC

motor, inverter and the controller. The primary aim of the simulation algorithm is to simulate

the components of the drive during transient conditions for all modes of motor operation, and

predict the dynamic as well as the steady-state performances of the motor drive. Moreover, it

is aimed to calculate the currents and voltages of the motor accurately to utilize them in the

novel rotor position estimation and phase current reconstruction schemes of the PMAC motor

drive, which will be described in the consecutive chapters. Therefore, the performances of the

rotor position estimation and the phase current reconstruction algorithms under various

operating conditions can be analyzed and tested, and possible problems can be identified and

corrected before they are actually used in a practical real time motor drive system.

5l
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All the simulation studies in this thesis are done using LabVIEW. LabVIEV/ (Laboratory

Virtual Instrument Engineering Workbench) is a graphical programming language, which is

widely used for data acquisition and analysis as a computer based insffument. In comparison

with the other software tools, simulation with LabVIEW provides easy debugging features

and a user-friendly environment [79]. In addition, the simulation results can be easily

compared with the real data acquired from the test motor drive implemented.

Since the validity of the simulation results mainly depends on the accuracy of the

simulation model, establishment of an accurate motor drive model is the key step to consider.

Section 4.2 gives the detailed descriptions of the mathematical models used in both

trapezoidal and sinusoidal PMAC motor drives. The actual implementation method of the

simulation with l¿bVIEW is detailed in Section 4.3. In Section 4.4, various simulation

results are presented, which are then compared with the measured waveforms obtained from

the practical motor drive system.

4.2Mathematical Model of PMAC Motor Drives

A three-phase PMAC motor has symmetrical three-phase stator windings almost identical

to the windings of a three-phase induction motor, while its rotor has magnets mounted on the

surface of or buried inside the rotor. As indicated in [80], a three-phase star-connected

PMAC motor can be modelled by a star-connected three-phase lumped parameter network

consisting of a winding resistance, an equivalent winding inductance, and a back-EMF source

per phase, all connected in series. The following assumptions are made in the derivation of

the motor model:

a) Because of the high electrical resistivity of the magnets and the stainless steel

retaining sleeves, the induced eddy currents are neglected, and hysteresis losses are

ignored,

b) Since no significant demagnetisation is experienced under normal operation

conditions, the stator current effects on the magnet flux distributions are ignored.

c) Because of the large low-permeability air-gap between stator and rotor, the

saturation may be neglected, although it can be taken into account by parameter

changes.

d) There are no cage windings on the rotor, so self-starting is not possible.
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4.2.1 Voltage Equations

Under the above assumptions, the voltage equation of a sinusoidal PMAC motor may be

given in various reference frames and in different forms (synchronous rotation reference

frame, two-axis stationary reference frame and three-phase stationary reference frame).

However, a ffapezoidal PMAC motor has non-linear flux distributions and back-EMF

waveforms. Therefore, the space-vector transformation theory is not suitable for analysis of

trapezoidal PMAC motors. In order to establish general mathematic expressions valid for

both trapezoidal and sinusoidal PMAC motors, the three-phase stationary abc reference frame

is used in this thesis. Therefore, the voltage equations of a three-phase PMAC motor can be

expressed in the matrix form as:

where ra, vb, and v" are the phase voltages; iu iu, àrrd i, ate the phase currents; V/ o, Vu , ãrrd

V " 
üc the total flux linkages; and Ro, Rb, and R" are the winding resistances of the phases a,

b, and c respectively. If the three-phase windings are symmetric, it may be assumed that the

three-phase winding resistances are equal, that is, Ro= Rø= Rc = R.

The total flux linkages given above include the flux linkages established by PM and the

stator currents, and can be expressed in matrix form as follow:

(4.1)

(4.2)

where Lo , Lu and L, are the self-inductances of the phases a, b, and c respectively; and Mon,

Mor, Mbo, Mbr, Mro, and Mr6 are the mutual inductances between the two phase windings.

When the three-phase windings are symmetrical, the mutual inductances are also symmetric,

that is, Mob=Mbo, Mbr=Mrb, a¡'d Mro=l1rfor,

V o* , V p^b, and V ,r* are the flux linkages established by permanent magnet as

viewed from the stator windings and they are functions of the rotor position. V/hen the rotor
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rotates, the derivatives of the flux linkages with respect to time are the back-EMF voltages

induced in the phase windings that are due to the permanent magnets on the rotor.

For a PMAC motor with surface mounted PMs, it can be assumed that the self-inductances

and the mutual inductances are constant and independent of the rotor position, while the self-

inductances and the mutual inductances of an interior PM motor are functions of the rotor

position due to the saliency. In general, the self-inductances of each phase can be expressed

as [81]:

Lo = Lrt + Zro + Lr, cos(20 r)

Lu = L" + L,o + L,rcos(N, +2nf3)

L, = L* + Z,o + L,rcos(2ê, -2nf 3)

And the mutual inductances between two phases can be given by:

(4.3)

(4.4)

(4.5)

M ø = M uo = -It,, + L,, cos(20, - Zn lZ¡

M u, = M 
"ø 

= -1t,, + L,, cos(20")

M 
"o 

= M * = -It,, + L,rcos(2l, +2nf 3)

where tr¡¡ represents the leakage inductance of a phase; Zro is the component of the self-

inductance due to the fundamental air-gap flux linkage; Lrz is the component of the self-

inductance due to the rotor position dependent flux; and d, is the electrical rotor position

angle.

Substituting Equation (4.2)-(4.4) into (4.1), a common voltage equation can be obtained,

which is suitable for all types of PMAC motors. However, this thesis only focuses on the

sensorless techniques of surface PM motors, which includes sinusoidal and trapezoidal

PMAC motors. Therefore, non-salience has been considered, that is, Lsz=0. Therefore, the

self-inductances and the mutual inductances are assumed constant and independent of the

rotor position. Hence, the self-inductances can be given by:

Lo=Lt-L"=L"+Lro=L,

and the mutual inductances are written as:
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1
M ø = M uo = M r" = M 

"o 
= M * = M 

"o
Lro = M, (4.6)

2

Therefore, based on these assumptions, the above given voltage equation can be simplified

for the surface permanent magnet motors as:

L,

M
Ml',

€o = E^sin(ó")

êø = E^sin(d, +2n13)

ê" = E^sin(ó, -2n13)

M
L,

M

M
M
L,

J

,J

Js

(4.7)

(4.8)

(4.e)

where €a, êb, and e" are the back-EMF voltages induced in each phase winding due to the

magnet flux linkage.

As discussed in Chapter 2, the differences between the sinusoidal and the trapezoidal

PMAC motors mainly depend on the shape of their back-EMF waveforms. If the stator

windings are symmetrically displaced, the ideal back-EMF waveforms for a sinusoidal

PMAC motor can be given as:

For a trapezoidalPMAc motor, the ideal back-EMF waveform of phase A can be given in

piecewise linear form as:

-+(0" -n)
Ttlo

_Fum

)p"-2x)
1îlo

o.t" =2
L ag 

=5n6'6
5o .6 3U6'6
7' .g <V6'6

+.0" 32n

E^

êo=

Note that Equation (4.9) only gives the back-EMF voltage of phase A. Therefore the

definition can be repeated for the remaining two phases simply by introducing 120o electrical
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phase difference between the phases. In addition, the practical back-EMF waveforms always

deviate from these ideal assumptions mainly due to the fringing field and manufacturing

inaccuracies. If more accurate model of the practical motor is desired, the back-EMF

waveforms can be modelled by using a look-up table or multiple harmonic components of the

real waveform [5].

In Equations (4.8) and (4.9), E, is the amplitude of the back-EMF that is proportional to

the angular speed a, of the motor and can be given by:

E^ = kra, (4.10)

where K" is the back-EMF constant; and the electrical rotor position angle 6, is given by:

0"=Nr0,-No!atdt (4.rr)

where6, is the mechanical rotor position angle and Nn is the number of pole pairs of the

motor

Also, since the sum of the three-phase currents is equal to zero (iu+ it+ i, =0) in the star

connected motor with isolated floating neutral; the following equation can be given:

M,ío+Mrio:-M,i, (4.r2)

Substituting Equation (4.12) into (4,7), the voltage equation of the surface permanent

magnet motor can be simplified as:

v a

vb

vc

(4.r3)

where L = L, - M, = 4 +|f* and is called as the equivalent winding inductance, which is

equal to the direct and the quadrature inductances of the surface permanent magnet motor.

As seen from Equation (4.13), the voltage equation has been decoupled by simply

introducing the equivalent inductance term (L), which is equal to half of the open-circuit line-

to-line inductance and it is easy to calculate or measure. This makes it easy to simulate the

transient behaviour of the surface PM motor using a computer. The accuracy of the proposed
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model predicting instantaneous voltage and current waveforms during various operation

conditions has been demonstrated in the previous study in [5]. The predicted waveforms are

also verified in this thesis using the measured waveforms in the practical PMAC motor drive.

4.2,2 Electromagnetic Torque Equations

An electrical machine is an energy conversion device, which can convert the energy from

electrical to mechanical or vice versa. The electromagnetic torque of a motor can be directly

derived from the relationship with its mechanical ouþut power. In a symmetrical three-phase

motor, the total input instantaneous power, pr, is equal to the sum of the instantaneous

powers produced by each of the three phases, that is,

For simplicity, only the voltage equation of the surface PM motor is given here.

Substituting Equation (4.13) into (4.14), the instantaneous power pe of the surface PM motor

can be expressed as:

1 dfbp,-R(t+iì+t) (i:'dt #r. (eoio + euiu + e"i")

p, =vo.io+vu.iu+v"'i,

pn¿ch = eoío + euiu + êri, =7" ' a,

Thus, the electromagnetic torque in the surface PM motor can be expressed as:

+

(4.14)

(4.16)

+- + (4.15)
2

As seen from the equation above, the input instantaneous power consists of three parts.

The first term on the right hand side of the equation represents the power losses in the stator

winding resistances. The second term is the change rate of the energy stored in the magnetic

field. According to the energy conservation principle, the third term will be the power

converted into mechanical power and is called mechanical ouþut power.

From the viewpoint of a rotating mechanical system, the mechanical power is also equal to

the product of the electromagnetic torque T, and angular rotor speed A, , that is,

dt

(4.r7)T, =L{roio + euiu + e"i")
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As seen in Equation (4.I1), the electromagnetic torque is inversely proportional with the

rotor angular speed and directly proportional with the sum of the products of the phase

current and back-EMF voltage. This torque equation is not suitable to calculate

electromagnetic torque for zero speed operation. Since the back-EMF voltages are also

proportional with the rotor angular speed as described in (4.S) and (4.9), the electromagnetic

torque may be conveniently expressed as:

T, -k,ler(6,).i"+er(6").íu+er(6,).i"1 (4.1s)

where er(6"), ez(O,), and e (ê) are the unit back-EMF functions of the rotor position, and

their relationships with the back-EMF voltages are given as,

€o =k,@,eJ6")

€ø = k" a, er(O,) (¿.tq)

€" = k" a4 er(0,)

For a sinusoidal PMAC motor, the unit back-EMF functions are the sinusoidal function of

the rotor position, while the unit back-EMF functions of a trapezoidal PMAC motor are the

trapezoidal function of the rotor position.

Similar to the other drive systems, the mechanical equation of the PMAC motor drive

system can be given as:

T, -Tt , dØ,

dt (4.20)

where Zr is the load torque; ,/ is the inertia of the motor ancl connected load. In this equation,

the damping coefficient B, is assumed zero.

This relationship is often called the motion equation of a motor and is used to describe the

dynamic behaviour of the drive system.

4.2.3Inverter and Phase Voltages

Generally, a three-phase PMAC motor is fed from a three-phase voltage source inverter as

described in Chapter 2.Due to the switched step voltages, the currents and voltages generated

by such inverter often are non-sinusoidal waveforms. Therefore, in order to produce an
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accurate transient simulation result, the inverter should be modeled together with the PMAC

motor.

The equivalent circuit of a common three-phase inverter with a motor load given in Figure

4.1 is used in the computer simulation study in this research. The derivation of the circuit will

be discussed in detail later in Chapter 6. As shown in the figure, the inverter consists of six

power switches, which are controlled to generate the desired AC voltages or currents for the

motor Ioad. ío, iø aîd i, are the instantaneous three-phase currents of the motor and their

directions are indicated with the arrow signs. The DC link voltage V¿, is assumed constant,

and the mid-point of the DC link voltage is defined as the reference point for the voltages.

Therefore, the voltages of the positive and the negative supply rails are +V¿J2 and -V¿rl2

respectively.

tru" S3S1 S5

A

c

-trv,"
S4 S6 S2

Figure 4.1 Equivalent circuit of a three-phase inverter with motor load

In this inverter configuration, when one of the switches in one phase is turned on, the

terminal voltage of this phase will be either +Va,l2 or -VaJ2. For example, if switch Sr is on,

terminal point A will be connected to the positive supply rail, so the terminal voltage of the

phase A is equal to +V¿rl2.Inverse1y, if switch S¿ is on, terminal voltage of the phase A is

equal to -V¿r12. When the two switches in one phase are all turned off, the terminal voltage of

the phase A is independent of the DC link. Since the two switching on at the same time will

causes short circuit in the inverter, this state is not permitted in a practical system. Therefore,

two switches in one phase can compose three possible switch states, which can be expressed

by a state variable Sp (p = a, b, c) having three different states. For example, when the upper

leg switch of phase p is on, Sp=l, when the lower leg switch of phase p is on, Sp=-l, and

when the two switches on the same leg are off, Sp=O'

In the practical simulation model, the values of the switch state variable Sn are determined

by both the switching signals of power switches and direction of the winding current of the

fi b
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motor. More detail explanations will be provided later in this thesis, in Section 6.2.2 and in

Table 6.3.

With the help of the switch state variables, the terminal voltages of each phase can be

easily expressed as:

vA -v* "2

1r:'B b'0" S2

,, -?s"

(4.2r)

where vA , vB, and vç are the terminal voltages of the point A, B, and C with respect to the

mid-point of the DC supply voltage.

However, the voltages required in the voltage equation are the phase voltages that are the

voltages between the terminals and the floating neutral point of the star connected motor.

Then, the relationships between the terminal voltages and the phase voltages can be given as:

vA =va+vN

v, = vu *v, (4.22)

v" =v" *v,

where v¡¡ is the voltage of the floating neufral with respect to the mid-point of the DC supply

voltage. However, due to the inverter switching the floating neutral voltage is not constant.

To derive the floating neuftal voltage, Equation 4.22 can be substituted into the voltage

equations in (4.13),

r.r=Rí"+L*+ea+vN

rn = R i, + tff+ eb +vN Ø.23)

Ldi' + e" +yN
dt

In a star-connected PMAC motor, it is always true to say that the sum of the three phase

currents is equal to zero. Therefore, when all three phases conduct current, the floating

neutral voltage of the motor can easily be derived by summing the above equations:

vr=Ri"+
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vA+vB +vC ed+ eb +ec (4.24)lN= )-
33

Hence, substituting Equation (4.24) into Equatioî (4.22), the phase voltages of the inverter

driven PMAC motor can be obtained. If the back EMF of the motor is sinusoidal, the sum of

three back EMF voltages is equal to zero. Therefore, the three-phase voltages of a sinusoidal

PMAC motor can be simply given by:

=åßo + s, + s,)\ -(" *'u *',)f

(so *s, *r"I =?Qt "-s, -s")av

lb=

vd"

2

Vo"

2

Vo"

2

,]

,](,s,+,sr+^i"

I
3

1

3

1

3

[',

['

['

(,so+^sr+s"
vd,

6
(zs ss (4.2s)

b )c

=?et,-,s, -,s, )

b

v c

As can be seen in Equation (4.25), the phase voltages of the sinusoidal PMAC motor only

depend on the switching states and the DC link voltage of the inverter. This means that the

phase voltages do not have to be measured directly, but can be reconstructed from the

switching signals and the DC link voltage. This is very important in the PMAC motor control

if the use of a minimum number of sensors is aimed, which will be discussed in Chapter 7.

Similarly, if only two of the three phases (say Phase A and B) are conducting currents, the

floating neutral voltage of the motor can be derived as:

(4.26)

Substituting Equation (4.26) into Equation (4.22), the phase voltages of the current

conducting phases can be obtained when only two phases of the motor conducting current.

Combining these two cases together, a unified expression of the voltage of phase p (p = a, b,

c) for the PMAC motor can be given as follow:

,, = (*¡ - çg, 
+ q, 

= 
å 16, 

+,s, + t ")+ - (s 
"1" " 

+ls ul",* ls" lr" )]

+[k's, -so -s, - s")+*(s,l '"'+lsul'', *ls"l''.)]v (4.27)

whereKisaconstant,andK=3whenallthreephasesconductcurrent,andK=2whenonly

two of the three phases conduct current.

p
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When only two of the three phases conduct cuffent, the phase voltage of the remaining

phase is equal to the back-EMF voltage, that is,

If s, =0, lo=€o (4.28)

4.3 Virtual Instrument of the PMAC Motor Drive

In this study, I¿bVIEV/ is used as a powerful computer simulation tool to study the

PMAC motor drive. LabVIEV/ is a graphical programming language that uses icons instead

of lines of texts to create applications. In contrast to text-based programming languages,

where instructions determine program execution, LabVIEW uses dataflow programming,

where the flow of data determines execution.

LabVIEW programs are called virtual instruments, or simply VIs, because their

appearance and operation imitate physical instruments, such as an oscilloscope and a

multimeter. Every VI uses functions that manipulate input from the user interface or other

sources, and display that information or move it to other files or other computers. A VI
contains the following three components [79]:

Front panel -- Serves as the user interface.

Block diagram -- Contains the graphical source code that defines the functionality of

the VI. In some ways, the block diagram resembles a flowchart.

Icon and connector pane -- Identifies the VI so that it can be used in another VI. A

VI within another VI is called a subVl, which corresponds to a subroutine in text-

based programming languages.

With t¿bVIEVy', a user interface may be built by using controls and indicators, which are

the interactive input and output terminals of the M, respectively. Controls are knobs, push

buttons, dials, and other input devices. Indicators are graphs, LEDs, and other displays.

Controls simulate instrument input devices and supply data to the block diagram of the VI.

Indicators simulate instrument ouþut devices and display data that the block diagram

acquires or generates. After the front panel is built, these front panel objects appear as

terminals on the block diagram. By adding some codes, which use graphical representations

of functions, the front panel objects can be controlled.

a

o

o
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Therefore, the computer simulation of the motor drive was implemented in l,abVIEW by

providing all the motor and drive parameters from the front panel and by displaying the

estimated values on the front panel, which is similar to the oscilloscope measurements. In

order to build a general simulation tool for the PMAC motoro a number of VIs were

constructed, which each consists of several functional subVls, and each implements one

component of the practical motor drive system.

4.3.LVirtual Instrument of the PMAC Motor

In this section, the VI that simulates the three-phase PMAC motor is given. This VI

implements the mathematical models of the motor that was described earlier in Section 4.2.

As can be seen in Equation (4.I3), the voltage equations are non-linear differential equation

because the back-EMF voltages are the functions of the rotor position.

It can be said that if the time step in the simulation is small enough, the back-EMF

variations within one calculation interval may be neglected. Under this assumption, the

complete simulation VI can be divided into four functional sub-components.

In the first component, the unit back-EMF functions are implemented (as in Equation (4.8)

and Equation (4.9)). The block diagram of the back-EMF function sub-Vl is shown in Figure

4.2.The sub-component has two input terminals: Mode and Position. The "Mode" is used to

select either trapezoidal or sinusoidal back-EMF functions. Note that this figure shows the

state of the trapezoidal back-EMF selection and one of the discrete intervals describing the

back-EMF function. The "Position" is the input terminal for the rotor position signal. The

three output terminals are the three-phase unit back-EMF functions of the simulated motor.

E
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Figure 4.2 Block diagram of the three-phase back'EMF function sub'Vl.
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The second sub-component is used to simulate the inverter and to produce the state

variables of the inverter as described in Section 4.2.3. Figure 4.3 shows the block diagram of

this sub-component. The input terminals in the sub-component are the switching signals and

the three-phase currents. The phase current inputs are used to identify the direction and the

zero state of the motor currents. Similar to the practical inverter, where the switching signals

are used to drive the six power switches, the six switching signals in this sub-component are

used to generate (together with the phase currents) the values of the state variables for each

phase, which determine the instantaneous ouþut voltages of the inverter.

t¡-E!E

l5wircEl f

rlTi tE
t,ûnLlE

Figure 4.3 Block diagram of the three-phase inverter sub-Vl

The two sub-components described above are also integrated as a sub-Vl and used in the

simulation VI of ttre PMAC motor as icons. The block diagram of the PMAC motor VI is

given in Figure 4.4. The remaining two sub-components of the motor VI are directly

programmed in this block diagram. One of the blocks calculates the electrical rotor position

from the angular speed that is based on Equation (4.11). Although more complex discrete

integration methods can be used for a better accvracy, a simple Eular integration method is

utilized here, which is found to be sufficient. The second block, an Equation Node, in the

figure performs the calculations of the phase voltages, the currents, and the electromagnetic

torque of the motor. In this block, the back-EMF voltages are calculated using Equation

(4.19), and the three-phase voltages are calculated using Equation (4.27) and (4.28).

Therefore, the voltage equation can be solved using the solution of the differential equation

that produces the phase current value for the consecutive time step. Eular integration method

is also used here for simplicity. Finally, the electromagnetic torque of the motor is calculated

using Equation (4.18).

@

fue

! ¡.lr a:a _l



Chapter 4: Mathemqticql Model and Simulation of PMAC Motor Drives 65

It should be noted here that the value of zero cuffent in the trapezoidal PMAC motor drive

simulation has to be identified. This is also implemented in this block diagram. Under the

normal double pole modulation (two of the power switches on the conducting current legs are

turned on or off together, that is different from the single pole modulation used in the

position sensorless technique based on the conducting states of the free-wheeling diodes as

mentioned in Section 3.2.3), the two power switches on the phase have to be turned off

together. So the current in this phase decays to zero through one of the freewheeling diodes.

Then, no current flows in this phase until one of the power switches turns on again in the next

cycle. Therefore, the zero current in the simulation can be identified by checking the

direction of the current. This is done by observing the direction of the calculated current

within the free current decay interval, where the current is equal to zero as shown in the block

diagram.

As a unique feature of LabVIEW programming, the PMAC motor VI can also be

integrated as a sub-Vl and used in the overall drive system as an icon, which is identified by

a name of "rnotor".The "motor" VI has six inputs and four outputs terminals. One of the

inputs is the anay of the switching signals, which are generated by the current controller of

the motor drive and used to control the power switches in the inverter. 'fhe parameters of the
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Figure 4.4 Block diagram of the three-phase PMAC motor VI
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motor (which includes the number of pole pat, the phase resistance, the phase equivalent

inductance, the back-EMF constant and the DC link voltage) and the calculation interval are

the other two inputs in this VI. In order to set the initial values at the top-level VI, the former

step values of the currents and the rotor position are also provided as inputs to the "motor"

VI. An input signal named "mode" is defined to select the trapezoidal or the sinusoidal

PMAC motor. The ouþuts of the "motor" VI include the phase currents, the phase voltages,

the torque and the rotor position, which can be used to display the simulation results and also

to simulate the sensorless scheme that will be performed in Chapter 5.

4.3.2 Virtual Instrument of the Current Controller

Similar to the practical motor drive system, the "control" VI is implemented here as the

current controller of the motor drive VI. As discussed in Section 2.4.4, the purpose of the

"control" VI is to force the "actual" phase currents to track the reference cunents by

generating suitable switching signals. As stated previous chapters, the üapezoidal and the

sinusoidal PMAC motors require rectangular and sinusoidal excitation currents respectively.

However, from the control point of view, an identical current controller can be

accommodated in both excitation types. The only difference is that the motors need

rectangular or sinusoidal current reference signals. Therefore, the first function of the

"control" VI is to generate the three-phase current reference signals. The reference current

waveforms can be either ideal sine waveforms or piecewise rectangular waveforms. The

below equations show such ideal reference signals of phase A:

iI = I 
^sin(9,)

(4.29)
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where I- is the amplitude of the reference phase current.
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The three-phase reference curent generator can be programmed as a sub-Vl, which has

three input terminals and one output. The input terminals include the rotor position signal,

current command, and the mode that is used to select either rectangular or sinusoidal

reference current, The output is the required reference current of one phase. Since the sub-Vl

of such implementation is simple, the block diagram is not given here. Three icons of the

sub-Vl should be used to generate three-phase reference currents in the "control" VI. In this

module, the position signal is shifted I20o electrical for each phase.

l¡ntervãllffil

Figure 4.5 Block diagram of the current controller Simulation VI

Similar to the Section 2.4.4, only two commonly used current control schemes, Hysteresis

Current Controller and the PWM Current Controller, are implemented here. The figure 4.5

shows the block diagram of the "control" sub-Vl.

Tlte "control" sub-Vl has six inputs and one output. The rotor position and the amplitude

value of the reference current are the two inputs that are used to generate the reference

current signals, The phase current input is used as the current feedback signals for the

controller (which simulate the current transducers as used in the practical system). The

parameters of the controller (including modulation frequency for the PWM conffoller, the

bandwidth for the hysteresis controller, and the phase shifting angle) and the time step are the

other two inputs. In order to distinguish the types of motor and the current controller, two

"mode" input signals are also utilized. The ouþut is the switching signals, which are used to

control the PMAC motor VI.
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4.3.3 Virtual Instrument of the Steady State Operation

Figure 4.6 shows the block diagram of the VI that is designed to simulate the steady-state

operation of the PMAC motor drive. The two icons "control" and "motor" in this figure

represent the current controller VI and the PMAC motor VI respectively. There are three

"waveþrm graphs" in this block diagram, which are used to display the phase currents, the

phase voltages, and the electromagnetic torque.

X'igure 4.6 Block diagram of the steady-state operation simulation VI

Figure 4.7 shows the Front Panel of the block diagram described above. Single phase or

all three-phase currents and voltages can be displayed on the Front Panel by using the control

box provided. There are several parameter input controls and three ouþut displays on the

Front Panel. The input parameters are classified into three groups. The first group is the

motor pa.rameters, which include the number of pole pairs, the winding resistance R, the

equivalent winding inductance L, the back-EMF constant h, and the DC link voltage of the

inverter. The second group contains the current controller's parameters, which are the

modulation frequency of the PWM Current Controller, the hysteresis bandwidth of the

Hysteresis Current Controller and the phase advance/delay angle of the current command.

The third group is called the "mode" parameters, which are used to select the type of the

back-EMF (trapezoidal or sinusoidal), the wave shape of the reference current (rectangular or

sinusoidal), and finally the type of the current conftoller (hysteresis or PWM). In addition to

the above parameters, the motorÆ angular speed, the command current and the time step also

need to be set in the steady-state simulation VI. The three displays are used to show the
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Figure 4.7 Front Panel of the steady-state operation simulation VI

simulation waveforms of the phase voltages, the phase cuffents, and the electromagnetic

torque.

4.3.4 Virtual Instrument of the Dynamic State Operation

In order to simulate the transient performance of the PMAC motor drive while

maintaining the simplicity of the structure, the VI shown in Figure 4.6 is integrated into a

"dríve" sub-Vl that has five inputs and three outputs. The inputs of this sub-Vl are the current

command, the angular speed, the rotor position, the currents and the time step. The outputs

include the torque, the rotor position and the currents. The principal purpose of these inputs

and the ouþuts of the rotor position and the currents is to set the initial values.

The ouþut of the motor drive is the torque that causes the load to rotate at a speed. To

achieve the dynamic simulation, two additional components were implemented. The first

component is the motion equation (as given in Equation (a.20)). In most motor drive

applications, the motor speed has to be controlled using a closed-loop speed controller.

Figure 4.8 shows the block diagram of the closed-loop PMAC motor drive system VI. In this

figure, the speed controller is shown as an icon, which contains the algorithm of a PI

1120 f rur
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regulator. The output of the speed controller icon is the command current of the motor drive

icon. The motor speed is fed back to the speed controller and is compared with the reference

speed.

Figure 4.8 Block diagram of closed-loop motor drive system VI

dr
Te w2=w1+dt.fTe-TlJ/J

T
arguhr speed

oBr_

position

cunrnt

Figure 4.9 Front Panel of the dynamic state operation VI
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Figure 4.9 shows the Front Panel of the closed-loop drive system VI. To run the dynamic

simulation VI, five simulation parameters (reference speed, calculation interval, motor

inertial and load torque) have to be defined on the control boxes of the Front Panel. Four

graphs on the Front Panel are used to display the simulation results of the phase currents, the

electromagnetic torque, the motor speed, and the rotor position.

4.4 Simulation Results

The results presented in this section were specifically chosen to understand some of the

typical operations of the PMAC motor drive, and to demonstrate the validity and reliability of

the simulation model. In addition, the tests are carried out to obtain some confidence to

simulate the rotor position sensorless operation and the phase current reconstruction

techniques that are described in the later chapters of the thesis.

The simulation results for both steady state and transient operations are given in this

section. In the steady-state tests, the waveforms of the phase currents, the phase voltages, and

the electromagnetic torque were displayed. In the transient tests, however, the waveforms of

the phase current, the electromagnetic torque, the rotor speed and the rotor position. To

demonstrate the capability of the simulation model, two different types of PMAC motors are

simulated in this section. The trapezoidal and sinusoidal PM motor parameters used in the

simulation are given in Table 4.I and Table 4.2 respectively.

Table 4.1 The parameters of the trapezoidal PMAC motor

Back emf constant, k"

Moment of inertia, J

Number of pole pairs, Nn

Winding resistance, R

Equivalent winding inductance, L

0.4I7 V/radls

0.0008 kgm2

4

0.8 o
3.l2mH

Table 4.2The parameters of the sinusoidal PMAC motor

Back-EMF constant, h
Moment of inertia, J

Number of pole pairs, Nn

V/inding resistance, R

Equivalent winding inductance, L

3.785 V/radls

0.08 kgm2

28

6.4 A

44.5 mH
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4.4.1 Simulation Results Under Steady-State Operation

Firstly, the "drive" VI was used to simulate the steady-state operation of the trapezoidal

PMAC motor. Figure 4.10 shows a set of simulation results. In this operating mode, the DC

link voltage was set to 50V, the motor was rotating at a speed of 300 rpm and the command

current was 5A. There was no phase advance or delay angle in this test. The PWM current

controller at modulation frequency of 5KHz was also defined in the test.

Figure 4.10 shows the instantaneous waveforms of the voltage and the current of phase A
and the elecfomagnetic torque of the motor. As seen in the figure, when the current is zero,

the phase voltage is equal to the back-EMF voltage of the phase. However, when the phase

(phase A here) conducts current, the phase voltage swings between +Y¡J2 and -YdJ2. Due to

the winding inductance, the commutation between two phases lasts a finite time, in which all

three phases conduct current. Therefore, during the commutation period the phase voltage is

either !2YdJ3 or +V¿/3. For this reason, the phase current cannot follow the rectangular

reference current closely.

Ð40.
o
b¡ld€
Ð
Þ

20.0

0.0

-20.0

-40.0

u 25 30 35 40 45

10 55 Ë0

0.0

25 3U 35 40
Time (ms)

Figure 4.10 simulations results of the trapezoidal PMAC motor under the
steady-state operation conditions: 300 rpm. Va"=50V, PWM
Current Controller at a frequency of SKItzr Im(rer) = 54, no phase
advance or delay angle.
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However, outside the commutation time, the phase cufrent can track the command current

closely and has less current ripple, resulting less ripple on the electromagnetic torque. Within

the commutation period, because the back-EMF of outgoing phase has to drive its current

down while the back-EMF of the incoming phase has to oppose to the current build-up, the

decay time of the current of the off-going phase is shorter than the rise time of the incoming

phase current. The sum of these two currents is slightly smaller than the amplitude of the

command current. Such smaller current sum causes relatively larger torque ripples during the

commutation period, which occurs every 600 electrical degrees. This is a major disadvantage

of trapezoidal PMAC motor drives.

In Figure 4.11, another simulation result is given, in which the desired speed of the motor

was changed from 300rpm to 500 rpm but all other settings were unchanged. As shown, since

the amplitude of the back-EMF voltages is proportional to the rotor speed, the effective

voltage of the motor phase at a higher speed becomes insufficient to force the current to reach

to the command current. Therefore, no current control is achieved under this operating

condition. In this mode of operation, the phase current is limited by the net voltage across the
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Figure 4.11 Simulations results of the trapezoidal PMAC motor under the
steady-state operation conditions: 5ü) rpm. Vo.=50V, PWM
Current Controller at a frequency of SKHz, fm(rer) = 5A,, no phase

advance or delay angle.
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two conducting windings, which is the difference between the DC link voltage and the

instantaneous line-to-line back-EMF voltage. As a result of the large current ripple, the

produced electromagnetic torque has large ripples. This mode of operation of the motor drive

is known as the high-speed operation without current control.

In most applications, such torque ripples tend to be less troublesome due to the effective

low-pass filtering action of the rotor inertia at high-speed range. However, the low torque

value in this mode reduces the ability of the motor to drive a load. If this occurs, the phase

advancing technique that is mentioned in Chapter 2 is used to restore some degree of torque

production in the high-speed range.

Figure 4.12 shows the simulation results under the identical operating conditions as in

Figure 4.11 but with a 300 phase advance angle. As seen in the figure, the phase advancing

increases the current value before it is limited by the back-EMF. Although the torque ripples

increase in this mode of operation, a high current value is achieved which increases the

average torque.
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figure 4.12 Simulations results of the trapezoidal PMAC motor under the
steady-state operation conditions: 500 rpm. V¿.=50V, PWM
Current Controller at a frequency of SKHz, fm(rer) = 54, 300 phase
advance angle.
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After resetting the motor parameters using the practical motor p¿ìrameters given in Table

4.2, the "drive" VI was used to simulate the steady-state operation of the sinusoidal PMAC

motor.

A set of simulation results are shown in Figure 4.13 under the steady-state operating

condition. In this test, DC link voltage was 150V, the motor was running a speed of 80 rpm,

and the magnitude of the command current was 54. In addition, there was no phase advance

or delay angle, and modulation frequency of the PWM controller was 5KHz.

Since all three phases conduct cunent at any time in the sinusoidal PM motors, depending

upon the switching states the phase voltages can be either +2YdJ3 or +V¿./3. A good

sinusoidal current waveform can be produced in this operating mode. As a result, the

developed electromagnetic torque has less torque ripples, which makes the sinusoidal PMAC

motors a good candidate in servo motor applications.

Similar to the trapezoidal PMAC motor drive, when the motor speed increases, the

available phase voltage decreases, which limits the current change. Therefore, the motor
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cuffent may not track the command cunent at certain speeds of the motor. Figure 4.14 shows

the simulation results at high-speed operation. In this test, the parameters of the motor drive

were kept same as in Figure 4.13. However, the speed reference was altered from 80rpm to

140rpm. As seen from Figure 4.14, the current waveform is not a good sinusoidal waveform

and its amplitude less than the previous case. As a result, the generated electromagnetic

torque is reduced and has significant torque ripple.

By advancing the current phase, it is possible to restore the current waveform as sinusoidal

and enhance the current amplitude if the advance angle is properly selected 1121. In addition,

the same technique can also be used to compensate the reduction on the torque value. Figure

4.15 displays a set of simulation results considering a 300 phase advance angle in the

controller. As seen from the figure, the produced torque was restored in some extent and the

torque ripple was reduced significantly at high-speed operation. However, it should be noted

here that, due to the potential demagnetisation in the surface PMAC motors, the phase

advancing has a limited speed range.
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4.4.2 Simulation Results in Closed'Loop Operation

As an example of the simulation of closed-loop operation, the dynamic performances of

the PMAC motors are examined in this section. Figure 4.16 illustrates the simulation results

obtained under the closed-loop operation of the trapezoidal PMAC motor drive. In this test,

the motor accelerated from standstill up to a constant speed of 500 rpm at a constant DC link

voltage of 50V. The maximum current level was 104, which was set in the VI of the speed

controller. The figure shows the waveforms of three-phase currents, the electromagnetic

torque, the rotor speed, and the rotor position.

As can be seen from the figure that, the actual currents can frack the command currents

initially due to the low back-EMF. However, when the speed increases the actual currents

gradually lose the ability to follow the command currents and the current profile diverts from

the desired shape, and as a result the electromagnetic torque was reduced. After the speed

reaches the reference value, 500rpm, the closed-loop drive system also reaches the steady-

state operation. It should be noted here that if the torque reduces to the load value before the
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Figure 4.15 Simulations results of the sinusoidal PMAC motor under the
steady-state operation conditions: L40 rpm. Vdc=150V' PWM
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speed reaches to the desired value, the rotor speed couldnt reach the reference speed.

The transient simulation tests were also done for the sinusoidal PMAC motor and the

results are given in Figure 4.17 , The DC link voltage was 150V and the maximum current

level was 10 A in this test. As seen from the figure, the motor accelerates from standstill up

to a constant speed of I07 .14 rpm (which corresponds to a frequency of 50Hz). Similar to the

previous simulation results, the actual currents can ftack the command currents initially but

lose this ability gradually when the speed increases. Within the period of no current control,

the electromagnetic torque reduces significantly and possesses large torque ripple. When the

motor speed reaches the reference value, the output of the speed regulator (that is the

amplitude of current command) decreases, which is suitable for the light load. Hence, due to

the reduction on the command current, the actual current can track the reference current and

produce a good sinusoidal current waveform and a smooth electromagnetic torque.
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Figure 4.16 Transient simulation results of the trapezoidal PMAC motor under
a closed-loop speed control: V¿.=50V, PWM current controller at
a frequency of SKHz, In¡x(rer) = 104, J=0.02Nm2, Tl =3Nm, and no
phase advance angle.
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Figure 4.17 Transient simulation results of the sinusoidal PMAC motor under
a closed'loop speed control: Va.=150V, PWM current controller at
a frequency of SfHr, Imx(reÐ= 104, J=O.ENn2, Tr =10Nm, and no

phase advance angle.

As mentioned before, adding a suitable advance angle, some of the reduction in torque,

which is due to the no cuffent control operation mode, can be recovered. However no results

are provided here to demonstrate the improvement on the dynamic performances of the

PMAC motor drives.

4.5 Conclusions

As demonstrated in this Chapter, the computer simulation is a very useful tool to analyze

the behavior of the PMAC motor drives. To accomplish a good simulation study, the most

vital step is the establishment of an accurate simulation model of the complete motor drive,

which is difficult to achieve due to the limitations on the accurate model of the motor and the

inverter circuit. A simplified general-purpose simulation model is developed in this Chapter,

which can be used for both trapezoidal and sinusoidal PMAC motor drives. The model is
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formulated entirely in the natural three-phase reference frame that makes the direct

comparison of the simulation and the experimental results possible.

The chapter demonstrated that the complex simulation structure that exist in the

trapezoidal and sinusoidal PMAC motor drives can be simplified by using the graphical

programming language LabVIEW. The simulation structure in LabVIEV/ also provided easy

debugging and a user-friendly interface. The simulation tool developed here provides an

accurate analysis tool for the PMAC motor drives under a wide range of operating

conditions, including the steady state and the dynamic conditions.

Although the experimental results were not provided in this chapter, the simulation results

provided a very good match with the real-time test results obtained using the practical motor

drive implemented, described in the successive chapters. As stated previously, the simulation

model of the drive is also utilized to study the various control algorithms and the parameter

estimation techniques for the position estimation and the current reconstruction.



Chapter 5

Rotor Position Estimation

5.1 Introduction

One of the most active areas of research in PMAC motor controls has been the

investigation of new techniques for eliminating the rotor position sensor that is required for

s elf-synchronis ation.

Elimination of the shaft-mounted position sensor is a very desirable objective in many

applications since such sensor is often one of the most expensive and fragile components in

the entire drive system. After the elimination of the direct sensor, a form of indirect rotor

position detection technique should be accommodated to meet the requirement of self-

synchronisation control for the PMAC motor drive. The expected benefits of the indirect

rotor position sensing technique ¿ìre: elimination of the electrical connections of sensors,

reduction in size and inertia, absence of maintenance, lack of susceptibility to the

environmental factors, and increase of reliability. In addition, when absolute rotor position

sensors are considered, operating at zero and low speeds are also desirable features in the

indirect rotor position detection techniques.

As discussed in Chapter 3, a number of indirect rotor position detection techniques were

proposed in the literatures for the PMAC motor drives, which were broadly classified in three

groups. For trapezoidal PMAC motors, the most common approach to detect rotor position is

to extract the rotor position information from the back-EMF waveform of the unexcited

phase. However, the back-EMF voltages of the PMAC motor are too low to be sensed at low

speed range. In addition, the method is affected significantly from the switching transients of

the phases that conduct currents. Therefore, such position detection techniques are not

suitable at low-speed operation and require an open-loop special starting strategy to start the

motor from standstill.

The indirect position detection techniques for sinusoidal PMAC motors are mainly based

on the estimation methods that usually utilise the phase voltages and currents of the motor.

By using these quantities, the rotor position can be determined using a state observer, Kalman
81



82 Chapter 5: Rotor Position Estimation

filtering technique, or by direct calculations. However, these techniques are computationally

intensive, and they may generate large rotor position error due to the quantisation and

truncation ellors, and measurement inaccuracies. Moreover, the variation of motor

parameters due to temperature and saturation significantly affects the estimated rotor position

data. Furthermore, the estimation techniques suffer at low speed operation, which is mainly

due to the drift that occurs in the integral functions used. All the problems mentioned here

limit the use of position estimation methods in the practical PMAC motor drive.

In the interior PM motor with rotor saliency, the rotor position information can be

indirectly detected using the inductance variations with position. However, the direct

calculation of the inductance is very sensitive to the parameter variations in the motor. To

avoid this, the rotor position information can be obtained using the analysis of high frequency

test signals that is injected to the motor windings. This technique is not dependent upon the

rotor speed, and can operate at very low speeds including standstill. However, these

techniques are not suitable for the non-salient PMAC motors, such as surface permanent

magnet motors, because of the absence of the rotor saliency.

The purpose of this chapter is to overcome some of the problems of the previous methods

and to propose a novel indirect rotor position detection technique that is suitable for both

trapezoidal and sinusoidal PMAC motor drives. In the novel method presented in this

Chapter, three phase flux linkage increments are directly calculated from measured phase

currents and voltages, without integration being required. The integration is required in the

calculation of flux linkage and is the main source of the estimation error in the previous

techniques. Then, the increments of flux linkage and the back-EMF functions of the motor

are utilized to derive a single rotor position increment. Finally, the corresponding rotor

position information can be calculated by integrating the rotor position increment. The back-

EMF functions used in the calculation are generated from the estimated rotor position that

forms an internal closed loop in such estimation scheme. By this way, the integration existed

the flux linkage calculations is transferred to the position calculation, that is, from outside to

inside of the closed loop. With the help of a phase-locked loop (PLL) algorithm, the internal

closed loop can correct position drift that may be caused by the motor parameter deviations

and/or the measurement inaccuracies.

As will be demonstrated in the results section of this chapter, the novel indirect rotor

position detection technique can estimate rotor position information over wide speed range,
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and has robustness with respect to the motor parameter variations and the measurement errors

in the system. In addition, the proposed estimation scheme has less mathematical

computations, which made the real time implementation of the position sensorless control

possible.

The theoretical basis of the new rotor position estimation scheme is detailed in Section 5.2.

In this section, the possible approaches to derive rotor position information using the

mathematical model of the PMAC motor are discussed. In an ideal surface PM motor, the

principal approach to obtain the rotor position is to analyse the flux linkage established by

PM. In this section, the limitations of previous position estimation methods are discussed and

a novel position estimation scheme is described in detail.

To study the new position estimation scheme described, the simulation VI developed in

Chapter 4 is utilized in Section 5.3. Several simulation results under different operation

conditions are given in this section to demonstrate the feasibility and reliability of the new

position sensorless technique, which is suitable for both the sinusoidal and the trapezoidal

PMAC motors.

One of the major limitations of the previous position estimation methods is their

dependence to the motor parameter variations and the measurement inaccuracies. In Section

5.4, the position estimation effors caused by the parameter variations and the measurement

erïors are analysed. The robustness of the new rotor position algorithm is discussed and the

limitations are highlighted in the section. A "prediction-rectification" algorithm is also

presented to improve the robustness of the proposed method.

To demonstrate the validity and reliability of the proposed rotor position estimation

algorithm and its suitability in a practical motor drive, a DSP based PMAC motor drive

system was implemented and explained in Section 5.5. In this section, the motor drive was

controlled using a conventional position sensor, an encoder, and the real data gathered using

a t¿bVIEV/ based data acquisition system. This arrangement allowed us to verify the

algorithm using the real data and the actual motor position without influencing the operation

of the conventional motor drive.

In Section 5.6, the shaft-mounted encoder was replaced with the estimated rotor position

and a closed-loop position sensorless control was achieved. The section provides the details

of the hardware and the software used and presents a wide range of experimental results to

83
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demonstrate the capabilities of the position sensorless PMAC motor driver system. Section

5.7 summarize the features of the new method and draws some conclusions.

5.2 Principle of the Position Estimation

5.2.1Position Estimation in an Ideal PMAC Motor

As discussed in Chapter 4, under the ideal conditions, a three-phase star-connected PMAC

motor can be modelled by a star-connected three-phase lumped parameter network consisting

of a winding resistance, an equivalent winding inductance, and a back-EMF source per phase,

all connected in series. The voltage equations of this model were given in Equation 4.1.

Substituting the total flux linkages in Equation 4.2 into the voltage equations, the voltage

equations of the PMAC motor can be rewritten as:

l',
(5.1)

In general, the self-inductances of each phase and the mutual inductances between two

phases are the functions of the rotor position as given in Equation 4.3 and 4.4. The flux

linkages established by permanent magnet are also functions of the rotor position. Their

derivatives with respect to time are the back-EMF voltages induced in each phase winding

when rotor rotates. The back-EMF waveforms are usually sinusoidal or trapezoidal as given

in Equations 4.8 or 4.9.

In the above voltage equations, the three-phase currents and voltages can be measured

directly. Therefore, it can be concluded from the above expression that there are two possible

approaches to obtain the rotor position information. One of the approaches is to derive the

rotor position information using the relationship between the self-inductances and the mutual

inductances. A number of rotor position estimation methods based on this relationship were

proposed as discussed in Section3.2.5. However, such method is not suitable if the motor is a

surface PM motor. The second approach is based on the relationship between the rotor

position and the flux linkages of the permanent magnets or the back-EMF voltages, which

were discussed earlier in Section 3.3.
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It should be noted that various other approaches are also possible to derive the rotor

position information using more complicated motor models that may consider the magnetic

saturation [82,83] or harmonics caused by stator slotting [84]. However, such methods are

too complicated to be used in the practical motor drives.

5.2.2 Flux Linkage or Back-EMF Estimation Approach

As discussed above, under the ideal conditions, the only rotor position estimation method

suitable for the surface PM motor is based on the relationship between the rotor position and

the magnet flux linkages or the back-EMF voltages. The most conventional method to derive

the position from this relationship is to estimate the back-EMF using the voltage equation of

the motor. Recalling Equation 4.I3 andrearranging it for a single phase,

(s.2)

As can be seen in the above equation, the back-EMF waveform can be reconstructed by

solving this equation, which then can be used to obtain the rotor position. However, this

method is very sensitive to the parameter variations and the measurement noises. In addition,

the back-EMF is proportional to the angular speed of the motor. This makes the estimation of

the back EMF difficult at low or zero speeds.

An alternative method for estimation of the position is to estimate the flux linkage by

integrating the phase voltage minus the voltage drop across the winding resistance. Then the

total flux linkage of a single phase may be given by:

V_ J
(v - Ri)dt (s.3)

Due to the constant equivalent winding inductance in the surface PM motors, the flux

linkage established by PM can be given by:

Vr = ttl - L ¡ - !{u - Ri)dt - L i

e=v-Ri-Lq
dt

(5.4)

If the PM flux linkage is estimated from the above equation, the rotor position information

can easily be derived. Since the flux linkage is independent of the angular speed, this method

has been demonstrated in the literature ttrat it works well over a wide range of speed. Due to

the presence of the integration algorithm, however, various effors become particularly
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detrimental at low speeds, such as measurement noises, DC offsets, quantisation and

truncation effors of digital approximation, and parameter variations. All these effors cause

integration drift and pose a significant problem in the estimate algorithms. Several

improvements have been reported in the literatures to reduce the effect of these errors on the

integration, such as the compensation of integration offset 122], the estimation correction

with a current closed-loop control 1241, and the replacement of the integration by a low-pass

filter [85].

In order to improve the accuracy of the flux linkage estimation, various other complex

schemes have also been proposed, which are know as observer-based methods [86,87]. These

methods estimate the internal state vectors, such as the flux linkages, by manipulating the

mathematical model of the PMAC motor, and then derive the rotor position information from

these estimations. One major advantage of such scheme is the stabilization of the integration

algorithm of the flux linkage estimation. However, the parameter variations and the

measurement inaccuracies still deteriorate the rotor position estimation since such observers

are heavily dependent upon the motor parameters.

5.2.3 Incremental Algorithm

From above discussions, it can be seen that the rotor position derivation method based on

the relationship between rotor position and flux linkages or back-EMF voltages has two

major problems: the method is sensitive to motor parameter variations, and there is a low

speed problem caused by integration drift.

To overcome these problems and to develop a simple and practical technique, a novel

rotor position estimation scheme is proposed here. In this new scheme, the calculation of the

flux linkage using a digital integrator is replaced with the direct calculation of the flux

linkage increment using the voltage equations of the PMAC motor. In addition, the back-

EMF voltages are disassembled as the product of angular speed and the unit back-EMF

functions, so that the estimation of back-EMF functions becomes independent of the angular

speed. In order to obtain a general estimation algorithm for both trapezoidal and sinusoidal

PMAC motors, the stationary three-phase mathematical model of the PMAC motor (as given

in Section 4.2) is used. In the voltage equations of the surface PM motor (Equation 4.13), the

back-EMF voltage of each phase winding is the function of the rotor's angular speed and the

rotor position. The three-phase back-EMF can be expressed in matrix form as follow:
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(Dr

1r",")=r'

¿00
0¿0
00 L

(s.s)

(s.6)

(s.7)

er(0,)

er(O,)

er(0")

= 
k" .do"
Ne dt

where ¿, is the back EMF constant, e(0"), ez(O") and e{0") are unit back EMF functions with

respect to the rotor positioî 6", Nn is ttre number of pole pairs, and a, is the angular speed.

Substih¡ting Equation 5.5 into the voltage equation (Equation 4.13), the voltage equation

can be rewritten as:

[l]
d
dt

1,,

+ , k, de,

Np dt

As can be seen in the above equation, if the sampling frequency is high enough in a

practical system, the rotor position increment within one sample cycle can be derived, which

is given in a discrete form below:

L0o" =
Np (vo-Ri,).Lt-LLio
k, eJ9")

=N o-. Lv'
k, et(0")

=L. Lvo
k, er(0,)

(v -R ).Âr- LLib
ez(0")

L0," _No .(v,-Ri,).Lt-LLí" =No_. 
LV,

k, et(0,) k, e{0")

where & is the sampling interval, Li¡ Liz and Ai¡ are the three-phase current increments

between the samples, and 
^Y", ^Yb 

and AYc are the three-phase flux linkage increments

within the sampling interval, which are given as:

LVo -(vo - R i").L t - LL, i"

LV, = (v, - Ri).Lt-LLíb (5.8)

LV" = (v" -R i").^ t-LLi"

Theoretically, each motor phase should produce identical rotor position increments

(Leo" - Lîu" = L0""). In practice, however, any estimation error could cause them slightly
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different from each other. Therefore, the simplest method to obtain single rotor position

increment estimation is to calculate the average value of the three rotor position increments,

(s.e)

In addition, assuming that the previous value of the rotor position estimation is known, the

rotor position can be estimated by:

6,(k) - 6,(k -L) + d,6" (s.10)

where, the notation fr is an integer representing the estimation of the discrete data at the kth

instant of time.

5.2.4 Basic Algorithm for the Position Estimation

As can be seen in Equation 5.7, since back EMF function of each phase becomes zero at

the corresponding rotor pole, the rotor position increment estimation of this phase produces

infinitely high value. However, the remaining two phases can provide more accurate

estimation at this position. This means that each phase has its optimal sensing region, where

the rotor position increment estimation is more realistic. Although Equation 5.9 can be used

to calculate the single value of the rotor position increment, the three rotor position increment

estimations should be weighted or limited reference to their optimal sensing region. However,

the simple weighting or limiting causes the loss of the rotor position information and the

reduction of the accuracy of the position estimation.

In order to fully utilize the optimal sensing region of each phase and to improve the

position estimation, Equation 5.7 can be rewritten in the format given below:

A,o, . e,(e,) = T.rr, - R i"). L t - L L r,]= 
T. 

Lv,

Lo". er(e") = * r*, - R i).L t - LA rrl= 
T. 

avu

=lL o
k.

(s.11)

A^0,'er(O,) ku" -R i").^ t - LLi"l V,

Let us consider the sinusoidal PMAC motor fîrst. This means that the back EMF functions

of the motor are three-phase symmetrical sinusoidal functions, which can be given as:
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er(6,) = sin(6,)

e2(6,) - sin(ó, +2n13)

er(6,) = sin(6, -2n13)

(s.12)

If each back-EMF function is squared and then added together,

e? @,) + e|(0") + e?@") = 1.5 (s.13)

Based on this assumption, if both sides of Equation 5.11 are multiplied by e(0"), ez(O")

and eg(0.) respectively and the resulting three equations are added up, a convenient equation

for the calculation of the single rotor position increment can be derived as:

(s.14)

For the PMAC motor without sinusoidal back EMF profiles, however, the left hand side of

Equation 5.13 is not equal to 1.5. However, under normal condition, it is possible to

demonstrate that the left hand side of Equation (5.13) is greater than zero.

A general algorithm for the rotor position increment estimation can be given as:

L0" =k Ínv,er(O")+ Lvøer(0,)+ Lv"er(0")f

LVo er(0,) + A'ryu er(0") + LV" er(O,)

e? @") + elP"¡ + e'rg,¡
(5.ls)

This equation will be called the basic algorithm 1 of the rotor position increment

estimation. It can be said that under the ideal conditions, using the equations (5.8) and (5.10),

this algorithm can estimate the rotor position value of the PMAC motor accurately. However,

the parameter variations and the measurement effors that exist in the practical motor drive

influence the rotor position estimation significantly. TTris is because the basic algorithm t has

no auto correction feature built in, which will be discussed later. Therefore, the basic

algorithm 1 alone cannot be used in the practical PMAC motor drive.

An alternative rotor position increment algorithm will be described below, which take the

parameter variations and the measurement errors into account. To achieve this, let us

multiply both sides of Equation 5.11 by ez(O"), et(0") and e{0") respectively, and then sum all

three equations. Then a new expression for the rotor position increment can be obtained as:
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4,0" -
Ne Lv" e r(0 ") 

+ A,ty uer(0 ") 
+ Lry 

"e, 
(0 

")
k e r(0 

") 
e,, (0 

") 
+ e r(0 

") 
e, (0 

") 
+ e r(0 

") 
e r(0 ")

(5.16)
e

This equation will be called the basic algorithm 2 of the rotor position increment

estimation, which accommodates the optimum regions for the accurate position estimation

that can be used in the practical motor drives. A block diagram of the estimation algorithm is

shown in Figure 5.1.

voft) vå(I) Pé(k) iq(k) iå(Ì) i¿(k)

iolt<-r¡

flux linkage
increments (lr- I )

u*l L,lr,

position
increment )

back-EMF
fi¡nctions

TI

Figure 5.1 Btock diagram of the position estimator

As can be seen in the figure, Equation 5.8 is used to calculate flux linkage increments

using the measured phase currents and voltages. Then, the flux linkage increments and the

back EMF functions are utilized to determine the rotor position increment using Equation

5.16, Finally, the rotor position information is estimated by using Equation 5.10.

It should be noted here that the back-EMF functions indicated in the block diagram are

generated using their waveform functions (such as in Equation 5.12) and the estimated rotor

position signal, which is feed back to the calculation of the rotor position increment. This

structure forms an internal close loop. In comparison with the other rotor position estimation

methods, the novel algorithm presented here has four principal advantages.

Firstly, the algorithm is simple, which makes it very practical to be used in a DSP based

motor control system. As can be seen in Equation (5.8), (5.10) and (5.16), very few operation

instructions are required to implement the algorithm for the rotor position estimation, which

uses the measured currents and voltages of the motor drive.

Lvo

Le,

e,
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Secondly, the algorithm is independent of the shape of back-EMF voltages; hence, it is

suitable for both sinusoidal and trapezoidal PMAC motors, including any other PMAC

motors with non-ideal back-EMF waveforms. To implement non-ideal back EMF waveforms

in the algorithm, the options are to use a look up table or to use a Fourier series of the

waveform.

Thirdly, the calculations of the flux linkage increments do not include any integration

function; hence the drift associated with the digital integration has been avoided. Although a

simple integration algorithm still exists in the position calculation (Equation 5.10), the

internal closed loop produced by the back-EMF function feedbacks can stabilize the position

integration, hence correct the position drift, which is the most important feature of the novel

incremental algorithm. In other words, the method moves the integration loop from the flux

linkage calculations to the position calculation stage. As a result, the problem of integration

drift is solved by an internal closed loop correction. Furthermore, this internal correction loop

improves the robustness of the rotor position estimation, which is highly influenced by the

parameter variations and the measurement inaccuracies. Section 5.4 will provide more

detailed discussions about the robustness of the position estimation algorithm and proposes a

method for improvement.

Finally, the basic algorithm 2 does not support the reversal of the direction of the rotation.

When the motor rotates in the positive direction, the rotor position increment must be

positive, while the negative rotation must have negative rotor position increment. Therefore,

if the motor rotates in the negative direction, the rotor position increment should be based on:

Ne A,ty"er(0") + A,tyuer(0" ) + L^ry"e"(0")
(s.17)

k e J0 
")e 

r(0 ") 
+ e r(0,)et(0 ") 

+ e r(0,) el9,)L0, =
e

Theoretically, the choice between the two algorithms for the direction reversal is based on

Equation 5.16 and 5.17. In the practicalposition sensorless motor drive, however, the rotor

speed is also estimated using the estimated rotor position. V/hen the rotor speed approaches

zero, the error in the rotor speed estimation may cause incorrect selection of the algorithms

and as a result disturbs the position estimation.
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5.3 Computer Simulation

As stated in the previous chapter, a computer simulation is a very useful tool to investigate

the behaviour of a proposed control algorithm before it is implemented in a practical system,

which allows the user to test any extreme operation condition that may even not be possible

to realize in the real drive. In this section, the general simulation VI of the PMAC motor

developed in Chapter 4 is also used to simulate the rotor position algorithm proposed in

Section 5.2, and various simulation results are provided to show the validity of the new

position sensorless technique.

5.3.1 Simulation VI of the Rotor Position Estimation

The block diagram of the sub-Vl for the rotor position estimation is shown in Figure 5.2,

which utilizes the equation (5.8), (5.10) and (5.16). Two input terminals of the sub-Vl receive

the data of the phase currents and the phase voltages that are generated from the simulation

model of the PMAC motor drive. The estimated rotor position and its derivative (used to

estimate the rotor speed) are the outputs in the VI. As an incremental algorithm, the former

value of the rotor position is also an input to the sub-Vl. The back-EMF functions ate

generated from the former value of the rotor position, which use the back-EMF function sub-

VI as shown in Figure 4.2. As stated in the previous chapter, the back-EMF functions can be

selected using the input terminal, "mode", which allows the user to study different types of

PMAC motors in the position estimation. The motor parameters and the time step are also the

Imil

il1

e1

e2

dp=f1 *e2+f2-e3+f3-e1 
;

dp=dp*P/Ke/e;
Pot=Pin+dp;
Pot=f Fol) =paJ?Pot-pa: IPot< 0J?pa+Pot:Pol;
spo=dp/dt;

f1

e=el

-F-i1 -i1 J;

l;
l;

F Ke

n

fEl

Figure 5.2 Btock diagram of the rotor position estimator VI
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inputs to the rotor position estimator sub-Vl.

The icon of the rotor position estimator sub-Vl "position" is used in the block diagram of

the motor drive VI as shown in Figure 5.3, which allows the user to simulate the proposed

rotor position algorithm under openJoop operation. The sub-Vl "degree" utilized in the block

diagram converts the unit of the rotor position from radian to degree, and calculates the error

between the measured and the estimated rotor positions. There are four graph outputs as

shown in the block diagram, which are designed to display the simulated waveforms of the

phase currents, the measured rotor position, the estimated rotor position and the position error

on the front panel.

lsFeedl
degre

r ltorquel

Figure 5.3 Block diagram of the position estimation simulation VI

5.3.2 Simulation Results of the Steady State Operation

In the simulation studies of the position estimation, two sets of motor parameters are used

which were given in Table 4.1 (for the trapezoidal PMAC motor) and Table 4.2 (fot the

sinusoidal PMAC motor) of Chapter 4.

Figure 5.4 shows the simulation results of the rotor position estimation for the sinusoidal

PMAC motor, The results are given while the motor drive was operating: under steady state,

at 50H2, the DC link voltage of 150V, and the command current of 2.5A. The current

controller used in this test was PWM at a modulation frequency of 5KHz. The figure given

illustrates the waveforms of a phase current, the measured (or actual) rotor position (M-

position), the estimated rotor position (E-position) and the position error. As demonstrated in
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the figure, the proposed rotor position estimation algorithm can estimate the rotor position

accurately. Under the ideal conditions, the error (due to the calculation delay in the

simulation) between the measured and the estimated rotor position is very small (about 0.2

degree), which indicates that the estimated rotor position signal can replace the measured

signal as a position feedback.
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Figure 5.4 Simulation results of the rotor position estimation for the sinusoidal
PMAC motor: f =50Hz,Vac=150Vr PWM current controller at a
frequency of SKHz, I¡¡¡x(reD = 2.54.

Figure 5.5 shows the simulation results of the rotor position estimation of the sinusoidal

PMAC motor under the similar operating conditions as in Figure 5.4, but under a very low

operating speed, lHz (2.14qpm). It can be seen that the proposed rotor position estimation

algorithm can also estimate the rotor position signal accurately in very low speed range.

Although a very small delay (about 0.2 degree) has been observed between the estimated and

the actual rotor position, this is considered negligible and not to influence the correct

operation of the motor drive.

051
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These simulation results demonstrate that the proposed rotor position estimation algorithm

is capable of operating in a wide range of speed in the PMAC motor drives.
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Figure 5.5 Simulation results of the rotor position estimation for the sinusoidal
PMAC motor: f =lHzrVac=150V, PWM current controller at a
frequency of SKHz, Imax(rer) = 2.54.

The above simulation studies were also repeated for the trapezoidal PMAC motor drive

while the reference current was in rectangular shape. The identical position estimation

algorithm was used in this study while the back-EMF function was "trapezoidal". The

simulation results of the rotor position estimation at high-speed operation are given in Figure

5.6. The operating settings were: a DC link voltage of 70V, a speed of 50H2, the PWM

current controller at a modulation frequency of 5KHz and a command current of 2.54.

Figure 5.6 displays the waveforms of one phase current, the measured rotor position, the

estimated rotor position and the position effor. In this high-speed operation without the

current control, the simulation results demonstrate that the proposed algorithm can accurately

estimate the rotor position in the trapezoidal PMAC motor drive. Although the position error
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in this mode of operation is greater than that of in Figure 5.5 it is still small enough not to

influence the correct operation of the motor drive. The reason of the greater position error is

that the estimation algorithm is sensitive to the current increments as can be seen in Equation

5.8. The position error is due to the fast change in the phase currents during the commutation

intervals causing a larger error in the estimated position. It should be noted here that this

increase in the position error would be targeted later and corrected by the auto correctional

action.
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tr'igure 5.6 Simulation results of the rotor position estimation for the trapezoidal
PMAC motor: f =50HzrV¿c=70Vr PWM current controller at a
frequency of SKIIz, fmax(rer) = 2.54.

Figure 5.7 shows the rotor position estimation in the trapezoidal PMAC motor drive

operating at a frequency of lHz. Again, a veÍy small position error was observed in this

operating mode. Therefore, it can be concluded that the proposed rotor position estimation

algorithm can generate position data in a wide range of operating speed, which can be used in

the sinusoidal as well as in the trapezoidal PMAC motor drives.
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Figure 5.7 Simutation results of the rotor position estimation for the trapezoidal
PMAC motor: f =1HzrV¿.=70V, PWM current controller at a

frequency of SKHz, I¡mx(rer) - 2.5^,

5.3.3 Position Sensorless PMAC Drive System

In the simulation tests given above, the estimated rotor position signal is only used to

compare with the actual rotor position signal. In this section, we will simulate the operation

of the position sensorless motor drive while the estimated position was the primary position

sensor in the closed loop control.

The block diagram of the position sensorless drive system is shown in Figure 5.8. This

control system consists of five blocks: position estimator, speed observer, speed regulator,

current command generator and current conffoller. The position estimator calculates the rotor

position signal using the measured three-phase currents and voltages, and feeds back to the

current command generator to implement self-synchronized control. Meanwhile, the
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estimated rotor position data is also used to obtain the rotor speed using the speed observer,

which is then used in closed loop speed control.

ê.

Figure 5.8 Block diagram of the complete position sensorless drive

Theoretically, the derivative of the rotor position is the motor speed, that is,

L6a,= "" a,t (s.18)

In a practical position sensorless drive system, however, the rotor position increment Àd,

is estimated using the measured voltages and currents, which always contain some noises.

Such noises may produce error in the rotor position increment AQ, which is amplified by the

derivative function. Therefore, the use of filter is necessary in the estimation of the rotor

speed from the rotor position data.

Although a low-pass digital filter can be used to achieve filtering noisy signals, but the

dynamic performance of such filter in highly noisy environment is found insufficient t231.

The block diagram of the speed observer used in this study is shown in Figure 5.9, which can

be divided into two principal sections: the open-loop system model and the feedback loop.

The latter loop is necessary to ensure the correct operation at high precision estimation and

r

Å4
TT

T.
+

ûJê

+ û)r

rect¡fier inueÉer

current
manPID

spe current
control

speed
obsenrer

position
estimato

Figure 5.9 Btock diagram of the speed observer
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operation under par¿rmeter variations. As shown in the figure, the feedback signal (estimated

electrical angular speed a,) is subtracted from the derivative of the rotor position to generate

the speed effor. The PI regulator is used to ensure a good dynamic and steady performance in

the observer. The elecfiomagnetic torque used in the observer is estimated using the

measured three-phase currents that are based on Equation 4.18.

Using the angular speed estimated from the speed observer, a closed-loop speed control is

implemented using an ordinary PI speed regulator with a limiter as shown in Figure 5.8.

Output of the speed PI is usually considered as the torque command of the motor drive. In a

surface PM motor, the torque is proportional to the amplitude of the excitation currents,

assuming that the currents are in phase with the rotor position. Therefore, the torque

command is directly used as the amplinrde of the current command, which is then used to

generate the required sinusoidal or rectangular reference currents. Finally, the current

controller (hysteresis or PWM) forces the actual three-phase currents to follow the reference

currents.

5.3.4 Dynamic Simulation Results

Based on the block diagram of the position sensorless drive system shown in Figure 5.8,

another simulation VI is designed to test the dynamic performance of the position sensorless

PMAC motor drive. The block diagram of this VI is similar to the VI shown in Figure 5.3.

The only difference is that the rotor position signal used in the current control icon is

obtained from the rotor position estimator icon. In addition, the speed observer icon was

added into the block diagram in Figure 4.8 and the observed speed was used as the speed

feedback in the dynamic simulation VI.

Firstly, the dynamic simulation study was carried out using the sinusoidal PMAC motor.

The results are shown in Figure 5.10, which has the following operating settings: a DC link

voltage of 250V, a maximum command current of 10A, a moment of inertia of 0.8Nm2, a

load torque of 10Nm, and under the PWM current controller at a modulation frequency of

5KHz. In the simulation study, the motor was accelerated from standstill up to a constant

speed of 70 rpm, and the speed was reduced down to zero and then it was accelerated in

reverse direction up to a constant speed of -70 rpm. Figure 5.10 shows the waveforms of the

three-phase currents, the observed rotor speed, the estimated rotor position, and the position
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error. As seen in the figure, the estimated rotor position signal is accurate enough over the

entire operating speed range, which makes the position estimation practical.

The simulation VI was also used to study the dynamic performance of the trapezoidal

PMAC motor. Figure 5.11 shows the simulation results of the three-phase currents, the rotor

speed, the estimated rotor position, and the position enor. The setting of the simulations

under this operating condition were: a DC link voltage of 70V, a maximum command

current of 104, a moment of inertia of 0.02Nm2, aload torque of 2Nm, and the PWM current

controller at a modulation frequency of 5KHz. Similar to the previous test condition, the

motor again accelerates from standstill up to a constant speed of 600 rpm, and then stops and

accelerates in the reverse direction up to a constant speed of -600 rpm. The simulation results

demonsfrate that the proposed position sensorless technique is also suitable for the

tr apezoidal PMAC motor drive.
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5.4 Robustness Analysis and Algorithm Improvement

As demonsftated in the simulation results, the proposed rotor position estimation

algorithm can produce accurate rotor position data under the ideal conditions. In a practical

drive system, however, the parameters of the motor vary significantly for various reasons,

such as temperatures and magnetic saturations. In addition, there are no ideal measurement

circuits in practice. The practical measurement circuits are affected from electrical noisy

environments. Since the rotor position algorithm is based on a series of calculations that

utilize the motor parameters, the phase currents and voltages, the parameter deviations and

the measurement inaccuracies should be considered in the real-time motor drive systems,

which directly affect the reliability and the robustness of the control algorithm. In this section,

the robustness of the position estimation algorithm against the above-mentioned errors and

0 1

üI
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noises will be discussed, and suggested improvements will be explained to achieve a higher

robustness.

5.4.1Error and Noise Analyses

In a practical motor driver system, the major possible errors and noises include:

a) Parameter variations: variations of phase winding resistance, back-EMF constant,

and equivalent inductance, which are primarily due to the temperature variation or

the magnetic saturation;

b) Measurement errors: are due to the offset errors and scaling errors of the current

and the voltage sensors or the signal conditioning amplifiers;

c) Measurement noises: are due to the electromagnetic interference in the measuring

circuits and signal cables etc.

In a practical motor drive system, the parameters are non-linear functions of time and

temperature or various other operating conditions. Since the measurement errors and noises

are related to the power electronics systems, the associated software and the operation

environments, it is different or maybe impossible to quantify accurately. However, it is useful

to analyse the rotor position estimation error caused by the parameter and measurement

errors. With such analysis, the features of the rotor position ostimation enors caused by each

source of the errors can fully be understood, and the knowledge gained may be utilized to

improve the rotor position estimation algorithm to achieve higher robustness.

According to the classifications of the errors, the total position increment error due to the

various parameters and the measurement errors can be expressed as:

õ6, = 66'^ + õ0 
"x, 

+ õ0 
"L 

+ õ6 
"io 

+ õ6 
"ro 

+ õe 
"io 

+ õ0 
",o 

+ õ6 
"t,

(5.1e)

where, õ0, is total position increment error, and

_ NoM I 
^d,tõ0,^

k"
is the error due to the winding resistance variation of ÂR;
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_Lk, L
k,

õ0"*, 0, is ¡heerror due to the back-EMF constant variation of Àh;

õe
3 NrRLt

fõI"rr(0,)+õIuer(0")+õI"er(4)]i. rhe error due ro rheeto 4k

õ0,"='ryistheerrorduetotheequivalentinductancevariationofÂL;

e

current measurement offsets of õI 
", 

õ I 6, and õI 
" 

in each phase;

60,,o fõV"rr(0") + õVuer(O,) + õV"et@)]is error due ro rhe volrage

measurement offsets of õV", õVu, and õV" in each phase;

õv^:

60.,p
3Np\t

fp"rr(0") + ltuet(0,) + lt"er@)] is the error due to the4k

3

4

N RóI Lt
õ0,¡o=(1+,V3)TistheerrorduetothecentamplitudeerrorofõI^;

6e = 2N 'ôv^o' cos(p + nl3) is the error due to the voltage amplftude error ofeva-o k,

e

measurement noises of lt., p6, ãrld ll" in each phase.

In the derivation of the total position increment error, it is assumed that the back-EMF

functions are sinusoidal and the phase currents are in phase with the corresponding back-

EMFs. The principal purpose of the error formula is to understand the fundamental features

of each position increment error and to find possible stategies to eliminate or reduce their

influence on the rotor position estimation in a practical position sensorless motor drive

system. The detail derivations of the above formulas are given in Appendix C.
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First, let us study the position increment error caused by the winding resistance variation.

From the above expression, it can be seen that the error is proportional to the amplitude of the

phase currents I.. For a constant load current, the position increment error is also constant

and independent from the motor speed, so that the error can cause significant influence on the

rotor position estimation when motor is running at low speed range.

The position increment error caused by back-EMF variation, however, is proportional to

the estimated value of the rotor position increment, This means that the error is proportional

to the motor speed and the influence of the error on rotor position estimation reduces if the

motor speed decreases. At zero speed, no error is caused by the back-EMF variation.

Therefore, the error caused by the back-EMF variation is easier to compensate than the error

caused by the other factors.

Let us now consider the expression of the position increment effor caused by the

equivalent inductance variation. Such error has similar feature as in the resistance variation,

which is proportional to the amplitude of the phase currents and may effect the rotor position

estimation significantly, specifically at low speed operation. In addition, the error caused by

equivalent inductance variation has another feature, which will be discussed later in the

section of the algorithm improvement.

The position increment errors caused by the current and the voltage measurement offsets

have the same effect, which are nonnally sinusoidal functions of the rotor position and not

constant, even at steady state. Their amplitudes are proportional to the sum of three-phase

sinusoidal offsets and independent from the motor speed and the load current. If the offset

values of three phases are same, the position increment error will be zero.In order to reduce

these errors, therefore, the three-phase offsets should be set as equal as possible, and ideally

they should be set to zero.

However, the position increment errors caused by the amplitude measurement errors have

different features than that of the offsets. It can be seen form the expression of the position

increment errors caused by current amplitude measurement errors that such effors are similar

to the combination of the effors that were due to the winding resistance and the equivalent

inductance variations.

The position increment errors caused by the voltage amplitude measurement errors are

independent of the motor speed and the load current, but they are related to the power factor
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angle g of the motor. Therefore, these errors have serious influence on the rotor position

estimation, specifically at dynamic state.

The position increment enor caused by the measurement noises has the same feature as

the measurement offsets. If the noises in three phases are s¿Lme, the position increment error

becomes zero.

5.4.2 Robustness Analysis

As discussed above, the parameter variations and the measurement errors cause an effor

on the estimated incremental position. If such error is not eliminated or corrected, it may

accumulate over a time period, such as an integration time period, and causes catastrophic

failures in the motor drive, such as loosing synchronism. Therefore, a position error

correction has to be integrated into the position estimation algorithm. This section will

provide the basics of the correctional action and will discuss its robustness.

It can be assumed that if the back-EMF functions of the PMAC motor are sinusoidal and

the motor is excited by the sinusoidal currents, the flux linkage increments should be

sinusoidal functions that can be given as:

Lvo = L,tY,sinoi

Lv, = a,ty^sin(o) -2n13)

LV" = L,ry^sin(o) +2n13)

(s.20)

where, L,ty^is the amplitude of the flux linkage increments;0i is the phase angle of the

flux linkage increments

Under the ideal conditions, the value of the position increment estimated from Equation

5.16 only depend on the amplitude of the flux linkage increments. However, disturbances

may appeff in the position increment, which are mainly due to the parameter variations

and/or the measurement effors. 'When the position increment error is feedback to the back-

EMF functions through the internal closed loop, it causes a phase difference between the flux

linkage increments and the back-EMF functions.
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Let us now assume that the flux linkage increments have a phase angle of e:, which

reflect the actual rotor position value, the estimated rotor position increment based on the

basic algorithm 2 can be rewritten as:

Lo.=No . +'%)+sin(di +t%)sinQJ
" k" ,%)+sin(á, +r%)sin2"

_2N r\,ry^ cos(d,* -0, -%) (s.21)
k,

In order to explain the robustness of the basic algorithm 2 by comparing with the basic

algorithm l, the estimated rotor position increment based on basic algorithm I can also be

rewritten under the identical assumptions,

Ar¿- [sindj sin 0" +sin(0) +2/r)sin(O" +r%)+ sin(áj - 2/)sin(0" -,hl
sin 0,sin d, + sin(Q + 2"/) sin(O 

" 
+ r%) + sin(d, - 2/r) sin(0, - r%)

N,Lv^=#cos(9j -0,) (5.22)
k"

Equation 5.21 and 5.22 are plotted in Figure 5,12. Under the ideal conditions, the

estimated rotor position 0, should be equal to the phase angle 0) of the flux linkage

increments (0i=0r¡ and the estimated rotor position increment is directly proportional to

the amplitude of the flux linkage increments. If an error causes the estimated rotor position to

differ from the phase angle of flux linkage increments, the difference is fed back by the

internal closed-loop through the back-EMF functions, and the next step value of the position

increment estimation is corrected within arange.

LÊ,,

o:-e, tïe"

(a) þ)

figure 5.12 Auto-correctional action: (a) Algorithm 1, (b) Algorithm 2

For example, if the estimated rotor position leads the phase angle of the flux linkage

increments @: <0r¡, as seen from Figure 5,I2, the phase difference produced by the

feedback reduces the new estimated value of the position increment both in the basic

00
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algorithm I and2. As a result, further advance of the new rotor position estimation is limited.

Conversely, if the estimated rotor position lags the phase angle of the flux linkage increments

(e:>îr¡, the basic algorithms 1 and 2 have different modified results. For the basic

algorithm 1, the phase difference also reduces the new estimated value of the position

increment, which forces the new rotor position estimation to delay further and to accumulate

the phase difference (as can be observed in Figure 5.12 (a)). While, the basic algorithms 2

increases the new estimated value of the position increment by the help of the phase

difference (as can be observed in Figure 5.12 (b)). Therefore, further delay on the new rotor

position estimation is limited. Hence, the rotor position estimation shift due to the parameter

deviations or the measurement inaccuracies can be limited within an acceptable range by the

basic algorithm 2. This is the principle of the auto-correctional action, in which the basic

algorithm 2 corrects the integration shift utilizing the internal closed loop.

As discussed above, since the basic algorithm t has no auto-correctional ability in one

direction of the phase difference, the rotor position increment errors caused by the parameter

deviations and the measurement errors will be accumulated by the integration, which

significantly influence the accuracy of the estimated rotor position. Therefore, the basic

algorithm 1 is not suitable to be used in the practical motor drive system. Now on in the

thesis, we will use "the basic algorithm" to indicate "the basic algorithm 2".

A qualitative analysis of the auto-correctional action of the basic position estimation

algorithm has been explained above. To demonstrate the analysis about the robustness of the

algorithm and provide some quantitative results, several simulation studies were performed,

and some results were given for the sinusoidal PMAC motor drive.

Figure 5.13 shows three simulation results of the position error, which were obtained

under the steady-state operation condition using the basic algorithm. The drive settings in the

VI were: a DC link voltage of 150V, the PWM current controller operating at a modulation

frequency of 5KHz, a command current of 2.54, and a operating speed of 25H2.

If all the parameters in the position estimator are identical to that of the simulation model

of the motor, the rotor position can be accurately estimated using the basic algorithm. If the

parameters (the winding resistance, the back-EMF constant, and the equivalent inductance)

of the motor vary +20Eo artificially, the position estimation produces some static errors, but

the errors are not accumulated and can be limited within 2-37o of one electrical cycle, 3600,
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by the basic algorithm that accommodates the auto-correctional action using the internal

closed loop.

The position estimation errors have the same feature as the position increment errors,

which are described in Section 5.4.1. It can be seen in the fîgure that the values of the

negative elrors are slightly greater than the positive effors. This is because the basic

algorithm has different auto-correctional ability for the positive and the negative etrors,

which can be observed in Figure 5.12(b).

The auto-correctional ability of the basic algorithm is based on the phase difference

between the estimated rotor position and the phase angle of flux linkage increments. The

variations of the equivalent inductances not only produce the position increment error but

also affect the phase angle of the flux linkage increments. Therefore, the auto-correctional

ability for the equivalent inductance va¡iations is weaker than the other parameter variations.

This is the primary reason of the noises produced on the position estimation due to the

equivalent inductance variations.
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Under the identical simulation settings, the results of the position estimation elrors are

displayed in Figure 5.14, which considers that the current measurements are inaccurate.

Figure 5.14(a) shows the position estimation errors due to a current measurement offset of

I07o. As illustrated in the figure, within the time interval of 0-100ms, the offsets introduced

to all three phases are identically, so that the position estimation error is nearly equal to zero,

as in the qualitative analysis of the position increment error given in Section 5.4.I. ff the

offsets introduced are different in three phases (starting at 100ms in the figure), the position

estimation error cannot accumulate. However, it varies as a sinusoidal function with respect

to the rotor position.

Figure 5.14(b) shows the position enors due to a current amplitude error of +lÙVo. As can

be demonstrated by the qualitative analysis on the position increment etror, the position error

due to the current amplitude error has the same effect as in the par¿tmeter variations. Some

static errors appear on the position estimation, which can be limited within 2-37o one

electrical cycle, 3600, by the basic algorithm. If the current measurements contain 107o noise,
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Figure 5.14 Simulation results of the position estimation errors for the basic
algorithm with the sinusoidal PMAC motor parameters and
operation conditions: f=25IJ2, Va.=150V, PWM Current Controller
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the simulation results are shown in Figure 5.14 (c). Similarly, the injected noises of three

phases are identical until 100ms. Hence the position estimation error is nearly equal to zero.

As demonstrated in the figure, at 100ms, different level of random noises are injected into

each phase current. The result indicates that relatively larger random errors appear on the

position estimation since the algorithm is sensitive to the current variations. However, the

position estimation effors are limited to 3Vo one electrical cycle, 3600, by the basic algorithm,

which is an acceptable level in the practical motor drive systems.

Similarly, when the voltage measurements are inaccurate, the simulation results of the

position estimation errors a¡e shown in Figure 5.15. Figure 5.15(a) shows the position error

due to a voltage measurement offset of 107o. Since the offsets intoduced are same in all

three phases until 100ms, the position estimation error is nearly equal to zero, which can be

confirmed by the qualitative analysis on the position increment effor. However, the position

estimation error varies as a sinusoidal function with respect to the rotor position if the offsets

introduced are different, which occurs after 100ms on the figure.
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When the position effors of the voltage measurement offset are compared with the current

measurement offset, an increase can be observed. This is due to the fact that, the amplitude

values of the flux linkage increments mainly depend on the voltage amplinrde. Therefore, it

desirable to have equal voltage offsets in the practical motor drive.

If the voltage amplitude has +I07o error, the simulation result of the position estimation

error is given in Figure 5.15(b). This error has the same feature as in the current amplitude

error. In a practical motor derive fed from an inverter, the voltages of the motor are a series

of high-frequency PWM voltage pulses, so that the measurements of such voltages include

higher noises. In Figure 5.15 (c), the simulation result of the position estimation error is given

under an injected voltage noise of 50Vo. Again, it can be observed from the figure that the

position estimation error is nearly equal to zero if the injected noises are equal in all three

phases. However, aLarge position error appears on the position estimation under the unequal

measurement noises.

Using the simulation results and the discussions given above, it can be concluded that the

basic algorithm can limit the position estimation errors, which may be caused by the

parameter deviations and the measurement inaccuracies. In other words, the basic algorithm

possesses robustness with respect to the parameter deviations and the measurement

inaccuracies up to a level. In addition, it can be said that this feature of the estimation

algorithm increases the reliability of the motor drive due to the insusceptibility to the

environmental factors.

However, a degree of static position estimation error is present in the simulation results,

which cannot be eliminated by the basic algorithm. Moreover, since the auto-correctional

ability depends on the phase difference between the flux linkage increments and the back-

EMF functions, the auto-correctional action is weaker if the motor speed slows down. At

very low speed range, the auto-correctional action may be not strong enough to correct the

static position estimation errors, and the errors may be accumulated. Therefore, the basic

algorithm may not be suitable at very low speed operation; hence an algorithm improvement

is required, which will be studied in the following section.

5.4.3 Algorithm Improvement

As stated above, the static errors are acceptable at high-speed operation of the motor drive.

However, the static effors may be accumulated at low speeds by the integration mainly due to
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the poor auto-coffectional ability of the algorithm. This is more observable when the

estimated rotor position lags the flux linkage increments. Therefore, to eliminate the impact

of such errors at low speeds, a form of algorithm improvement is required.

To achieve this, let us analyse the basic algorithm again. The auto-correctional ability is

based on the phase difference between the phase angle of the flux linkage increments and the

estimated rotor position. Therefore, to improve the algorithm's performance, a form of phase-

locked loop (PLL) method can be integrated into the position estimation algorithm. In

addition, the back-EMF functions of a PMAC motor are assumed sinusoidal here. As

mentioned before, the flux linkage increments are sinusoidal functions but have different

phases angles from the back-EMF functions. Based on the principle of PLL, the three-phase

flux linkage increments and three-phase back-EMF functions are considered as vectors. By

using the vector product, the phase difference between the two quantities can be given

approximately as [88]:

ll¡ø" ëll= L,ry,er(0") + LVrrr(O") + LV"er@,) - LVoer(0,) - LVrrr(O") - Aly,er(O,)

3Ji 3Jt
(s.23)ry^sin(Oi -e v*() 0r)0:=-

2 2

Using the above equation in the PLL, the phase difference between the phase angle of the

flux linkage increments and the estimated rotor position can be estimated. Then, the result is

utilizes to compensate the position incremental errors. With this method, a significant

improvement on the rotor position estimation algorithm is achieved, and the block diagram of

this improved algorithm is shown in Figure 5.16.

In this improved algorithm, the basic algorithm is unchanged, which still predict the next

step rotor position value. If there are any parameter deviations or measurement inaccuracies

in the system, the predicted value will have a static error. Therefore, the back-EMF functions

generated by the predicted rotor position will have different phase angle from that of the flux

linkage increments. The PLL added to the algorithm calculates the phase difference between

the predicted rotor position and the phase angle of the flux linkage increments, which is then

used to compensate the predicted rotor position in the consecutive step. Therefore, the

improved rotor position estimation algorithm is called "prediction-rectification" method.
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Figure 5.16 Block diagram of the improved position estimation algorithm

In the block diagram of the improved algorithm in Figure 5.16, 0,@ is the predicted rotor

position, and its value is calculated by the basic algorithm. The symbols Arro¡,3rror,êrro, aÍe

the predicted back-EMF functions that are generated by the predicted rotor position, which

are different than the back-EMF functions used in the calculation of the predicted rotor

position. Based on Equation 5.23, the predicted back-EMF functions and the flux linkage

increments are used to estimate the phase difference õ0, in the PLL algorithm.

5.4.4 Simulation Results to Demonstrate the Algorithm Improvement

To demonstrate the effectiveness of the algorithm improvement, extensive simulation

studies were performed and the results were compared with the basic algorithm, which were

given in the previous sections.

Figure 5.17 illustrates three simulation results of the position errors obtained using the

improved algorithm. The settings used in the simulation VI were identical to the settings used

in Figure 5.13. In the simulation tests, the indicated motor parameters are artificially varied

and the position effors were calculated.

The results indicate that some estimation noises are observable in the improved algorithm

even when all of the parameters in the position estimator are identical with that of the
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simulation model of the motor, but these are negligible. The static position estimation errors

caused by the winding resistance or the back-EMF constant variations are almost eliminated

using the improved algorithm, which make the operation of the drive at low speed range

possible.
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Figure 5.17 Simulation results of the position estimation errors for the improved
algorithm with tho sinueoidal PMAC motor parameters: f=2íItzt
V¿"=150V, PWM current controller at a frequency of SKHz, I-=2.54.
(a) Winding resistances vary +20Eo; (b) Back-EMF constant varies
+20Voi (c) Equivalent inductances vary +20Vo.

However, the improved algorithm cannot eliminate the position estimation errors caused

by the equivalent inductance variations. This is because the improvement of the algorithm is

based on the PLL technique. Since the variations of the equivalent inductance can affect the

phase of the flux linkage increments, the estimated phase of the flux linkage increments may

different from the actual value if the equivalent inductance deviates from the actual value.

Therefore, the PLL cannot produce accurate values to rectify the rotor position estimations.

However, this is not a serious limitation in a practical motor drive. In a practical non-salient

PMAC motor, the equivalent winding inductance is more stable than the other parameters

under normal operation conditions, which provide more accurate position estimation.

However, it is recommended that the equivalent inductance value in the position estimator

+20% R

*20%Ke

+20%L
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should be identified accurately in order to minimize the position estimation errors in the

practical drive.

The simulation results of position estimation effors are shown on Figure 5.18 when current

measurements are inaccurate, which has the same operation conditions as described in Figure

5.14. Figure 5.18(a) shows the position error due to a current measurement offset of 107o.

Similar to the previous studies, first the values of the offsets were set identical in all three

phases (0-100ms), which generated a position estimation error that is nearly equal to zero.

After 100 ms, unequal offset values were introduced to the three phases, which generated

position estimation error that varies as a sinusoidal function with respect to the rotor position.

When compared with the results presented in Figure 5.14, it can be concluded that the

improved algorithm cannot reduce the estimated position errors resulting from the current

measurement offsets. This is because the shape of the position increment errors that is

sinusoidal. The PLL compensation cannot eliminate sinusoidal errors. Therefore, in order to

minimize the position estimation errors in the practical motor drive, it is recommended to

calibrate the three-phase current measurements accurately.
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Figure 5.18(b) shows the position estimation error of the improved algorithm, which is due

to a current amplitude error of +lÙ%o.It can be seen in the figure that the position estimation

errors can be significantly reduced by the improved algorithm,, but some small estimation

noises are present. Such improvement makes the algorithm very suitable at low speed

operation.

When the current measurements contain l07o noise, the simulation results of the improved

algorithm are given in Figure 5.18(c). This result shows that the random error occulred on the

position estimation is significant. Again, since the basic algorithm is sensitive to the current

variations, the PLL rectifier has no capability to compensate the random position errors.

However, the errors due to the current measurement noise can be limited to the acceptable

levels to be used in the practical applications.

Figure 5.19 displays another test results, when the voltage measurements are inaccurate.

Figurei 5.19(a) shows the position error of the improved algorithm, which is due to a voltage

measurement offset of ll%o. Like the position estimation error of the current measurement
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Figure 5.19 Simulation results of the position estÍmation errors for the improved
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offsets, the improved algorithm cannot eliminate the estimated position errors that are due to

the varying voltage measurement offsets.

It should be noted here that the three-phase voltages can be constructed using the

switching signals and the DC link voltage of the inverter as will be described in Chapter 6.

The reconstructed phase voltages can make the associated offsets identical for all three

phases. Therefore, the reconstructed three-phase voltages can eliminate the position

estimation error due to the voltage measurement offsets.

When the measured voltage amplitude has +lÙVo error, the simulation result of the

position estimation error is shown in Figure 5.19(b). Comparing with the previous results

given in Figure 5.15, it can be seen that the position estimation effor was reduced

signifîcantly using the improved algorithm.

Similarly, when 50Vo measurement noise is added to the voltage measurements, the

simulation result of the position estimation error is shown in the Figure 5.19(c). As seen in

the figure, different random noises in each phase (after 100ms) can produce similar error

results before the algorithm improvement. This demonstrates that the improved algorithm

cannot compensate the random position effors caused by the large voltage measurement

nolses.

From the above tests and discussions, it can be concluded that the improved algorithm can

reduce the position estimation errors caused by the parameter variations (winding resistance,

back-EMF constant and equivalent inductance) and the measurement amplitude errors. In

other types of identified errors, however, no significant reductions in the position error have

been observed comparing to the basic algorithm. It was demonstrated that the position elrors

caused by the measurement offsets cannot be corrected neither basic nor improved algorithms.

However, they can be reduced significantly by careful calibrations of the measuring devices.

In any practical system, a certain degree of measurement noises are inevitable. However,

their impacts on the position estimation are limited with the improved algorithm. In addition,

the random position errors are not accumulated by the integration of the rotor position

calculation.

In the high-speed operation, the improved algorithm has no advantage over the basic

algorithm in the noisy measurement environments. In the slow operating speeds, however,

the improved algorithm can achieve higher robustness. It was found that the auto-correction
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ability of the basic algorithm is poor at slow speeds, and the static position errors

accumulates over time and generates completely wrong position estimation. With the help of

PLL algorithm, however, the improved algorithm can reduce the static position estimation

errors and have excellent correction ability even at very slow speeds.

The influence of the winding resistance variation on the position estimation is significant

specifically at slower speeds. To demonstrate the ability of the improved algorithm, a

simulation result is given in Figure 5.20 while the motor running at 0.5H2. In this test, the

winding resistance of the motor was reduced 20Vo. As can be seen in the figure, the improved

algorithm can handle such resistance changes and can generate very low position error.
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Figure 5.20. Simutation results under a low speed operation using the
improved algorithm while the winding resistance is 207o less¡
f=0.5H2, Va.=150V, PWM current controller at a frequency of
SKHz,I.=2.54.

Although the simulation studies presented here use the sinusoidal PMAC motor under the

sinusoidal current excitation, the similar studies can be done on the trapezoidal PMAC motor

under the rectangular current excitation. However, it will be reported here that the

improvements not be effective in the ûapezoidal PMAC motors. This is due to the fact that

the operation of the auto-correctional action and the PLL based improved algorithm depends

upon the phase difference between the estimated rotor position and the phase angle of the

flux linkage increment. In the trapezoidal PMAC motor with the rectangular excitation, the
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variation of the phase angle is not constant and cannot be measured easily due to the non-

sinusoidal waveform of the flux linkage increment. Therefore, under such operating

condition, unstable phase angle variation will cause unstable operation of the algorithms

developed. This may cause fluctuations on the rotor position estimation whenever the

currents commutate under the parameter variations and the measurement errors. Moreover,

the PLL algorithm amplifies these fluctuations and degrades the accuracy of the position

estimation.

Figure 5.27 and 5.22 show two sets of simulation results using the trapezoidal PMAC

motor in the simulation model and operating with the rectangular current excitation. In Figure

5.21, rotor position estimation errors due to 20Vo parameter variations are given, which

allows direct comparison between the basic and the improved algorithms. As seen in the

figures, there are similar correctional actions on the parameter variations for the rectangular

excitations, but some fluctuations occur on the position estimation values as the discussions

above. The static position estimation errors can be reduced by the improved algorithm even

under the rectangular current excitation, but some high fluctuations were occurred on the

position estimation values. It could be concluded that the large-scale fluctuations on the

position estimation error may be due to the improved algorithm itself, specifically due to the

equivalent inductance deviation.

Figure 5.22 illustrates the test results while the current and the voltage measurements are

in error, an amplitude error of +lÙ7o. As seen in the figure, the rectangular current excitation
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Figure 5.21 Simulation results of the position estimation errors due to 20Vo

parameter variations in the PMAC motor: rectangular current
excitation, f=25Hz, V¿"=150V, PWM current controller at a
frequency of SKHz, Im =2.54. (a) Basic algorithm; (b) Improved
algorithm.
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Figure 5.22 Simulation results of the position estimation errors due to the lÙVo
measurement errors in the PMAC motor drive: rectangular current
excitation, f=25H2, Va.=150V, PWM current controller at a
frequency of SKHz, I. =2.54. (a) Basic algorithm; (b) Improved
algorithm"

causes fluctuations on the rotor position estimation. Although the improved algorithm can

reduces the static position estimation errors, which were due to the measurement amplitude

errors, the fluctuations caused by the non-sinusoidal waveforms are amplified. Therefore, the

improved position estimation algorithm is not recommended for the trapezoidal PMAC motor

drive with rectangular current excitations.

5.5 Experimental Results

To test the validity of the proposed rotor position estimation algorithms and the position

sensorless technique, a complete PMAC motor drive was implemented. In the motor driver,

an IRMDAC3 3-Phase 460VAC 3HP Motor Drive Board (International Rectifiers) was used

as a power electronics converter circuit, and an ADMC 300 DsP-based Motor Controller

(Analog Devices) was used as a controller where all the real-time control algorithms,

including the position estimation routines, were implemented. A two channel incremental

encoder for the position verification, and three high bandwidth voltage and two high

bandwidth current transducers are accornmodated in the control loop. The PMAC motor used

in the setup was a sinusoidal PMAC motor. The motor parameters were given in table 4.2.

Although the motor has sinusoidal back-EMF waveforms, the motor was excited both with

the sinusoidal and the rectangular current waveforms to demonstrate the flexibility of the

proposed method. More detail descriptions about the hardware of the motor drive system can

be found in Appendix A.

1

+ too¿ voltage+ 10% current
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5.5.1 Open-Loop Operation

Using the simulation studies, the position estimation algorithms were examined. However,

the quantities consider in the position estimation routine as measured datz differ significantly

from the real data in a practical drive system. In order to test the position estimation

algorithms suitable for actual acquisition data and demonstrate the robustness with the real

data, the first stage experiments are designed as open loop experiments. In the open loop

experiments, the motor drive is synchronously controlled with the actual measured rotor

position signal from the shaft mounted encode. A standard PWM current controller with a

PWM frequency of 5KHz is used to control motor currents through the inverter switches. In

addition, aLab VIEW based data acquisition system was established to sample the real data

of the motor drive at a sampling frequency of 100KHz, which allowed off-line data

procession and comparison. The hardware and software descriptions of this data acquisition

system are given in Appendix B.

When the motor drive is running, the instantaneous values of the three-phase currents and

voltages of the motor drive were sampled by the data acquisition system. Then, this real data

were used to estimate the rotor position of the motor using the l¿bVIEW based position

estimation algorithms that were described earlier. In order to verify the estimated rotor

position, the measured rotor position signal that was available in the conventional controller

were converted into the analogue signals by the serial DAC converter on the connector boa¡d

of the ADMC 300 DsP-based Motor Controller. This analogue rotor position signals were

also sampled simultaneously by the data acquisition system. Finally, the estimated rotor

position was compared with the actual measured position, which provided us a direct

comparison environment to check the quality of the position estimation. It should be

highlighted here that the measured rotor position has also a degree of inaccuracy, but in this

study it is used as an absolute reference position.

Two open-loop experiments were performed to test the validity and robustness of the

position estimation algorithms. In the first experiment, the motor was excited by sinusoidal

currents and operated at a steady-state speed of 53.5 rpm (about 25Hz).In each test, three-

phase voltages and currents, and the actual rotor position signals were sampled

simultaneously by the data acquisition system. Then, the sampled data of three-phase

voltages and currents are used to estimate the rotor position. In order to demonstrate the
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robustness of the position estimation algorithms, the measured voltages and currents and the

relevant motor parameters were modified as indicated in the figures.
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Figure 5.23 shows the experimental results of the estimated rotor position (a) and the

position error graphs using the basic algorithm in the position estimator. In these tests the

motor parameters (winding resistance, back-EMF constant, and equivalent inductance) were
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changed t20%o, and the measured data (voltages and cunents) were altere d +1,0Vo artificially.

From Figure 5.23(a), it can be seen that the basic algorithm can estimate the rotor position

accurately using the measured real data of the three-phase voltages and the currents. When
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the motor parameters were altered, however, some static position estimation errors occulred

but were limited by the auto-correctional action of the algorithm within an acceptable range.

This indicates that the basic position estimation algorithm has robustness with respect to the

motor parameter variations and the measurement inaccuracies as studied in the simulation

results. It should be noted here that the original measured voltages, the currents and the rotor

position were assumed to be error-free, which is not a correct assumption in any real-time

measurement system. The position error in this test is within 3-4Vo, which is similar to the

simulation tests demonstrated earlier using the random noise injection. From these results, it

can be concluded that the features of the insusceptibility to the environmental factors of the

basic position estimation algorithm can increase the reliability and robustness of the position

sensorless motor drive, and the estimated rotor position data is accurate enough to replace

with the position sensor.

The acquired data in the previous test were reused in Figure 5.24 that performed the

improved algorithm in the position estimation. As demonstrated in the figure, although the

improved algorithm produces larger estimation noises, the static effors caused by the

parameter deviations or the measurement inaccuracies are smaller than that of in the basic

algorithm, and low speed operation of the drive is improved. Although larger scale estimation

noises exist in the improved algorithm, the noises do not cause more interference on the

position sensorless control in a real time motor drive system. This is because the difference of

intemrption frequencies of the current conffoller and the position estimator, which will be

discussed in next section.

A second test was performed while the same motor was excited with the rectangular

currents. The operating speed of the motor was again 53.5 rpm, and similar data set as

described in Figure 5.23 was acquired. Figure 5.25 displays the results of this test using the

basic position estimation algorithm. Similady, in order to demonstrate the robustness of the

proposed method, a degree of synthetic errors were introduced on the original motor

parameters and the measured data. The results indicate that the position estimation is accurate

even under the extreme noise condition, and the proposed position estimation algorithm is

also suitable for the rectangular current excitation.

The table given below, table 5.1, summarizes the average position estimation errors due to

the parameter variations and measurement inaccuracies in each test. It should be noted that

the errors are not constant but affected by the operation conditions, such as speed and load.
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A.ver4ge po sition estimation error
Innoduced parameter error

Basic algorithm Improved fuorithm

Resistance, + 20% 5 degrees 0 degrees

Back-Eh[F constant, + 20% g degrees 0 degrees

Inductance, + 20% I degrees J degrees

Current, +10% 6 degrees 3 degrees

Volt4ge, +10% I degrees 4 degrees

Table 5.l Summery of errors in the otrrcn loop tests

5.5.2 Closed-Loop Position Sensorless Motor Drive

To implement a complete position sensorless motor drive, the identical hardware used in

the open loop experiments is used. However, this time the encoder was excluded from the

control loop, but utilized to verify the estimated rotor position in real time. It should be

emphasised here that this new experimental setup could experience the impact of the

estimated rotor position.

Figure 5.26 illustrates the complete block diagram of the position sensorless PMAC motor

drive system, where the position estimator replaces the shaft-mounted encoder. Since the

DSP used in this study has only five A/D converter channels, only three-phase voltages and

two-phase currents are measured in real time. The third phase current that is required in the

algorithm is calculated from two of the measured phase currents since the motor was star

r-
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Figure 5.26 Block diagram of the position sensorless PMAC motor drive
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connected.

In the closed-loop position sensorless drive, for the sinusoidal excitation, the measured

voltages and currents are used to estimate the rotor position of the motor with the improved

algorithm. In the rectangular current excitation however, the basic algorithm was

accommodated in the rotor position estimation. In both types of current excitation, the

estimated rotor position was used as an indirect rotor position data. The estimated rotor

position information was also used to determine the motor speed after filtering. The speed

estimation method used in the closed-loop system was described in Section 5.3.3.

The speed controller used in the position sensorless motor drive system is a standard PI

controller. In the PMAC motor drives, the output of the speed controller is usually considered

as the torque command. For the non-salient sinusoidal PMAC motor, if the currents

waveforms are in phase with the rotor position, the electromagnetic torque is proportional to

the amplitude of the excitation currents. Therefore, the amplitude of current commands can

be taken as the torque command.

In the sinusoidal current excitation, a lookup table of a sinusoidal function (also used as

the back-EMF function) was programmed inside the DSP chip as the reference current

generator, which generates three-phase reference currents using the estimated rotor position

and the output of the speed controller. Finally, these three-phase reference currents are

compared with the measured three-phase currents and the results are used as the duty cycle

signals to generate the three-phase PWM signals to be used in the inverter switching.

In the rectangular current excitation, however, some of the special functions of the PWM

block on the DSP chip were used to generate the required switching patterns. In these

patterns, only two inverter legs are switched on a given time, which means that two of the

inverter legs have identical duty cycles. For example, it is possible to turn ON the high-side

power device of Phase A and the low-side power device of Phase B at the same time.

Meanwhile, the third inverter leg (Phase C in this example) should be disabled for a number

of PWM cycles. In the normal operation, each inverter leg is disabled for certain number of

periods of time, which is implemented by changing the value of the PWMSEG register

according to the rotor position signals. Since the other two enabled inverter legs have

identical duty cycles, they are operate as a DC PWM. Based on these switching patterns, no

three-phase reference current generators are required, but the command current amplitude is

directly used as the reference signal to compare with one phase measured current. The
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compared result is used as the duty cycle of two enabled phases, which are also determined

by the estimated rotor position data. Using the PWM signals, three-phase rectangular

excitation currents can be produced through the inverter circuit. In the motor controller, the

amplitudes of the currents depend on the current command, and the frequency of the

rectangular currents is controlled by the rotor position signals.

As known in a digital motion control system, the duty cycle value can only be updated

once in each PWM cycle (or twice if the double update PWM mode is used). In the

conventional PMAC motor controller using a position sensor, there is only one intemrption

service routine to implement the entire control algorithm, which has the same frequency as

the PWM.

In the position sensorless motor controller using the proposed position estimation

algorithms, however, the position sensorless algorithm requires high bandwidth voltage

measurements. Therefore, two different intemrption service routines are required in such

system. One of the routines is used to estimate rotor position signals, and the second one is

used to implement the conventional motor control algorithm. This is because the voltage of

one phase has 6 possible values in each PWM cycle when three-phases are excited with

currents. Detailed discussions on this issue will be given in Chapter 6. Therefore, in order to

sample the values of the phase voltage accurately, the A/D converter should have a higher

sample rate than the PWM frequency.

On the other hand, it should be emphasised here that the proposed rotor position

estimation method is a form of incremental algorithm and the accuracy of the position

estimation is directly proportional to the sampling frequency. Therefore, a separate

interruption service routine (separate than the other parts of the control algorithm) should be

used in the rotor position estimator. The expeliences indicate thal" the frequency of the

interruption service routine should be at least 6 times of the PWM frequency.

The highest possible sampling rate of the A/D converter used in this study is 31.5KH2.

Therefore, the frequency of PV/M and motor control intemrption service routine for the

speed and current controllers is selected as 5208H2. The sampling rate of the AID converter

has 6 times of the PWM frequency, which is used to implement the rotor position estimator

intemrption service routine. Since the estimated rotor position values are used only once in

the motor control interruption service routine per PWM cycle, the six estimated rotor position

values within this PWM cycle can be averaged or filtered in the real time system. Therefore,
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the estimation noises were reduced using the f,rlter and better estimation was achieved, which

ensured the successful implementation of the closed loop position sensorless control.

For the display purpose, the serial DAC on the ADMC300 Connector Board was used to

convert internal data of the estimated rotor position and the speed data into the analogue

signals. Meanwhile, the actual rotor position signal from the shaft mounted encoder was also

measured by the DSP, but it was only used to convert into the analogue signal aimed to

compare with the estimated rotor position in the real time system. In this way, the experiment

results were displayed on the oscilloscope screen or sampled by the data acquisition system.

5.4.3 Starting Strategy Used in the Position Sensorless Motor Drive

In most of the position sensorless techniques presented in the literatures, since there is no

rotor position data available at stall, they are not self-starting. Therefore, a special starting

strategy should be accommodated in the controller until the position algorithm generates an

accurate estimation of the rotor position. Since the rotor position is required for the correct
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current commutation of the motor, the starting strategy plays a very important role in the real

time position sensorless motor drives.

As discussed in Section 4.2, the initial rotor position information cannot be determined in

the non-salient PMAC motors using the inductance variations. Therefore, the starting method

used in such motor drives are based on the open loop starting, where arbitrarily excitation of

two or three stator windings utilized to bring the rotor to a known position.

The Initial value of the rotor position is also required in the position estimation proposed

in this thesis. How to determine the initial position value and whether a wrong initial value

could cause the positioù estimation catastrophic failure are the questions that need to be

answered before the estimated rotor positions are used to implement closed loop synchronous

control in real time.

As discussed in Section 5.4, the adaptive feature of the algorithm not only responds to the

parameter variations and the measurement errors but also corrects the initial position value.

This is mainly due to the auto-correctional action that is based on the phase difference

between the estimated rotor position and the phase angle of the flux linkage increments. For
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example, if the predetermined initial position is different from the actual rotor position, the

phase difference between the initial rotor position and the phase angle of the flux linkage

increments is fed back through the internal loop of the algorithm. Using this phase difference,

the robust algorithm corrects the rotor position increment and updates the rotor position value,

and after several sampling cycles, the estimated rotor position converges to the actual value.

Figure 5.27 shows the simulation results of the auto-correction procedure. At start, it is

assumed that the initial value in the position estimator is different from the actual position

value, which was selected randomly. As seen in the figure, after the algorithm executes the

position estimation routines, the position error is gradually reduced by the auto-correctional

action of the algorithms, and within an electrical cycle, the estimated rotor position converges

to the actual value. It was also tested that both the basic algorithm and the improved

algorithm have similar convergence time.

Using the above studies, it can be said that, the proposed position sensorless technique can

be used to start the PMAC motor from standstill in real time. This implies that the position

estimation algorithm can predict the rotor position from a random initial value (such as zero).

If the estimated rotor position is used as the position feedback in the conffoller, the motor
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may produce lower or even negative electromagnetic torque initially, which may affect the

starting performance of the motor drive. However, the estimated position can converge to the

actual position within the first electrical cycle and can be used in the real motor drive.

Figure 5.28 displays a set of real time experimental results demonstrating the starting

performance of the position sensorless motor drive, which was obtained when the initial rotor

position was very close to the actual position. In the test, the measured three-phase currents,

the estimated rotor position and the rotor speed indicate that the position sensorless motor

drive can start easily and can achieve a high dynamic performance.

A second real-time test was also performed under the identical experimental conditions

but this time with completely different initial rotor position. The result given Figure 5.29

demonstrates that the motor drive can start smoothly without the help of any special starting

strategy. Although the starting performance is slower and has lower dynamic performance

than the previous test, this is still acceptable, which makes the technique practical.

Comparing with the previous open-loop starting strategies, the starting method proposed

here has a shorter starting time and a higher dynamic performance. The previous open loop

starting methods require the motor to run in the open-loop mode until the speed of the motor

reaches to a certain value, at which the rotor position can be estimated accurately. In addition,

the switching to closed-loop position sensorless control may not be smooth. While, it was

tlemonstrated that the proposed posltlon sensorless technique can start the PMAC motor

directly from standstill, and it was observed that the starting procedure is smooth.

5.4.4 Real-Time Experimental Results

To demonstrate the effectiveness of the position sensorless technique, a number of real

time experiments have been performed over a wide range of operating conditions, such as

steady state and transient state, with and without the current control, and with sinusoidal or

rectangular current excitation. These experimental results demonstrated the performances of

the real time position sensorless PMAC motor drive system and indicated the feasibility of

the realization of the new position sensorless technique that can be used in the practical

applications.

Firstly, the PMAC test motor is excited with ttre sinusoidal currents, and the measured

three-phase voltages and currents are used to estimate the rotor position and the speed using

the improved algorithm in the DSP-based controller. The estimated position and the speed are



Chapter 5: Rotor Position Estimation r33

used as the feedbacks to implement the closed loop position sensorless control. As

demonstrated, the real time motor drive can start from zero speed smoothly and operates in

the entire speed range and operating conditions.

40 50 60
ft360.0

50 Ë0 70
63Ê0.
Ð
8 300.

.,$ zoo.
ø
E roo.
É

0.

flmoo

00.

0

0

t

2

00

-1

-2.0

4
\J
ä
À
it¡T
5(J

co
'.É
0:
o*
EÉ

g 10

Ë 0'5

Ë o.o
5Ð -0.5

-1.0

GsÉ
f,o

'.É
Þto
9{

rÉÁ

1

30
Trme (ms)

Figure 5.30. High-speed operation of the real position sensorless motor
drive with sinusoidal excitation: three-phase current,
measured rotor position and estimated rotor position.

300 400

0 100 Êt0 s00 1000
GoË
Éo
fâ
o&

f¡¡

200 300
Titne (ms)

Figure 5.31. Low-speed operation of the real position sensorless motor
drive: three-phase current, measured rotor position and
estimated rotor position.

1

1 1

3Ë0.0

300.0

200.0

100.0

0.t]

360.0
300.0

200,

1 00,

0.
/



t34 Chapter 5: Rotor Position Estimation

Figure 5.30 shows a steady-state experimental result at a speed of 107rpm (about 50Hz).

The measured three-phase currents, the actual rotor position (only to verify the calculated

values) and the estimated rotor position are given in the figure. As seen in the position

waveforms, the discrepancy between the estimated and the measured position data is

negligible. In addition, the actual phase current waveforms are very close to the desired

waveforms (sinusoidal), which were generated using the estimated rotor position data. These

results indicate that the position sensorless motor drive system can run steadily at high-

speeds and has a good steady-state performance.

Figure 5.31 illustrates the test results while the motor is operatingata slow steady-state

speed, 10.7rpm (about 5Hz).It can be seen from the figure that the estimated rotor position is

very close to the actual position even at slow speeds. This demonstrates that the real position

sensorless motor drive can operate over a wide speed range. However, significant distortions

were observed on the actual phase currents. The main reason for this is the small mechanical

at low speed range. This is due to the fact that the loading Íurangement used in the test setup

is not capable of generating higher loads. It should be reported here a second PMAC machine

was used to load the test motor via a three-phase resistive load bank. In addition, since the

motor under test has 28 pole pairs, it was found difficult to obtain a desirable current
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Figure 5.32. Dynamic performance of the real position sensorless motor
drive: three-phase currents, measured rotor position and
estimated rotor speed.
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regulation in the real motor drive.

A dynamic experimental study was also performed in the test setup and the results were

given in Figure 5.32.In this experiment, the closed-loop position sensorless motor drive was
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accelerated from 10.7rpm to 107rpm. The fransient waveforms of the three-phase currents,

the estimated rotor position and the rotor speed are given in the figure. The results indicate

that the improved algorithm can estimate the rotor position accurately even under dynamic

conditions, and the real position sensorless motor drive can demonstrate a high dynamic

performance as achieved in a conventional motor drive using a direct position sensor.

A second group of steady-state experiments was performed when the motor is excited with

rectangular currents and the rotor position and speed were estimated using the basic

algorithm via the DSP-based controller. The position sensorless motor drive system can

directly start smoothly from standstill and can run under entire speed range and different

operation conditions.

Figure 5.33 shows the test results of the position sensorless motor drive running at steady

state speed of 107rpm. The waveforms of measured and estimated rotor positions given on

the figure show the good agreement between them and demonstrate the good steady-state

operation performances. In addition, the waveforms of measured three-phase currents

indicate that the motor drive is running at high speed without current control mode, and the

current are accurately synchronous with the rotor position that makes the system run stably at

the operation condition.
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When the speed is slow down to 10.7rpm, the similar experiment results are shown in

Figure 5.34. As demonstrated, the estimated rotor position of the closed-loop motor drive is

in good agreement with the measured rotor position. However, the shape of the actual phase

current is far from ideal, rectangular waveform. This is due to the low mechanical load at the

low speed, which makes the effective voltage across the motor winding small.

The dynamic experimental results of the PMAC motor with the rectangular current

excitation are shown in Figure 5.35. In this transient study, the position sensorless motor

drive accelerates from 10.7rpm to 107rpm. The results indicate that the basic algorithm can

estimate the rotor position accurately even under the dynamic conditions.

5.6 Conclusions

This chapter proposed a novel position sensorless technique for both the sinusoidal and

trapezoidal PMAC motors. Although the principles of the position estimation algorithm were

developed and explained for the motors without any rotor saliency, the method is also

applicable to the motors with saliency. It should be emphasised here that the position sensing

is much easier in the motors with rotor saliency using the variations of the inductance with

position.

One of the possible solutions to estimate the rotor position in the PMAC motors without

saliency is based on the relationship between the rotor position and the flux linkages of the

permanent magnets. Using the measured phase voltages and the currents, the conventional

position estimation algorithms usually calculate the flux linkages by an integration method

and derive the rotor position information from these flux linkages. As a result of the

integration, these algorithms suffer from the motor parameter variations and the measurement

inaccuracies, which cause integration drift and pose significant problems in the rotor position

estimation, specifically at the low speeds of the motor. In this novel algorithm, however, the

integration routine is eliminated but three phase flux linkage increments are utilized. In the

method, the back-EMF voltages were disassembled into the product of the angular speed and

unity back-EMF functions with respect to the rotor position. Using the flux linkage

increments and the back-EMF functions, the novel algorithm calculates the rotor position

increment, which is then integrated to determine the rotor position.

The back-EMF functions used in the calculation of the rotor position increment are

generated using the estimated rotor position, which forms an internal closed loop in the
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algorithm. In this new affangement, the integration is transferred from the flux linkage

calculation stage to the position calculation state, which forms an internal closed-loop. In

addition, by accommodating an auto-correctional algorithm (basic algorithm 2), this internal

closed-loop corrects the position drift caused by the motor parameter deviations or the

measurement inaccuracies.

The new algorithm estimates the rotor position increment using the motor model and the

measured voltages and currents, which all, in the real systems, deviates from the initial values

and may be in error. The parameter deviations and the measurement inaccuracies cause a

degree of position etrors, which were studied in detail. As demonstrated, using the phase

difference between the flux linkage increments and the back-EMF functions, the auto-

correctional algorithm can limit the position drift within an acceptable range of 3-47o under

normal parameter variations and the measurement inaccuracies. This conclusion is drawn

from the simulation results and from the open-loop experiments using the real-data.

Therefore, it was concluded that the new position sensorless method can estimate the rotor

position accurately and displays a degree ofrobustness.

However, some static errors on the estimated position were observed in the practical motor

drive, and it was experienced that the auto-correction ability of the basic algorithm is directly

proportional to the motor speed, which creates problems specifically at slower speeds. This is

due to the fact that the static errors are accumulated by the integration due to the poor auto-

correction ability. In order to make the algorithm resistant to the static errors, the original

algorithm was improved using a PLL, which was demonstrated to be very effective using the

simulation results as well as the real-time data in an open-loop system. Therefore, the

improved algorithm has higher robustness and has the ability to operate the proposed

sensorless motor drive over a wider speed range.

Another important feature of the novel position sensorless technique is that the algorithm

is independent of the back-EMF waveform, and is suitable for both the sinusoidal and the

trapezoidal PMAC motors, as well as for the motors with non-ideal back-EMF waveforms.

The simulation and the experimental results provided in the chapter demonstrated that the

new position estimation algorithm is also suitable for the rectangular current excitations.

Since the incremental algorithm is sensitive to the current increment, the transient variation

of the phase currents during the commutations cause much higher dynamic position

estimation elrors in the motors with rectangular current excitation. However, such higher



Chapter 5: Rotor Position Estimation r39

errors can be limited by the auto correction action in the algorithm developed. The accuracy

of the position estimation and robustness of the motor drive were also demonstrated in this

section.

In the improved algorithm, however, the PLL algorithm depends on the phase difference

between the estimated rotor position and the phase angle of the flux linkage increment. The

unstable phase angle changes due to the non-sinusoidal waveforms of flux linkage increment

and the back-EMF functions can cause unstable position correction action. As a result, the

rotor position estimation may fluctuate during the current commutation, and the PLL

algorithm may amplify the fluctuations and degrade the accuracy of the position estimation.

Therefore, the improved algorithm is not recommended to the trapezoidal PMAC motor with

rectangular excitation.

The third and the most important feature of the new position sensorless technique is that

the position estimation algorithm proposed is simple and mathematically less intensive,

which makes the real-time implementation possible. This was demonstrated by the

implementation accommodating a commercially available motor control DSP.

In the digital motion control system, it is worth noting that the position estimation should

be implemented using a separate intemrption service routine in the DSP that is due to the

requirement of high bandwidth voltage measurements. The experiences indicated that the

frequency of the intemrption service routine should be at least six times of the PWM

frequency. In this way, six estimated rotor position values in each PWM cycle could be

averaged to filter some of the estimation related noises mainly caused by the measurement

nolses.

In the real-time motor drive, the estimated rotor position is used directly in the closed loop

controller, which effectively an indirect position sensing method not utilizing a shaft

mounted conventional position sensor. The speed feedback signal was also estimated from

the estimated rotor position for the closed loop speed control. Moreover, it was demonstrated

that the position sensorless motor drive can smoothly start from standstill and can operate in

entire speed range and in different operating conditions. The real time experimental results

demonstrated that the position sensorless motor driver system has a good static and dynamic

performance under the practical operating conditions. In addition, the high robustness makes

the proposed sensorless technique suitable for the practical applications.



140 Chapter 5: Rotor Position Estimation

It should be noted here that all the real time results presented here were based on the

PMAC motor with sinusoidal back-EMF. The research mainly was focused on the position

estimation and the sensorless conffol, and not on the current controller. In the practical motor

drives, the actual phase currents are not as good as the simulation results, specifically at the

low speed operation and with the rectangular excitation in the current control mode. To

improve the performance of the motor drive, especially the dynamic performance, the current

controller should be carefully designed in the practical motor drive, and the measuring

sensors must be calibrated carefully.

In addition, the practical motor used in this research has 28 pole pairs and the test setup

had a slight mechanical problem, which made the demonstration of the motor operating at

much lower speed impossible, such as running at lHz.
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Phase Current Reconstruction

6.1 Introduction

In addition to the rotor position information, three-phase current signals are also required

in the control of most PMAC motor drive systems. In the motor drives, the phase current

signals are used as feedbacks to implement the closed loop current conffol [89,90], and are

also used in the rotor position estimation schemes. In some applications that require rapid

torque response and high performance operation, the phase current signals can also be used

for the direct torque control l9l-941. Although direct measurements of the three-phase

current using three current sensors are the most effective method to achieve this goal, using

three current sensors is an expensive solution in many low-cost motor drive applications.

Recently, significant number of studies has been reported to eliminate or to minimise the

number of current sensors used in the PMAC motor drives. As mentioned in Section 2.5,

three-phase current values of a PMAC motor can be reconstructed from the DC link current

measurement that requires a single current sensor. However, the previous schemes have some

drawbacks, specifically if the reconstructed currents are going to be used in the fast acting

closed loop current controller or in the rotor position estimation. In addition, the previous

techniques are too sensitive to the measurement noise and the motor parameter variations.

This chapter proposes a novel method for the reconstruction of the three-phase currents

using the DC link current measurement. The method is not restricted to one type of cunent

excitation, and therefore can be used in the sinusoidal as well as in the rectangular current

excited PMAC motor drives. The method is based on an adaptive state observer, which uses

the mathematic model of a PMAC motor drive to estimate the three-phase currents. Then, the

DC link current is reconstructed from the estimated three-phase currents as the output of the

observer. This ouþut is compared with the measured DC link current and using an adaptive

scheme regulates the error. Finally, the regulated result is utilized to compensate the DC link

voltage that is used in the phase current estimation. It was found that due to the symmetry of

t4l
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the three phases, this DC link voltage compensation could correct the estimated three-phase

currents and force them to follow actual winding currents in real-time.

The new phase current reconstruction technique can estimate the three-phase winding

currents accurately under different operating conditions. The estimated phase currents have

high dynamic performances that make them suitable for the fast acting closed-loop current

controller and rotor position estimation. As will be demonstrated later in this chapter, the

reconstructed phase currents are not sensitive to the parameter variations of the motor and the

measurement noises on the DC link current sensing with the help of the adaptive scheme.

The reconstruction of the three-phase cuffents from the DC link measurement requires a

good understanding of the relationship between the phase currents and the DC link current of

the inverter. In Section 6.2, all possible operating modes of a three-phase inverter are

discussed, and the basis of the novel approach is presented. Some experimental results are

also given in this Section to demonstrate the accuracy of the analysis and the reconsffucted

DC link current.

The detailed descriptions of the adaptive current observer are introduced in section 6.3. In

Section 6.4, the reconstructed phase currents are used to replace the phase current

measurements as the feedback signals in the closed-loop current control system. The section

also presents the details of the hardware and software used, and displays a number of

expeliurental resull.s to vcrify the valitlity of the motor drive using a single current sensor on

the DC link. Section 6.5 draws some conclusions and summarizes the features of the phase

current reconstruction technique.

6.2 Reconstruction of the DC Link Current

The knowledge of the DC link current in a PWM inverter-fed AC motor drive is important.

This is partly because it improves the general understanding of the inverter operation and

allows the filter capacitors to be specified satisfactorily, but it can also be used for system

protection, efficiency optimisation and state identification 169, 95,961. Several approaches

have been proposed to analysis the DC link cunent in the PV/M inverter motor drive.

However, it was found that most of the available approaches are unnecessarily complicated

or impractical for a modern drive system, which uses the space vector PWM schemes 197-991.
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For the reconstruction of the three-phase curents utilizing the DC link current

measurement, the primary requirement is to understand the relationship between the three-

phase cwïents and the DC link cuffent of the inverter. As required in the proposed method,

the DC link current should be reconstructed using the motor model-based estimated three-

phase currents, which becomes the output of the current observer that generates the three-

phase currents. The proposed method also requires a direct comparison between the

reconstructed DC link current and the measured DC link current, and demands a good

understanding about all possible operating modes of the three-phase inverter and all possible

states of the switches used in the inverter.

6.2.1Operation Modes of an Inverter

A three-phase voltage source inverter and a three-phase PMAC motor load is shown in

Figure 6.1. The inverter consists of six power switches and six freewheeling diodes. In the

figure, 1¿, is the instantaneous DC link cunent; io, iø aÍd i" are the instantaneous three phase

currents. The positive directions of the phase currents are indicated using the arrow signs. In

the inverter, the DC link voltage V¿, is assumed to be constant, and the mid-point of the DC

link voltage is defined as the reference point. Hence, the voltages of the positive supply rail

and negative supply rail are assumed to swing between +V¿s/2 and -VaJ2.

Our principal aim here is to establish the relationships among the DC link current, the

phase winding current and the device switching modes. To simplify this, it is assumed that

the power devices are ideal: both on-state losses and switching times are negligible, and there

are no recovery effects of the freewheeling diodes and no effects of the snubber circuits.

Based on these assumptions, it can be said that the conduction states of the devices solely

depend on the switching signals and the current directions only.
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Figure 6.1 Three-phase inverter with the motor load
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To develop the main aim, let us assume that one of the power switches on upper DC rail

receives a switching on signal and the current direction of this phase is positive, the power

switch turns on and the positive current flows through the switch and the corresponding

motor winding. However, if the direction of the phase current is negative, even though the

power switch experiences an on signal, the power switch does not conduct the current, but

the current flows via the freewheeling diode on the upper DC rail of this phase. This is

because the conduction condition of the diode only depends on the direction of the current.

According to above principle, several different operating modes of one phase (say phase A)

can be summarized as follow:

When io = 0, if power switch St experiences on signal, Sr conducts a current and

the direction of the current is positive; if power switch 54 experiences on signal, Sa

conducts a current and the direction of the current is negative; if the two power

switches experience off signals, nothing happens in this phase and none of the four

power devices conduct current.

a

a When io ) 0, if power switch 51 experiences on signal, Sl conducts the current;

otherwise the current flows via diode D1 (whether the power switch 54 experiences

on signal or not).

a ÏVhen in 10, if power switch 54 experiences on signal, 54 conducts the cnrrent;

otherwise the current flows via diode D¿ (whether the power switch Sr

experiences on signal or not).

It should be noted here that the two power switches linked to one phase must not

experience on signals simultaneously under the normal operation conditions that is

guaranteed by the dead time in the inverter. Therefore, we can assume that only one of the

power devices linked to the phase can conduct current at any time and there are four different

operating modes in a phase.

Under the normal operating conditions, two or three phase windings of the three-phase

motor should conduct current. IVhen two of the three phase windings conduct current, it

flows via two of the twelve power devices (six power switches and six free wheeling diodes)

in the inverter. If all three-phase windings conduct currents, the currents flow via three of the

power devices, one in each phase. Therefore, when all possible conduction modes are
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considered, a total of seventy-two possible operating modes can be identified in the three-

phase inverter, which is listed in Table 6.1.

The operating modes in Table 6.1 can be classified into twelve different groups. In the

groups of 1 to 4, only two of the three-phase windings conduct current at the same time. If

the phase current flows via two power switches on each phase leg, the operating modes are in

the group 1. In this case, the DC link current is positive (flows from positive rail of the

supply to the negative rail) and equal to the phase winding current. When two power switches

are turned off at the same time in an inductive motor load, the phase current continue to flow

via two freewheeling diodes. The DC link current is also equal to the phase current but flows

from the negative rail of the supply to the positive rail. This case belongs to the operating

modes of the group 2. If only one of the two power switches is turned off from the group 1,

the operating modes appear in the group 3 or 4.In this case, the phase current does not flow

via either the positive or the negative rail but circulates around the inverter bridge, that is, the

Table 6.1 Operation modes and DC link current of a three-phase inverter

Group
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Switch States DC Link crurent
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DC link current is equal to zero.

If all of the three-phase windings conduct currents at the same time, the possible operating

modes are included in the groups 5 to 12. When three power switches, one in each phase,

carry the winding currents at the same time, the operating modes are in the group 5. In this

case, the DC link current is positive and is equal to one of the winding currents or the sum of

the other two winding currents.

Using the operating modes of the group 5, it can be said that if one of the three power

switches is turned off, the operating modes appears in the group 7, 8 or 11 that depends upon

which power switch is turned off. In the group 7 and 8, the DC link current is still positive

and is equal to one of the winding currents or the sum of the other two winding currents. In

addition, since thewinding currents circulate around the inverterbridge in the group 11, the

DC link current is equal to zero.

If two of the three power switches are switched off in the group 5, the operating modes

appear in the group 9, 10 or 12. In the group 9 and 10, the DC link current is negative and

also equal to one of the winding currents or the sum of the other two winding currents.

However, in the group 12, the winding currents circulate inside the inverter bridge and the

DC link current is equal to zero. When all of the three power switches are turned off together,

the operating modes are in the group 6. In this mode, the winding currents flow through the

tluee ft'eewheelirrg diotles. The DC link current in the group 6 is negative and is equal to one

of the winding currents or the sum of the other two winding currents.

In Table 6.1, the values and the signs of the DC link current are also listed. Using the

above descriptions, the currents can be classified under three separate cases. In the first case,

the DC link current is positive and its value is equal to one of the winding currents or the sum

of the other two winding currents. The sign of the DC link current can be used to indicate the

direction of the energy flow. Therefore, in the first case, the energy flow is from the supply to

the inverter. In the second case, the winding currents circulate around the inverter bridge and

the DC link current is equal to zero. The zero DC link current indicates that there is no

energy output from the inverter. In the third case, the DC link current is negative but its value

is also equal one of the winding currents or the sum of the other two winding currents. The

negative sign of the DC link current indicate the energy is feedback from the motor to the

inverter.



Chapter 6: Phase Current Reconsffuction r47

6.2.2 Switch States

Table 6.1 lists all the possible operating modes of a three-phase inverter. The DC link

current can accurately be reconstructed from three-phase currents according to this table.

However, this approach is too complicated for a real time system, which will be simplified in

the following discussions.

Using the explanations given in the previous section, it can be conclude that any two

conducting devices (power switch and freewheeling diode) in the same leg of the inverter can

generate the same terminal voltage for the corresponding phase. For example, if the current

of phase A flows via the power switch Sr or via the freewheeling diode Dr, the terminal

voltage of phase A is equal to +VaJ2.Inversely, if the switch S¿ or the diode D+ carries the

current, the voltage of terminal A will be -V¿r12. Therefore, a par of power switch and

freewheeling diode can be considered as a bi-directional mechanical swirch that has different

conduction conditions in either direction. The positive conduction via a power switch

depends on both the switching signal and the direction of the phase current, while the

negative conduction via a freewheeling diode depends on the direction of the phase current

only.

It should be noted here that above discussions are based on the assumption of the ideal

power devices used in the inverter circuit. If on-state voltage drops of the power devices are

considered, the terminal voltage of the phase will be a "bit" different when either the power

switch or the freewheeling diode conducts the current [100,101].

In the PMAC motor with sinusoidal current excitation, since all three-phase windings

c¿ury cwrents at any instant, one of the two switches of a phase must be closed. Based on this

feature, a conventional analysis approach is that the two switches of a phase can be

represented by a state variable Sn. Here the subscript p denotes the phases a, b and c. Hence, if

the positive DC rail switch of phase p is closed, sp=l, and if the negative DC rail switch of

phase p is closed, Sp= 0. Using these representations, a total of eight switch states can be

defined in the three-phase inverter, which can be represented by the space voltage vectors Su,

S¡, and S., which have the values (0,0,0), (0,0,1), ..., (1,1,1).

Since the DC link currents flowing via the positive or the negative supply rail have the

same value but opposite direction, only the positive rail DC link current is considered here. It

is easy to see from Figure 6.1 that the DC link current flowing through the positive supply
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rail is equal to the sum of the currents via three positive DC rail switches. Moreover, since

the current of the positive DC rail switch of one phase is equal to the winding current of this

phase, the instantaneous DC link current can easily be expressed as the sum of the three

inverter switch cunents [97]:

I o" = io.So * iu' S, + i" .^S" (6.1)

However, this approach is not suitable for a PMAC motor with rectangular current

excitation since only two of three phases conduct current at a time, and the current of the

third phase is equal to zero. The zero current implies that the two switches in this phase are in

off state and the terminal voltage of the phase only depends on the back EMF voltage of the

motor. Therefore, the switch states of the third phase cannot be represented by a state

variable using only two states: 0,1.

In the three-phase inverter, there are two independent switches on each phase, which can

be turned off but cannot be turned on at the same time. Therefore, a state variable, Sn with

three different states can be defined to represent the states of the two switches of this phase:

if the upper switch of phase p is closed Sp=l, if the lower switch of phase p is closed Sp=-l,

and if both switches are open Sn=O.

Using the above descriptions, it can be concluded that there are twenty-seven possible

switch states in the three-phase inverter. However, since at least two of the three-phase

windings should conduct currents at a given instant, only twenty switch states are defined

under the normal operating conditions. Therefore, if we only consider the switch states (not

the actual power devices), 72 operating modes listed in Table 1 can be reduced to 20 different

switch states that are given inTable 2.

As shown in Table 6.2,20 switch states are divided into three groups. In the Group 1, all

three-phase windings conduct current at the same time and the phase current flow via the DC

link. Moreover, only two of the three-phase windings conduct current at the same time in

Group 2 and the phase currents also flow via DC link. The twelve switch states in Group 1

and Group 2 are all active states and one phase current can be derived from the DC link

current. However, in Group 3, two or three phase windings conduct current, and the winding

cunents circulate inside the inverter bridge and do not flow through either the positive or the

negative rail, that is, the DC link current is equal to zero. For this reason, these states are

usually called zero states.
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Table 6.2 Switch states of a three-phase inverter
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Since the DC link currents flowing via the positive or the negative supply rail have the

same value but opposite polarity, the DC link current can be calculated using the half value

of the total current, that is, the sum of the three-phase currents flowing via either the positive

or the negative supply rail. Moreover, one phase cuffent flowing via either the positive or the

negative supply rail can also be expressed as Ip*Sp. Therefore, the instantaneous DC link

current can be given as:

I o" = (io. so r íu. s, + i" . s")f2 (6.2)

The above equation represents the relationship between the DC link culrent and the three

phase currents using the new analysis approach. One of the advantages of this relationship is

that the new approach is suitable for both in two-phase and in three-phase conducting modes.

In addition, when this equation is used to reconstruct the DC link current from the three-

phase current measurements, the average action involved in the equation can reduce the error,

which may be due to the unequal gain constants and the DC offsets in the current sensors.

It should be emphasised here that in the case of three phases conducting currents, the

switching signals cannot be directly used as the switch state variables. The main reason of

this is that a "dead time" is inevitably required in the actual inverter to protect the power
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devices being short-circuited across the power supply. During the period of the dead time,

two of the power switches in one phase are both turned off. In this mode, the winding current

is carried by a freewheeling diode, and therefore the switch state in the main circuit of the

inverter is not the same as the switching signals in the control circuit.

As stated earlier, the switch states can be determined using the switching signals and the

directions of the phase currents. As an example, the switch states of phase A are given in

Table 6.3. As seen in the table, if the current of phase A is positive, the switch state Su

depends on the switching signal of the power switch Sr. Conversely, if the current of phase A

is negative, the switch state Su depends on the switching signal of the power switch S¿. When

the current of phase A is equal to zeÍo, the switch state Su depends on both the switching

signals of the power switch Sr and S¿. Similar switch state tables can be easily reproduced for

phase B and C.

Table 6.3 Switch state variable

phase cr:rrent switching srgnal ,S.

Io>0
st=1 1

St=o -1

jo* 0
s+= 1 -1

.s4 0 1

1-
eø 0

st=1 1

S+= 1 -1

.S¡=rS4=0 0

6.2.3 Analysis of the DC Link Current

Using Equation 6.2 and Table 6.3, the DC link current of the three-phase inverter can be

reconstructed from the three-phase currents. The waveform of the DC link current depends

on the three-phase current waveforms and the modulation strategies used in the inverter. This

section discusses ttre DC link current waveform under normal PWM operation conditions

aiming to produce sinusoidal or rectangular excitation currents.

In the trapezoidal PMAC motor, double polar modulation is normally used to produce the

required rectangular excitation currents. With the double polar modulation, two power

switches, one in each phase that conducts the current, are turned on and off together. In one
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phase, when the power switch on the upper leg is turned on, the power switch on the lower

leg must be turned off, vice versa. For example, if phase A and phase B conduct the current,

the power switches Sr and So (or S¿ and S¡) are turned on or off together. V/hen Sr and So are

on, 51 and So are off. Conversely, when Sr and So are off, Sr and So are on.

In order to understand the characteristics of the DC link current, Figure 6.2 presents some

simulation results for the trapezoidal PMAC motor. The figure shows the waveforms of the

three-phase currents, the DC link current, and an zoomed DC link current under the double

polar modulation strategy. The time period between 9 to 20 ms in the zoomed figure is used

as an example to explain the characteristics. In the period of phase A and C conducting

current, the power switches Sr and Sz ile turned on or off together. When they are turned on,

the phase current flows via the power switches Sr and Sz, and the DC link current is positive

and is equal to the phase current. When the switches are turned off, the phase current flows

via the freewheeling diodes D¿ and Ds, and the DC link current also is equal to the value of

the phase current, but its direction is negative. Consequently, only two different values of the

DC link current occur in each PV/M cycle, which are normally one positive and one negative.

The double polar pulse of the DC link current has the frequency of the PV/M frequency. For
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Figure 6.2 Simulated waveforms for the trapezoidal PMAC motor: three-
phase currents, DC link current, and a portion of DC link
current (between 9-20 ms).
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an inductive load, the "dead time" used to protect power switches from short circuit has no

effect on the DC link current waveform.

During the commutation period between phase A and B, two power switches of phase A

are turned off completely, and the power switches S¡ and Sz âre turned on or off together.

Therefore, the current of phase A freely decays to zero via freewheeling diode D4, and the

current of phase B gradually builds up and enter into a time period where phase B and C

conducts current. In this commutation period, the power switches Ss and Sz are turned on in

most of the time, and the DC link current is equal to the current of phase B and gradually

increases from zero to a desired level. If S: and Sz are turned off, the DC link current is equal

to the current of phase C, which has a negative value during this commutation period.

In the sinusoidal PMAC motor, several PIVM modulation strategies are normally used,

such as SPWM, space vector modulation, and closed-loop current control. Since the DC link

current waveform in the closed-loop current control strategy is closely related to the motor

parameters and the operating conditions, and the space vector modulation are more

complicated, the normal SPWM strategy is used here as an example to explain the DC link

current waveform of the sinusoidal PMAC motor. In SPWM, the standard three-phase

sinusoidal reference signals are used to compare with a ftiangular carrier signal. If the

reference signal of one phase is more positive than the carrier signal, the upper leg power

switch of the phase is turned on, and the related lower leg power switch is turned off, and a

positive voltage is applied to the phase. Similarly, if the reference signal is more negative

than the carier signal, the upper power switch is turned off, and the lower power switch is

turned on, and a negative voltage is applied to the corresponding phase.

Figure 6.3 illusftates a set of simulation results obtained from the sinusoidal PMAC motor

that is controlled by using l"he normal SPIVM strategy. In order to see the characteristics of

the DC link current clearly, the waveforms of three-phase currents, the DC link current, and

an zoomed graph of the DC link current together with the waveforms of the SPWM strategy

are given in the figure. Reference to the figure of the SPWM strategy, it can be said that the

switch states of the inverter in one PWM cycle within the zoomed period should be:

(-1,-1,-1) + (1,-1,-1) + (1,1,-1) + (1,1,1) + (1,1,-1) -+ (1,-1,-1) + (-1,-1,-1)

The switch states of (-1,-1,-1) and (1,1,1) are the zero states, and the DC link current is

equal to zero at these states. Using Table 6.2,it can be seen that the DC link current of the
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switch state (1,-1,-1) is equal to the current of phase A, and at the switch state (1,1,-1), the

DC link current is equal to minus of the current of phase C. As can be seen on the zoomed

DC link current graphs, the DC link current reaches to zero value twice in each PWM cycle

due to the zero states.

At the beginning of the zoomed period, the switch state (1,-1,-1) lasts longer period of

time, so that the DC link current is equal to the current of phase A twice during most of the

time in each PWM cycle. The short duration of the switch state (1,1,-1) causes the DC link

current to be equal to minus the current of phase C, again twice per PWM cycle. Since the

motor is an inductive load and the current has a phase delay reference to the voltage (that is

equivalent to the reference signal of the SPWM strategy), the positive current of phase C

causes negative current pulse on the DC link at the beginning of the zoomed graph. After this

period, the duration of the switch state (1,-1,-1) gradually gets smaller and the duration of the

14 16 18 2û ?2 24

12 14 1

1r1

10
Time (ns)

Figure 6.3 Simulation waveforms of the sinusoidal PMAC motor: three-
phase currents, DC link current, zoomed DC link current,
and zoomed SPWM strategy.
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switch state (1, 1,-1) gradually gets larger. After the reference signal of phase B is more

positive than that of phase A, the switch state (1,-1,-1) does not exist, and the DC link current

is not equal to the current of phase A any more. At the same time, the duration of switch state

(1, l,-1) in one PWM cycle reaches to a maximum, so that the DC link current is equal to

minus the phase C current in each PIVM cycle most of the time.

From the simulation results, it can be seen that the DC link current contains pulses twice

the PWM frequency. Assuming that the phase currents are constant within the PWM cycle,

the DC link current becomes symmetrical in the first and the second half-cycle of the PWM.

In fact, there are three values of the cunent in each half PWM cycle. One of the values is

equal to zero that correspondence to the zero state. Two of the active states emerging in the

half cycle cause the values of the other two DC link currents to be equal to one of the phase

currents. However, if the duty cycles of the two phases are similar, one of the active states

may appeff too short, which may prevent the measurement of the DC link current. In

addition, if the duty cycles of all three phases are similar, the DC link current pulse becomes

too narrow, which may not be detected. Therefore, due to the irregular profile of the DC link

current, the values of the DC link current have to be sampled accurately, which can be done

using an expensive data acquisition hardware or using an over sampling technique to sample

every possible values of the DC link current.

6.2.4 Experimental Results

To verify the simulation results and the current reconstruction method, the PMAC motor

drive system as described in Chapter 5 was used. The sinusoidal PMAC motor was energised

through the IRMDAC3 3-Phase 460VAC 3HP Motor Drive Board, which was conftolled by

the ADMC 300 DsP-based motor controller accommodating the conventional control

approach. The standard PWM strategies at a PWM frequency of 5KHz were used to generate

the desired sinusoidal or the rectangular excitation currents, which aimed to demonstrate the

flexibility of the proposed DC link current reconstruction method. In addition, the data

acquisition system based on Lab VIEV/ was used to sample the real data simultaneously. The

sampling frequency of the acquisition system was set to 100kHz. The details of the data

acquisition software were provided in Appendix B.

When the motor drive was running, the data acquisition system sampled the three-phase

currents and the DC link current using the current sensors and the switching signals from
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DSP based motor controller. Figure 6.4 gives the real-time DC link current and the

corresponding switching signals, which were captured using the data acquisition system.

Using a LabVIEW VI that was based on Equation 6.2, the real data of the three-phase

currents and the switching signals were utilized to reconstruct the DC link current. The

reconstructed and the measured DC link currents were given in Figure 6.5, which covers the

sinusoidal current excitation as well as the rectangular cuffent excitation. As demonstrated in

the figure, the DC link currents reconstructed using the measured three phase currents and the

inverter-switching signals are in very good match with the measured waveforms. However,

some transient spikes are observed on the measured waveforms, which may be due to the

proximity effects of the power switches and the finite recovery time of the freewheeling

diodes and the power switches. In a practical inverter, the " dead time" used to protect the

power switches, which may also cause some negative spikes if the duty cycles of two phases

are almost same [97],

However, the reconstructed DC link current is only used as the output of the culrent

observer in here. These current spikes may be seen as some noises on the DC link current

measurement.
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6.3 Phase Current Reconstruction

In many cases, the internal states of a plant cannot be measured easily, but the states may

be required to control the plant. State observers deal with such problems by deducing the

internal states from the external measurements.

The state observer is based on an accurate model of the plant, which has the same input

signals as the plant itself. Plant and model ouþuts are compared and the error is fed back to

the model, so that the model behaviour is corrected. Since the internal states of the model can

be monitored directly, the model states may be expected to reflect the states of the plant.
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Since the mathematical model of the PMAC motor drive is adequately known, therefore,

the general principle of the state observer explained above may be applied to estimate the

three-phase currents of the motor drive by using the DC link current measurement.

6.3.1 Current Observer

Figure 6.6 shows the block diagram of the phase current observer system. In the figure,

the dotted line block "observer" is the phase current observer of the PMAC motor drive,

which consists of five main blocks. Phase Voltages block reconstructs the three-phase

voltages of the motor using the switching signals and the measured DC link voltage. The

phase currents of the motor are estimated using the voltage equations that are the outputs of

the Phase Voltages. The block named DC Link Current reconstructs the DC link current of

the motor drive using the estimated phase currents that are the output of the current observer.

Then the reconstructed DC link current is compared with the measured DC link current and

the result is regulated using an adaptive scheme. Finally, the regulated result is used to

compensate the DC link voltage, which is used to correct the estimated phase currents and

force them to follow the actual currents of the motor.

position
ObsEn¡Er

I

Figure 6.6 Block diagram ofthe phase current observer system

In this observer, the DC link current reconstruction has been discussed in Section 6.2 and

the model of the PMAC motor drive was described in Section 4.2. T\e other parts of the

observer will be described below.
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6.3.2 Phase Voltage Reconstruction

The principle of the three-phase voltage reconsfruction is relatively simple concept.

Similar to the simulation model used in Chapter 4, three-phase voltages of the real motor

drive system can be reconstructed using the DC link voltage and the switching signals. It

should be noted here that in the motor with the rectangular excitation current, the back EMF

voltages of the motor are also required in the reconstruction. A number of experimental

results are given here, which are compared with the measured three-phase voltages to

demonstrate the validity of the reconstruction approach proposed.

Apart from the three-phase currents, the DC link current and the switching signals, the DC

link voltage and three-phase voltages of the motor drive were also sampled simultaneously in

the tests. As mentioned in Section 4.2.3, when the motor is excited with the rectangular
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currents, the three-phase voltage reconstruction technique requires the back EMF voltages.

The back EMF voltages of the motor depend on the rotor position and the speed. Therefore,

the measured three-phase currents and the voltages are used to estimate the required rotor

position and the speed first (which is based on the technique proposed in Chapter 5). Then,

the measured DC link voltage and the switching signals, together with the rotor position and

the speed, are used to reconstruct the three-phase voltages that were based on Equation (4.25)

or (4.26). Finally, the reconstructed results are compared with the measured three-phase

voltages as given in the figures.

Figure 6.7 displays a number of measured and reconstructed waveforms when the motor

was excited with sinusoidal currents. Since the phase voltages depends upon the DC link

voltage and the switching signals only for the sinusoidal excitation, the reconstruction of the

voltages are easy. It can be seen in the figure that the reconstructed phase voltages ate very
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close to the measured waveforms. In addition, when the zoomed waveforms were examined,

it can be seen that the phase voltage contains pulses twice the PWM frequency, which is

similar to the DC link current. A close examination of the voltage waveform also indicates

that it is symmetrical in the first and in the second half-cycle of the PWM and has three

values in each half PWM cycle: 0, X+Vd" and + JVo, . Therefore, to sample the voltages in a

real time system, the A/D converter should have the scan rate of at least six times of the

PWM frequency.

A second test was also performed under the rectangular current excitation of the motor

drive, and the corresponding waveforms are shown in Figure 6.8. Again, there is a good

agreement between the measured phase voltages and the reconstructed phase voltages.

However, as stated earlier, in this current excitation mode the phase voltages depend upon the

DC link voltage, the switching signals, the rotor position and the rotor speed. In addition, the

state of a zero current in a phase is an important condition in the reconsffuction of the phase

voltages. In the practical system, if one phase current reaches to zero caused by the current

measurement noises, the voltage reconstruction may produce incorrect results. These features

indicate that the phase voltage reconstruction in the rectangular current excitation is more

complicated and may be not suitable in some applications. Further discussions about these

features will be given in the subsequent chapter.

Similar to the results given in Figure 6.7, it can be seen clearly in the zoomed waveforms

of Figure 6.8 that the phase voltage usually has two possible values in each PWM cycle when

three-phases are excited with the rectangular currents. Therefore, the sample of the voltage in

arcal time system requires a relatively lower scan rate.

6.3.3 Adaptive Scheme

Under the ideal conditions, the estimated three-phase cuffents using the mathematical

model of the motor should be equal to the actual phase currents. In practice, however, there

are always some discrepancies between the model established and the actual motor drive. In

addition, the parameters of the motor may vary with the operating condition and the

environmental factors. Therefore, it is desirable to have a correction routine in the observer

system.

If three-phase cunents are considered to be independent from each other, the phase

currents are not observable when all three phases conduct current at the same time [58].
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However, the three phases of the PMAC motor is symmetrical. If the control sffategies for

each phase are also symmeftical, the three-phase currents of the motor will be dependent and

symmetrical. Therefore, it can be assumed that any changes in the operating and

environmental conditions will have the same impact on each phase. Therefore, a variation on

a phase current can be used to predict the variations on the other phase currents with the help

of the operating conditions.

Furthermore, the DC link current is a combination of three-phase cunents and is equal to

one phase current during any active swirch shte. In fact, the error between the measured and

the reconstructed DC link currents is the phase current error. Therefore, the DC link cunent

error can be applied to correct the estimated three-phase currents at the instant considered.

For example, when the DC link current is equal to the current of phase A, the error between

the measured and the reconstructed DC link cunents is equal to the error between the actual

and the estimated currents of phase A. Hence, the error can directly be feedback to correct the

phase A current estimation as in a linear observer. However, phase B and phase C have

different operating conditions at this instant. Therefore, the error should be modified to

represent the real operating condition first, and then it can be used to correct the phase B and

the phase C current estimations as well.

In order to achieve a common modification method for all three phases of the motor drive,

a novel correction algorithm is presented here. In the proposed algorithm, the DC link cunent

error is not fed back directly to correct any phase current estimation as in the linear observer.

Instead, it is used to compensate the DC link voltage. Then, the compensated value is

modified by the switch states of each phase, and is fed back to correct the current estimations.

To eliminate the effects of the measurement noise in the practical system, a proportional and

integral adaptive scheme is used to regulate the DC link current error, and the result is

applied to compensate the DC link voltage in the current observer, which is given by,

VL =V ¿" + K re ¿" + r ¡ foe¿"dt
(6.3)

where €a" = Iä" - I d, , is the error between the measured and the reconstructed DC link

currents, Vo" is the measured DC link voltage, Vd"* is the corrected DC link voltage, Ç and

K are the constants of the PI current regulator respectively.
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As seen from the discussions in Section 6.2.3, the DC link current is a current pulse with

six values in each PWM cycle (or two values in the rectangular current excitation) and not all

switch states are active. At zero-states, the phase currents circulate within the inverter bridge

and the DC link current is equal to zero. The measured value of DC link current at zero-states

cannot reflect any phase current and cannot be used as a valid feedback signal. In addition,

some active switch states may be too short in a practical system for the DC link current. The

feature of the DC link current indicates that some DC link current values are not measurable

and measured zero values are not valid as the feedback signal.

As seen in Figure 6.2 and Figure 6.3, fortunately, at least one valid DC link current value,

which is equal to one of the phase currents, is measurable in each PWM cycle under the

normal operating conditions. Therefore, the phase current estimations can be corrected at

least once per PWM cycle.

In the practical drive system, however, more complicated hardware and software are

required to sample the valid DC link current value in each PWM cycle due to the irregular

waveforms. An alternative approach is to use over sampling technique, that is, to sample

every possible DC link current values as fast as possible at the highest acquisition frequency.

In this way, all DC link current measurements are fed back to the adaptive correction

algorithm, which force the reconstructed DC link current to follow the measured DC link

current. Since the observer and the actual inverter use the identical switching control signals,

and due to the symmetry of the motor windings, the estimated three-phase currents also

follow the actual phase currents, even though their parameters may not be identical.

Since the DC link current is equal to zero at zero-states, the phase current observer can be

seen as an open loop estimator and the estimated three-phase currents may not be corrected at

thcsc instants. By using the DC link current reconstruction formula in trquation 6.2, however,

the zero DC link current feedback at zero-states can correct the balance of the three-phase

estimated currents, that is, to force the sum of the three-phase estimated currents equal to

zero, This is very important for the phase current estimation in the star connected motor.

6.3.4 Off Line Experimental results

To verify the validity of the proposed phase current reconstruction method, the practical

PMAC motor drive implemented earlier was also used here. Similarly, when the motor drive

is running, the three-phase currents and voltages of the motor, the DC link current, the DC
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link voltage of the inverter, and the switching signals from the DSP controller were acquired

simultaneously at an acquisition frequency of 100KHz. All of the acquired real data were

saved in a file to be used for the off-line testing.

The phase current reconstruction simulation used here has the similar block diagram as the

three-phase PMAC motor VI given in Figure 4.4. Ttte rotor position and the speed are not

directly measured but estimated from the acquired data of the three-phase currents and the

voltages based on the position sensorless technique explained in Chapter 5. The data of the

DC link voltage and the switching signals, as well as the back-EMF voltages generated from

the rotor position and the rotor speed are utilized to reconstruct the three-phase voltages and

to estimate the three-phase currents. The DC link current is reconstructed from the estimated

phase currents as the output of the current observer. This ouþut is compared with the

measured DC link current data, and the error between them is regulated by the adaptive
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algorithm. Finally, the regulation result is fed back to compensate the DC link voltage and to

achieve adaptive correction for the estimation of the phase currents.

Several tests at different operating conditions were performed to reconstruct the three-

phase currents using the measured switching signals and the DC link cunent and voltage. In

these tests, the reconstructed values were compared with the measured currents to

demonstrate the capability of the phase cunent reconstruction method proposed.

Figure 6.9 shows the experimental results when the motor was running at a speed of 50Hz

and was excited by the sinusoidal currents. In order to visualise the quality of the

reconstruction, the figure provides a number of waveforms, including the measured DC link

current, the measured three-phase currents, the reconstructed phase current and the current

error of phase A. Figure 6.10 provides similar test results but at a speed of 2O HzIt can be

seen from these two figures that the proposed method can reconstruct the phase currents
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Figure 6.10 Off line experimental results for the sinusoidal PMAC motor excited
by the sinusoidal current and operating at 20Hz: DC link current,
measured phase (MP) current, reconstructed phase (RP) current, and
current error of phase A.
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accurately and the current elrors are negligible. This demonsftates that the adaptive observer

is a possible solution for the three-phase current reconstruction utilizing only one current

sensor on the DC link. The results demonstrate that the reconstructed phase currents can be

used as the feedback signals to implement the current closed loop control. From the figures, it

also can be seen that the current error is larger at the intersection point of the two-phase

currents. This is because the near equal duty cycles of the two-phase currents at the

intersection point. Therefore, the shape of the DC link current is very nanow in these regions,

which makes the accurate detection of the data difficult.

Similarly, when the test motor was excited with the rectangular currents, the experimental

results were given in Figure 6.11 and Figure 6.12. In Figure 6.11, the motor drive was

running at high speed, 50Hz and without current control. Figure 6.12 present the test results
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at a speed of 20Hz and with cuffent control. It can be seen from these two figures that the

proposed method can also reconstruct the phase currents in the tapezoidal PMAC motors. As

discussed before, the adaptive observer method is based on the symmetry between the three

phases of the motor. If the three phases are not symmetrical exactly, the errors during the

commutation periods increase, which a¡e observable in the figures given.

The phase current reconstruction method is based on an adaptive observer. As stated

earlier, the motor parameters used in the observer may deviate from the actual values.

Therefore, a number of tests were conducted to test the influence of the parameter variations

on the phase current reconstructions. In these tests, the parameters of winding resistance,

back EMF constant or equivalent inductance used in the observer was altered +20Vo. Ttre

experiment results indicate that the parameter variations have little effect on the phase current
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reconstructions and the estimated phase cuffents can also follow actual phase currents

accurately even under the faulty motor parameters. This means that the proposed

reconstruction method has an adaptive ability for the parameter variation. Due to the

similarity with above shown figures, the test results are not given here.

It should be emphasised that unlike the rotor position estimation that has the robustness

against the measurement inaccuracies, the phase current reconstruction is fully depended on

the DC link current measurement. Any measurement inaccuracies may deviate the

reconstructed phase currents significantly from the real current. Therefore, it is important to

ensure that the DC link current measurement is accurate to reduce the error in the

reconstructed currents. However, it was demonstrated in this thesis that the proposed method

is less sensitive to the spikes or other noises on the DC link current measurement. This is

primarily because of the integration component of the adaptive scheme that eliminates the

effects of the measurement noises.

6.4 Real-Time Implementation

In the previous subsections of this chapter, the proposed current reconstruction method

was validated using a set of off-line experiments. This section, however, provides the real-

time implementation details of the proposed technique while the technique was applied to the

closed-loop current control of the motor drive. The principal purpose of this section is to

demonstrate the feasibility of the method in the real motor drive. Some hardware and

software issues are also discussed in the section.

6.4.1Description of the Implemented System

Similar to the position sensorless control, the IRMDAC3 3-Phase 460VAC 3HP motor

drive board and the ADMC 300 DsP-based motor controller and a single DC-link current

sensor were used in the test setup. Figure 6.13 shows the block diagram of the system, As

illustrated in the figure, two A/D converter channels of the DSP are used to measure the DC

link current and the DC link voltage. In the tests, the encoder interface unit of the DSP is

used to produce the measured rotor position and the speed information of the motor.

Since no internal register was available in the DSP chip to obtain ttre switching signal

states, ttre switching signals used to control the inverter are connected to the digital input

ports on the ADMC Connector Board using extra wires. Thus, the switching signals required
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in the reconstructions of the DC link current and the phase voltages were obtained directly

from the digital input ports.

For display and plotting purposes, the serial DAC on the ADMC connector board was

used to convert the internal data to the analogue signals, such as the reconstructed three-

phase currents, the measured DC link current and the rotor speed.

As mentioned before, the phase current reconstruction method fully depends on the DC

link current measurement, and the actual DC link current is a high-frequency signal and has

several values in each PWM cycle. To measure such high-bandwidth data, the sample rate of

the A/D converter should be much higher than the PWM frequency. Similar to the position

sensorless control, therefore, the softwa¡e of the DSP to implement this single current sensor

control should be separated into two interruption service routines with different intemrption

frequencies. One of the service routines is the PWM block, which implements the

measurements of the rotor position and the speed, the speed regulation sub-routine, the

current control sub-routine and the PWM output. This service routine is similar to the

conventional control algorithm except the phase current signals that are not obtained from

A./D converter but from an additional service routine. The additional service routine is used

to implement the phase current reconstruction utilizing the switching signals, the measured

DC link current and the voltage. The intemrption frequency of the cunent reconstruction
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Figure 6.13 Block diagram of the drive system using a single current sensor.
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routine is usually several times higher than that of in the PWM block. Since the reconstructed

phase current values are only used in the current controller once per PWM cycle, the several

reconstructed current values within this cycle can be averaged in the real time system. Like

the position estimation in the real time system, this average filter can further eliminate the

influence of the measurement noises on the DC link current and can achieve better

reconstruction results.

In the standard sinusoidal PWM, there may be six valid DC link current values in each

PWM cycle, and as explained before, some of these values may appear a very short period of

time. Based on the features of the available hardware, the highest possible sample rate of the

A/D converter is 31.5KH2. Therefore the PWM frequency of the system was selected as

l302Hz in order to achieve reasonable accuracy on the DC link current measurement. This

means that the intemrption frequency of the reconstruction service routine will be 24 times

the PWM frequency, which was found sufficient to implement the single current sensor

control in the sinusoidal current excitation mode.

In the rectangular current excitation, however, the special functions of the PWM block on

the DSP chip are used to generate the required switching pattens, which have been detailed

earlier in the section of position estimation method. Based on the swirching patterns, only

two different DC link current values may appear in each PWM cycle. Therefore, the

sampling frequency of the DC link current measurement in the rectangular current excitation

can be relatively lower than that of in the sinusoidal cuffent excitation. In order to achieve a

better performance in the rectangular current excitation, the intemrption frequency of the

reconstruction service routine again was set to the possible highest value of 31.5KH2.

However, the PWM frequency was increased to 5208H2 in order to produce better

modulation results, and the sample rate of the A/D converter was only 6 times the PWM

frequency in the real time system.

6.4.2 Closed-Loop Experimental Results

To demonsftate closed-loop operation of the single current sensor control, a number of

experimental results were obtained under a wide range of operating conditions, such as the

steady state and the transient states, with and without the current control, and with sinusoidal

or rectangular current excitation.
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Figure 6.14 shows the steady-state experimental results of the single cuffent sensor drive

under the sinusoidal current excitation. The measured DC link current and the reconstructed

three-phase currents are given in the figure for two different speeds (43 Hz in Figure (a) and

I4Hz in Figure (b)).

It can be seen from the figure that the reconstructed phase current waveforms in both

operating modes can be utilised as the current feedbacks in the PMAC motor drive. Although

there are some small ripples on the current waveforms, which is due to the low PWM

frequency, the closed loop conffol using the reconstructed phase currents is stable and

achieves high static performances. However, when the speed of the motor drive is reduced,

such as lower than 10H2, the experiments indicated that the single current sensor drive

system becomes unstable. The principal reason for this is that the proposed reconstruction

method is completely based on the DC link current measurement. At low operating
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frequencies, the modulation index of the sinusoidal PWM is deeper, and the DC link current

pulses are very narow. Therefore, it is difficult to detect a valid value of the very short DC

link current pulses using the available hardware at the highest sample frequency of 31.5KH2.

If the DC link current measurement is less accurate, the phase current reconstruction becomes

less reliable. An unreliable phase current feedback and a lower PWM frequency can make the

motor drive system unstable. Therefore, to improve the performance of the reconstruction, a

higher speed DSP with high performance A/D converter should be used as the controller,

such as ADMC 501.

When the motor is excited with the rectangular current, the steady-state experimental

results are shown in Figure 6.15. As seen in the figure, since the PIVM frequency in the

rectangular current excitation is much higher, no apparent small ripples appear on the current
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waveforms as in the sinusoidal excitation. As seen in Figure 6.15a, since the DC link current

can be detected accurately in the high-speed without current confrol operation, the

reconstructed phase currents are good to be in the real time motor drive. \ù/hen motor is

excited with rectangular current, the single current sensor motor drive system can operate

stably at lower speed than that of sinusoidal excitation. This is because the DC link current

can still be accurately detected at low speed range when the special switching pattens are

utilized to generate the rectangular excitation current.

As mentioned before, only two different DC link current values may exist in each PV/M

cycle when the motor current is under confrol, and the DC link cunent is a bipolar current

pulse and has the same frequency as the PWM. When the motor speed decreases, the

modulation index of the PWM is deeper. Similar to the bipolar modulation, however, the

100 150 200 250
0-

1 00.

75.

50.

25.

0.

¡=r
H
tr{
':'€oo
Èh

rÉ
Èt

a 3.0

H z.o
È
H

Ë o.o
o

fr -a.o
.3.0

c100.
tr* ¡s.

åuo
E 25.

0.

g 4.0

Ë20
ä oo

Ë -2.0

050 1 400
(mÐTime(a)

50 100 1

150 200 250 30t1 350
(b) Time (ms)

Figure 6.16 Measured (M) speed and reconstructed phase (RP) current in
dynamic state of the real-time drive system: (a) With sinusoidat
current excitation, (b) With rectangular current excitation.



Chapter 6: Phase Current Reconsffuction 173

deeper modulation index means that the duty cycle of PWM is about 507o. This duty cycle

indicates that the two DC link current values can be detected accurately by the A/D converter.

Therefore, the proposed phase current reconstruction method is suitable for the rectangular

current excitation and can be used in a wide speed range.

Figure 6.16 shows a set of dynamic experimental results of the motor drive system

operating using a single current sensor on the DC link. When the motor is excited with the

sinusoidal currents, the dynamic waveforms of the measured rotor speed and the

reconstructed three-phase currents are given in Figure 6.I6a. In this test, the motor was

accelerated from 8rpm to 80rpm, and a god dynamic performance was observed. Figure

6.16b shows the dynamic results when the motor was accelerated 4rpm to 85rpm using the

rectangular current excitation. The results demonstrated that the proposed reconstruction

method is also suitable for the rectangular current excitation, and good dynamic

performances of the motor drive system can be achieved using a single current sensor.

6.5 Conclusions

The chapter proposed a novel three-phase current reconstruction technique for the PMAC

motor drives, which utilised the DC link current measurement and the switching signals of

the inverter. The technique is based on an adaptive current observer that effectively compares

the reconstructed and the measured DC link currents and corrects the three-phase current

estimates. The technique is suitable for both the sinusoidal and the rectangular current excited

PMAC motors.

In the chapter, a comprehensive analysis was given to explain the relationships among the

DC link current, the phase voltages and all possible switching states in the three-phase

inverter that is connected to the PMAC motor. The analysis was also covered two different

types of current excitations used in the PMAC motor control, rectangular or sinusoidal

current excitation.

The experimental results demonstrated that the reconstructed three-phase currents can

follow the actual winding currents accurately under different operating conditions and have

small static errors and fast dynamic responses. Therefore the method is suitable for the

practical applications, which can accommodate a single current sensor to implement a closed

loop current control.
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Since the phase cuffent reconstruction technique is based on a state observer, the

parameters of the motor are required in the estimation of the phase currents. V/ith the help of

adaptive scheme, however, divergences of the parameters have very small impact on the

phase current reconstruction, that is, the reconstructed phase currents are not sensitive to the

parameter variations. This feature indicates that the proposed phase current reconstruction

technique has adaptive ability to the parameter variations. However, the phase current

reconstruction is fully depended on the DC link current measurement. In order to implement

a good system, a higher speed DSP controller with high performance A/D converter should

be utilized to measure the DC link current as accurately as possible. Unlike the previous

techniques, this novel method does not require complex hardware circuits and does not

require any modification on the PWM signals, which may influence the actual ouþut currents

of the inverter and increase their harmonic components. Moreover, the integration action in

the adaptive scheme and the average algorithm within one PWM cycle can eliminate the

influences of the DC link current measurement noise. This means that the proposed

reconstruction technique is not sensitive to the current spikes that inevitably appear on the

DC link current measurements.

An inaccurate DC link current measurement may cause unreliable phase current

reconstruction. Therefore when the motor is excited with sinusoidal currents, the

reconstruction technique has limitations at very low speed range unless the hardware is

improved. However, there is no such limitation when the motor is excited with thc

rectangular current excitation.

The main purpose of this phase current reconsffuction technique presented here is to

reduce the number of current and voltage sensors used in the PMAC motor drives. Therefore,

a position sensorless PMAC motor drive system with a minimum number of sensors can be

rcalized, which will be discussed in the subsequent chapter, Chapter 7.



Chapter 7

PMAC Motor Drive with a Minimum Number of

Sensors

T.L Introduction

As discussed in Chapter 2, a PMAC motor has permanent magnets mounted on its rotor

and polyphase excitation windings inserted in the stator that is similar to a conventional

induction motor. ril/hen the rotor is rotating, the back-EMF voltages induced in the stator

windings are AC. In order to produce a constant torque, the winding excitation currents

should also be AC and should be synchronised with the back-EMF voltages. Therefore, the

most fundamental requirement in the PMAC motor control is to know the rotor position

information, which is required to generate the excitation currents and to implement self-

synchronous control. In addition, the speed control may be necessary in many applications.

To achieve this goal, a speed feedback signal is also required to implement the closed loop

speed control. Furthermore, in some applications, such as PMAC servo motor drives, the

torque control is required to achieve a high dynamic performance, which can easily be done

by mapping it to the current control. The purpose of the current control is to force the actual

phase currents to track the reference currents in the closed loop current conffoller, which can

be achieved by measuring the three-phase currents.

It can be seen from the above explanations that a high performance PMAC motor drive

requires a number of sensors to obtain the necessary feedback signals, the rotor position, the

rotor speed, and the three-phase currents. All these quantities can be measured directly from

the motor drive. However, using sensors increases the complexity and the cost of the drive

while reducing it reliability. Therefore, the reduction of the number of sensors in the PMAC

motor drives is considered in this chapter.

In a practical motor drive, the rotor speed data can be derived from the rotor position

information, so that the speed sensor can be eliminated. In addition, if the motor is star-

connected, the number of current sensors can be reduced to two since the third phase current

can be derived easily using the other two-phase currents. Therefore, it may be sufficient to
t75
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use only three sensors (one position sensor, two phase current sensors) to implement a high

performance motor drive.

Traditionally, the rotor position information is obtained directly from the motor shaft

using some form of shaft-mounted position sensor. As studied in detail in Chapter 3, the

elimination of the shaft-mounted position sensor is very desirable objective that can be

realised by using a position sensorless technique. However, in order to estimate the rotor

position accurately, most of the successful techniques require accurate measurement of the

three-phase currents and the voltages in the motor drive, which means that five sensors are

still required to implement the position sensorless PMAC motor drive. In these approaches, if
the motor has sinusoidal back-EMF voltages and sinusoidal excitation currents, the number

of voltage sensors can be reduced to two when two-phase reference frame is used in the

position estimators. However, the number of sensors just to replace the shaft mounted

position sensor remains high: two current and two voltage sensors.

Furthermore, the voltage and current measurements in the real drive require electrical

isolation, which increases the sensor's cost significantly, while reducing the measurement

accuracy due to the limited bandwidth of the practical sensors.

As stated previously, employing a minimum number of sensors in the PMAC motor drive

is the primary aim in this chapter. The chapter discuses the feasibility of such aim and how to

combine the previous sensor reduction techniques proposed and implemented in Chapter 5

and Chapter 6.

Section 7.2 reviews the reconstruction methods of the phase voltages and the currents in

two different type PMAC motors: sinusoidal and trapezoidal PMAC motors. In Section 7.3,

the fundamental requirements of rotor position estimation are revisited. Based on the position

sensorless technique proposed and the reconstruction methods of the phase currents and the

voltages, the PMAC motor drive system with a minimum number of sensors is explained in

Section 7.4. Some openJoop experimental studies were presented in the same section to

illustrate the features of the reconstructed values of the phase voltages and currents, and the

estimated rotor position using these reconstructed values. The section also discusses the real

time implementation issues and provides a wide range of closed-loop experimental results.

These results demonstrate the feasibility of the PMAC motor drive utilizing a minimum

number of sensors: two sensors if the DC link voltage is not constant or one DC link current

sensor if the DC link voltage is constant. Section 7.5 draws some conclusions and
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summilizes the features of the high performance PMAC motor control using the minimum

number sensors.

7.2 Minimizing the Current and the Voltage Sensors

In most PMAC motor applications, the knowledge of the phase currents and the voltages

is required to implement the closed-loop current control and to accommodate inverter and

drive protection. In the position sensorless motor drive system, the phase current and voltage

signals are also required to estimate the rotor position. As stated earlier, in order to minimize

the number of sensors, the three-phase currents and voltages of the PMAC motor can be

reconstructed using the DC link measurements and the switch states of the inverter.

7,2.1 Phase Voltage Reconstruction

When the PMAC motor is powered from the three-phase inverter, the three-phase voltages

of the motor are closely related to the switch states of the inverter. As discussed in Chapter 4

and Chapter 6, the unified expression for the phase voltage reconstruction can be rewritten

as

(7.r)

In the above expression, the switch states (,So, S¡, S") depend on the switching signals of

the inverter and the directions of the phase currents, and the DC link voltage, V¿c can easily

be measured. However, the three-phase back EMF voltages (€o, €b, e") cannot be measured

directly but can be estimated from the rotor position and the speed signals.

If the three-phase voltages used to estimate the rotor position and the speed are conversely

reconstructed from the estimated rotor position and the speed, the motor drive control may

not operate steadily and has low reliability against the changes in the operation conditions. If
back EMF voltages of a PMAC motor are sinusoidal, fortunately, the sum of the three-phase

back EMF voltages is equal to zero. V/hen all three phases are excited with the currents, such

as three-phase sinusoidal currents, there are only eight possible switch states, which makes

the phase voltage reconstruction simple:

n =f[k'so -so -^s, - ù'+*(s, ' e"+ sol'r, *ls"l'r")]

,o =[r, -Jtr, +,sú +s")] vd,/2=)b.^sp -so -s, -s") (7.2)
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This expression indicates that the phase voltages of the sinusoidal PMAC motor only

depend on the DC link voltage and the switch states, which can be derived from the

switching signals and using the directions of the phase currents that were given in Table 6.3.

In the standard sinusoidal PWM strategy, two switching signals in one phase of the

inverter should have opposite sign at any time except the dead time. During the dead time,

the two switching signals are equal to zero (to turn the power switches off), and the switch

state of the relevant phase depends on the directions of the phase current. The existence of

the dead time indicates that the switch states a¡e different from the switching signals of the

inverter. In a practical inverter, however, the dead time only lasts very short period of time. If
the reconstructed phase voltages are only used in the current observer and in the rotor

position estimator, the impact of the dead time on the reconstructed phase voltages can be

ignored. Therefore, the phase voltages sometimes may be reconstructed simply using the

switching signals in the sinusoidal current excited motor.

When the reconstructed phase voltages are used to estimate the rotor position and the

speed of the motor, they bring additional benefits to the estimation. As mentioned before, the

three-phase voltages of the inverter driven motor are high-frequency voltage pulses, and the

measured phase voltages always contain some high-frequency measurement noises that are

hard to filter. Some of the benefits of the reconstructed phase voltages are that the influence

of the noise and the measurement DC offset in the position estimation are eliminated. This

improves the accuracy of the rotor position estimation significantly.

However, it should be noted here that the reconstructed phase voltages might be different

from the actual phase voltages specifically if the motor is running at very low speeds. If the

DC link voltage remains constant, some of the voltage pulses become very narrow pulses

when the motor speed slows down. In addition, at vcry low speed range, the dynamic voltage

drops of the power devices may influence these nanow voltage pulses. However, the

reconstruction method of the phase voltages implemented here assumes ideal power devices

in the inverter. Therefore, the influences of the dynamic voltage drops of the power devices

can make the reconstructed values far from ideal.

If the back EMF voltages of the PMAC motor are ftapezoidal, however, the sum of the

three-phase back EMF voltages is not equal to zero. In addition, the trapezoidal motor

normally requires rectangular excitation currents. In this case, there are only two phases

conducting the cunents at a given time except the commutation periods. If only two of the
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three phases conduct current, the voltage of unexcited phase is equal to the back-EMF

voltage of that phase, that is,

If S, =0, (7.3)

If the phase voltage is reconstructed based on the above equation, the voltage depends on

the rotor position and the speed signals only. Therefore, if there is an estimation error in the

rotor position and the rotor speed, the reconstructed phase voltage will be affected from this

effor. This generates more error if the reconstructed phase voltage is again used to estimate

the rotor position and the speed. Such positive feedback action, consequently, can make the

position estimation incorrect causing significant vibration in the motor drive. Therefore, as

will be demonstated later, the voltage reconstruction technique to estimate the rotor position

cannot easily be implemented in the lr:apezoidalPMAc motor drives.

7 .2.2 Phase Current Reconstruction

In the position sensorless PMAC motor drive system, three-phase current signals are used

in the estimation of the rotor position, as well as in the closed-loop current conffol.

When the motor is powered from an inverter, the three-phase currents of the motor are

closely related to the DC link current of the inverter. As described in Chapter 6, this

relationship was used to reconstruct the three-phase currents, which was based on an adaptive

current observer. The method proposed used the mathematic model of the PMAC motor drive

as a state observer. In the observer, the DC link current was constructed first using the

estimated three-phase currents from the motor model. Then assuming a three-phase

symmetry in the PMAC motor, the observer output compares the measured and the

reconstructed DC link currents and produces some compensation on the DC link voltage that

is used to reconstruct the three-phase voltages in the current observer. As demonstrated, such

compensation can correct the estimated three-phase currents and force them to follow the

actualwinding cuffents under all operating conditions. Figure 7.1 redraws theportion of the

cuffent observer that was given earlier in Figure 6.6.

The experimental results given in Chapter 6 show that the current observer can reconstruct

the three-phase currents of the PMAC motor accurately using the DC link measurements and

the switching signals of the inverter. As also demonstrated, the reconstructed phase currents

lo=€o
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have smaller static effors and faster dynamic responses and can be used as feedback signals

to implement the closed loop current conftol in the PMAC motor drives.

switch
!rgrr¡ls

Figure 7.1. Block diagram of the current observer

Due to the sufficient accuracy in the reconstruction, the reconstructed phase cuffents can

also be used in the rotor position estimation routine. When these reconstructed current are

used in the actual drive, although some small fluctuations in the current waveforms are

present, these can be considered as measurement noises that have a limited impact on the

rotor position estimation.

When the parameters used in the current observer are different than the actual motor

parameters, the reconstructed phase currents may have some small phase difference

compared to the actual currents. However, the effect of the phase difference on the position

estimation can be limited if the proposed robust position estimation algorithm is used. In

addition, since the reconstruction is based on an ideal symmetrical mathematic model of the

motor, the reconsffucted three-phase currents have little or equal offset errors. The equal

offset effors on three-phase current signals have no effect on the rotor position estimation as

discussed in Section 5.4.2.

It should be noted here that the current reconsfuction technique is based on the current

observer that requires the back EMF voltages, which cannot be measured but were generated

using the estimated rotor position and the speed. This means that the reconstructed phase

currents and the estimated rotor position are interrelated. However, the back EMF voltages

play a minor role in the current estimation as can be seen from the mathematic model.

Moreover, the cunent observer is a closed loop adaptive observer. The modified DC link

voltage can compensate the errors in the estimated back EMF voltages. Unlike the phase

scheme
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phase
T¿

a
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voltage reconstruction in the trapezoidal PMAC motor, the reconstructed phase currents can

still be used to estimate the rotor position and the speed even though their reconstruction is

related to the back EMF voltages.

By using the phase current reconstruction technique proposed, the number of current

sensors required in the PMAC motor drive system was reduced to a single sensor. As a result,

the total number of sensors required in the motor drive was reduced to two sensors: one

voltage sensor to measure the DC link voltage, and one current sensor to measure the DC link

current. Furthermore, when the motor drive is supplied from a utility power line, the DC link

voltage of a voltage source inverter may be assumed constant, which allow the elimination of

the voltage sensor. In this case, only one culrent sensor is sufficient to implement the closed-

loop PMAC motor drive.

7.3 Elimination the Rotor Position Sensor

As stated previously, the PMAC motor is a synchronous motor. Therefore, to control such

motor, the rotor position information is required, which is utilised to generate the excitation

currents that are in synchronism with the back-EMF voltages. Although shaft-mounted

position sensors are used traditionally to obtain the rotor position, the proposed indirect

position sensing method explained in the earlier chapters utilises the motor's voltages and

currents to determine the rotor position.

When the previous position sensorless techniques are reviewed, it can be seen that

minimisation of the sensors in the PMAC motor drives are difficult. For the methods of back-

EMF sensing, the voltage sensors used to measure the back-EMF voltage on the unexcited

phase cannot be eliminated or minimized. This implies that the position sensorless techniques

cannot be used to implement a PMAC motor drive with a minimum number of sensors. In

addition, most of the observer-based methods are computationally intensive and are sensitive

to the errors that are present in the practical motor drives. Due to the reconsffucted phase

voltages and currents may be slightly different from actual values, the techniques sensitive to

the differences are not suitable for the PMAC motor control with a minimum number of

sensors. Furthermore, the current measurements play an important role in the position

detection using the rotor saliency. If the reconstructed phase currents are used to replace the

current measurements, much valuable information on the current waveforms can be lost.

Therefore, the position sensorless techniques based on rotor saliency are also not suitable to

minimize the number of sensors in the closedJoop conffol of PMAC motor drive.
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In order to minimize the number of sensors in a PMAC motor control, the requirements of

three-phase current and voltage information should be reconstructed from DC link

measurements. Although the reconstructed values may be slightly different from actual phase

currents and voltages, the position sensorless technique detailed in Chapter 5 has the

robustness with respect to these differences. Therefore, the integration of the two techniques

proposed in the previous chapters can minimize the number of sensors used in a PMAC

motor drive.

Simila¡ to the measurement errors, the reconstructed values may also have three types of

errors, offset etrors, scaling errors and noises. Using the proposed reconstruction methods,

the offset errors of three-phase voltages and currents are nearly zero or equal each other. As

mentioned before, the equal offset effors have no impact on the rotor position estimation.

Although a possible larger scaling error caused by the reconstruction may generate a larger

position estimation error, this will be limited by the auto-correctional action of the robust

position estimation algorithm proposed. The other differences between reconstructed and

actual values can be assumed as measurement noises, but the noises are mush smaller

compared with other reconstruction methods. The smaller assumed measurement noises on

reconstructed voltages and currents can produce smaller random position estimation errors,

which could be filtered by the average action in the real time system.

Therefore, it can be concluded that the position estimation technique proposed in this

thesis can use the reconstructed three-phase currents and voltages to estimate rotor position

information accurately, which allows the significant reduction on the number sensors used.

7.4 Realization of the PMAC Motor Drive with a Minimum

Number of Sensors

In this section, the integration of the previous estimation and reconstruction techniques are

done, the integrated system was realized, and a number of experimental results were

presented to demonshate the feasibility of the implementation of the PMAC motor conffol

using only two sensors.

7 .4.LMotor Drive System

Figure 7.2 shows the block diagram of the PMAC motor drive system that accommodates

only two sensors: DC link current and voltage sensors. As stated earlier, a further reduction
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of the sensors is possible if the DC link voltage remains constant during the operation of the

motor drive, and its value is known in the drive model. As explained previously, the close

relation between the reconstructed phase currents and the estimated rotor position does not

influence the stability of the closed loop position sensorless control in the real time system.

Furthermore, it should be emphasised here that the phase voltages should be reconstructed

twice in the integrated motor drive. First, in the current observer, the measured DC link

voltage must be compensated by the adaptive scheme using the DC link current error and

then can be used to reconstruct the modified phase voltages, which are used in the estimation

of the phase currents. Second, the actual measured DC link voltage should be directly used to

reconstruct the phase voltages that are required in the position estimation algorithm.
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Figure 7.2 PI$'IAC motor drive with a minimum number of sensors

Consequently, the speed observer uses the rotor position to estimate the angular speed

signals, which is then used as the speed feedback to implement the closed loop speed control.

The ouþut of the speed regulator is defined as the amplitude of the current command.

Together with the estimated rotor position signals, the amplitude is used to generate the

required current reference signals, and the reconstructed phase currents are used as the

current feedback signals.
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7.4.2 Open-Loop Experimental Results

In the open-loop tests, the PMAC motor drive was controlled using the conventional

control approach. The standard PWM strategies with a PWM frequency of 5KHz were used

to generate the reference excitation currents. When the motor drive was running, the data

acquisition system was used to sample various quantities simultaneously at a frequency of

100KHz. The measured quantities include three-phase voltages, two-phase currents, the DC

link current and voltage, the measured rotor position and the switching signals of the inverter.

In this study, the acquired data of the switching signals, and the DC link current and the

DC link voltage are utilized to reconstruct the three-phase voltages and currents, and then to

estimate the rotor position. The off-line data processing was performed by a custom written

software in LabVIEW. The reconstructed three-phase voltages and currents, and the

estimated rotor position were plotted and compared with the measured values to demonstrate

the feasibility of the PMAC motor conhol technique using two real sensors.

Figure 7.3 illustrates the open loop experiment results when the motor is excited by the

sinusoidal currents and running at a steady-state speed of 53.5 rpm (about 25Hz), The figure

shows the waveforms of measured (M) and estimated (E) rotor position, measured (MP) and

reconstructed (RP) three-phase currents, and measured and reconstructed three-phase

voltages. As demonstrated in the figures, the rotor position, the phase currents and voltages

are accurately estimated, indicating that two of the measured values, the DC link voltage and

current, can be used as the feedback signals to implement the PMAC motor control.

When the motor is excited with the rectangular currents at a steady-state speed of 53.5 rpm

(about 25Hz), the open loop experiment results are given in Figure 7.4. Similarly, there is a

good agreement between the measured and the reconstructed and estimated values. However,

a close observation of these results indicate that the rotor position estimation and the

reconstruction of phase voltages and currents are more sensitive to the measurement

inaccuracies and the parameter variations, which is primarily due to the open loop

reconstruction of the phase voltages. When the motor is excited with the rectangular currents,

the phase voltages depend on the DC link voltage and the switching signals as well as the

rotor position and the speed signals. While, the rotor position and speed signals are estimated

from the reconstructed phase voltages and currents. If measurement inaccuracies and the

parameter variations cause some estimation errors on the rotor position and the speed, the

reconstructed phase voltage differ from the actual value. Using these inaccurate reconstructed
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phase voltages in the estimation, more errors are generated on the rotor position and the

speed. Therefore, it can be concluded that two sensors approach is more sensitive to the

measurement inaccuracies and the parameter variations in the rectangular cturent excitation,

which may cause instability in the real motor drive.
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In order to clearly indicate the test results of rotor position estimation and phase current

reconstruction, Figure 7.5 show the errors of estimated rotor position and reconstructed phase

current in the open loop test in the Figure 7,3 and Figure 7.4.
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7 .4.3 Real Time Implementation of the Closed Loop System

To implement the PMAC motor control with a minimum number of sensors in real time,

the hardware described earlier was also used. However, only two A/D converter channels on

the DSP based motor controller are utilized to measure the DC link current and voltage. In

addition, the switching signals used to control the inverter are also connected to the digital

input ports on the ADMC connector board using extra wires. The DSP read these digital

signals as the switching signals required in the reconstruction of the DC link current and the

phase voltages.

Again, the ADMC 300 DsP-based motor controller was the core processor in this study,

where all the algorithms described above were implemented in real-time. However, the

software of the implementation was separated into two intemrption service routines at

different intemrption frequencies. One of the service routines, which has the same

intemrption frequency as the PV/M frequency, performs the speed regulation, the current

150
Time (ms)
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control and the PWM output. The algorithm of this service routine is same as the

conventional control except the phase current signals, the rotor position and the speed signals

were not obtained via the A/D converters and but linked to the second service routine.

The second service routine performs the reconsfruction of the three-phase currents and

voltages, the estimation of the rotor position and the rotor speed observer. As mentioned in

Chapter 6, the phase current reconstruction directly depends on the accuracy of the DC link

current measurement. Therefore, the sample rate of A/D converter should be as high as

possible in the real system The highest possible sample rate of the A/D converter of the

ADMC 300 DsP-based motor controller is 31.5KH2. Based on this hardware limitation, we

have selected the PWM frequency as l302Hz that provided reasonable accuracy in the

measurement of the DC link current. This means that the intemrption frequency of the

reconsffuction and the estimation service routine is 24 times of the PWM frequency in the

real time system, which allowed us to implement the PMAC motor control with two sensors.

According to the structure of the software implementation, the reconstruction and the

estimation service routine perform 24 times in each PWM cycle, but the reconstructed phase

current, the estimated rotor position and the speed values are updated once per PWM cycle.
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Therefore, 24 reconstructed and estimated values within one cycle can be averaged or filtered,

which may produce better results by reducing the fluctuations in the reconstructed three-

phase currents and the random position estimation errors.

In the real time implementation of the PMAC motor control utilising two sensors can use

the same starting strategy described earlier in the position sensorless control, that is, the

motor drive can start directly from zero speed in real time without accommodating any

special starting strategy. At beginning of the starting, the reconstruction algorithms predict

the phase voltages and currents using the measured DC link current and the voltage, and the

position estimation algorithm uses the reconstructed values to estimate the rotor position

using a random initial value. Although this may generate wrong estimation, within one

electrical cycle, the reconstructed phase currents and the estimated rotor position can

converge to the actual values and can be used as the correct feedback signals in the closed

loop system. Due to the large errors of the reconstructed phase currents and the estimated

rotor position at start, the dynamic performance of the starting procedure of the motor drive is

not as good as expected. However, it was observed during the tests that the motor drive can

always start smoothly with this starting approach.

The first test result shown in Figure 7.6 illustrates the operation of the two sensor motor
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drive at a steady-state speed 107rpm. In the figure, the measured DC link cunent, the

reconstructed three-phase cunents, and the estimated rotor position are given. The test is

repeated at a much lower operating speed of 21.4rpm and the results are presented in Figure

7.7. As demonstrated, the waveforms of the reconstructed three-phase currents and the rotor

position are used as the feedback signals in the drive and the closed loop control was

achieved in the motor drive.

Figure 7.8 shows an ultimate test result to demonstrate the dynamic performance of the

motor drive operating in closed-loop and using only two sensors. The fiansient waveforms of

the three-phase currents, the estimated rotor position and the speed are all given in the figure.

In this test, the motor drive starts from standstill, accelerates and reaches to a steady-state

speed of 107 rpm within 200ms. The results indicate that the motor drive can start directly

from zero speed and also demonstrates a reasonable dynamic performance when uses the

reconstructed phase currents in the current confrol loop and the estimated rotor position to

generate the reference currents.

When the above results are compared with the test results presented in the position

estimation chapter, the performances of the motor drive are not very accurate. In addition, it

was found that the combined approach (two sensor approach) has a limited operating speed
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range. Moreover, the actual curent waveforms clearly reflect the increased errors in the rotor

position estimation. The primary reason of such weaknesses is the limitation of the available

hardware as described earlier. To improve the performance of the two-sensor motor drive, a

higher speed DSP with higher performance AlD converters should be used, such as ADMC

501. In addition, the speed observer, the speed regulator and the current controller in the

drive system should be carefully redesigned to reduce the execution time and some form of

digital filtering should be accommodated in the estimation and in the reconstruction routines.

V/e also perform some experiments for rectangular current excitation. In the real time

implementation, the intemrption frequency of the service routine of current reconstruction

and position estimation is still set the possible highest value of 31.5KH2, but the PWM

frequency is selected as 5208H2, which is similar to the one cuffent sensor control. When we

use the measured phase currents and rotor position as the feedback signals to implement

closed loop control, it can be observed that the reconstructed phase currents and estimated

rotor position have good waveforms and agreement with the measured values. If the

reconstructed phase currents and estimated rotor position are used as the feedback signals,

however, the motor drive cannot operate properly and motor system may vibrate when

operation conditions are changed. In order to find out the major reason of this vibration, we

modify the DSP program with several different options of feedback signals and perform the

experiments. When we use the measured phase voltages and reconstructed phase currents to

estimate rotor position, it is found that the motor drive can implement stable closed loop

operation using the reconstructed phase currents and estimated rotor position as the feedback

signals. The experiment results indicate that the reconstructed voltages do cause the vibration

when the motor is excited with rectangular currents.

As mentioned before, when the rectangular currents excite the motor, the phase voltages

depend on the DC link voltage, the switching signals, the rotor position and the speed. If the

reconstructed phase voltages are used to estimate the rotor position and the speed, the phase

voltage and the rotor position will be interdependent. In this case, if the estimated rotor

position is inaccurate, which may be caused by the measurement errors or the parameter

variations, the reconstructed phase voltage differs from the actual value. Inversely, the

inaccurate reconstructed phase voltage can cause more erors in the estimation of the rotor

position. Finally, if the estimated rotor position is completely different than the actual value,

the motor drive does not rotate but oscillates back and forth. Therefore, it can be concluded

that the open loop voltage reconstruction technique in the rectangular current excitation may
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not give reliable consffucted phase voltages, which also depend on the rotor position and the

speed. Using the unreliable voltages to estimate the rotor position, the motor drive cannot

reliably implement self-synchronization conffol with the estimated value. This implies that

the motor control technique with a minimum number of sensors cannot be suitable for a

trapezoidal PMAC motor.

7.5 Conclusions

The chapter discussed a possible solution for the sensor reduction in the PMAC motor

drives. Normally, such motor drives require the rotor position, the speed, and the three-phase

currents as feedback signals to implement the closed loop control. In order to minimize the

number of sensors that are used to measure these signals, the position sensorless technique

and the reconstruction methods for the phase currents and the voltages were combined.

As demonstrated in the chapter, the phase voltages of the inverter driven and sinusoidal

current excited motor can easily be reconstructed using the DC link voltage and the switching

states. If the motor is excited with the rectangular currents, however, the phase voltages not

only depend on the DC link voltage and the switching signals but also related to the rotor

position and the rotor speed. Therefore, if the rotor position and the speed data a¡e not

accurate enough, the reconsffucted phase voltages become unreliable, hence not to be used in

the position estimation.

Furthermore, it was demonsffated that the current observer described in the previous

chapter is suitable for both the sinusoidal and the rectangular excitations, and therefore the

reconstructed three-phase currents can be used as the feedback signals to implement the

closed loop current control utilizing a single current sensor. However, in order to obtain

accurate results, a higher speed DSP conftoller with high performrlnce AID converter should

be utilized to measure the DC link current.

Although the phase currents as well as the phase voltages can be reconstructed from the

DC link measurements, small reconstruction errors are inevitable, which is primarily due to

the ideal motor model used. Therefore, if the reconstructed phase voltages and the phase

currents are used to estimate the rotor position, the estimation algorithm must be robust with

respect to the reconstruction errors. As demonstrated in Chapter 5, the position sensorless

technique proposed has robustness with respect to the measurement inaccuracies. Therefore,
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the reconstructed three-phase currents and the voltages can be used to estimate the rotor

position in the PMAC motor drives.

By combining the proposed techniques for the position estimation and for the

voltage/current reconstruction, the PMAC motor drive utilising only two sensors on the DC

link (one for voltage and one for cunent measurement) were demonstrated. It was also

explained that if the DC link voltage remains constant, the DC link voltage sensor can be

eliminated and therefore only one current sensor can be used to achieve a closed loop control.

kr this case, the numerical value of the DC link voltage has to be provided to the

reconstruction algorithms.

V/hen the motor is excited with the sinusoidal currents, the estimated rotor position and

the reconstructed phase currents can be used successfully in the closed loop control. The

experiment al results demonstrated the feasibility of the implementation of the PMAC motor

control using two sensors. V/hen the motor is excited with the rectangular currents, however,

the motor drive with two sensors cannot operate properly and the motor drive system may

vibrate when the operating conditions were changed. This implies that the real-time

tapezoidal PMAC motor control was not satisfactory by using two sensors. The primary

reason of this limitation is due to the voltage reconstruction is related to the rotor position and

speed signals when the motor is excited with rectangular currents.

Due to the limitation of the available hardware and low PWM frequency, the

performances of the motor drive with only two sensors are not satisfied. It was suggested that

to improve the performance of the motor drive, a higher speed DSP with high performance

A/D converter should be accommodated in the controller, such as ADMC 501. In addition,

the design of the speed observer, the speed regulator and the current conftoller in the drive

system should be revisited, which may require further investigations.

It should be emphasized here that this research focused on the sensor minimization

techniques only for the closed-loop conftol of the PMAC motor drive. To protect the motor

drive against the potential faults, additional sensors may still be needed, but this is not

covered in this study.



Chapter I
General Conclusions and Suggestions for the Future

Research

The brushless PM motors are doubly excited motors, which use permanent magnets on the

rotor to provide the field excitation, This inside-out construction in the motor, compared with

the conventional DC motors, brings a number of operational advantages. These include no

excitation loss and higher efficiency due to the absence of field excitation system, higher

torque or ouþut power per volume. A better dynamic performance using high performance

PM materials, the simplicity of the consfruction and the reduced maintenance are the other

additional benefits of such motors. In addition, the absence of commutator and brushes

reduces the motor length and the moment inertia, and as a result of these, brush friction and

speed dependent current limitations are eliminated. Therefore, considerable improvements in

dynamics of the motor are achieved, which make the motors a good candidate in AC servo

drive applications.

However, the brushless configuration also means that an electronic switching converter

has to be accommodated to perform the current commutation in the motor, which has similar

function as the mechanical commutator/brushes. The electronic commutation circuit ensures

that the motor phases a¡e switched on and off with reference to the rotor position, in other

words with reference to the back EMF voltages. Therefore, the brushless PM motors requires

the position feedback to realise a self-synchronous control.

Conventionally, the PMAC motor drives use shaft-mounted position sensors, such as

resolvers, absolute position encoders and Hall-Effect sensors, to measure the rotor position

directly. However, these mechanical shaft-mounted position sensors have many drawbacks,

such as greater installation and maintenance costs, a greater number of connections between

the motor and the control circuits, sensitivity to the environmental factors, and the

requirement for additional space for mounting the sensor. In addition, the position sensors are

the most expensive and fragile components in the entire motor drive. Therefore, the

elimination of the shaft-mounted position sensors is a very desirable objective in many

applications.

194



ChapterS.Conclusions and Sug gestions for Future Research 195

A number of position sensor elimination, or indirect position detection, techniques have

been proposed for the PMAC motor drives, which are broadly classified in three groups.

In the trapezoidal PMAC motors, the most common approach to detect rotor position is to

extract the rotor position information indirectly from the back-EMF waveform of an

unexcited phase. However, the back-EMF voltages of the PMAC motor are too low to be

sensed at low speed range. In addition, the method is affected from the switching transients

of the phases that conduct currents, Therefore, this kind of position detection techniques is

not suitable for low-speed operation and a special starting strategy must be applied to start

the motor from standstill.

The indirect position detection techniques for the sinusoidal PMAC motors are mainly

based on the estimation methods using the phase voltages and the currents of the motor. In

these techniques, the rotor position can be obtained by a state observer, or by Kalman

filtering technique, or by direct calculations. However, the previous methods proposed in the

literature are computationally intensive, and they generate inaccurate position estimation due

to the motor parameter variations and the measurement inaccuracies that are present in any

practical motor drive. Moreover, these techniques may suffer at low speed operation, which

is mainly due to drift of the integral functions employed in the algorithms.

In the interior permanent magnet motor with rotor saliency, the rotor position can be

indirectly detected using the position dependent inductance values. In addition, the rotor

position information in such motors can be extracted from the responses of an injected high

frequency test signal. These techniques are independent from the motor speed, hence can

operate at very low speeds including standstill. However, such techniques are not suitable for

the non-salient PMAC motors, such as surface permanent magnet motors.

In order to overcome the limitations of the previous techniques, this thesis proposes,

develops and implements a novel indirect rotor position detection technique that is suitable

for both the trapezoidal and the sinusoidal PMAC motor drives. In the novel method, three-

phase flux linkage increments are calculated using the measured phase currents and the

voltages. The proposed technique requires no integration routine, which is used in the

previous methods to calculate the flux linkage and is the main source of the estimation errors.

In the novel method, the back-EMF voltages are defined as the product of the angular speed

and the unity back-EMF functions. Using the flux linkage increments and the back-EMF

functions, the proposed algorithm can calculate a single rotor position increment, which also
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has auto-correction ability against errors. Finally, the corresponding rotor position

information is calculated by integrating the rotor position increment. The back-EMF

functions used in the calculation are generated using the estimated rotor position that can

form an internal closed loop in the algorithm. Therefore, the integration loop that usually

exists in the calculation of the flux linkage and located outside the closed-loop is transferred

to the position calculation level that is located inside the closed-loop. In addition, it was

demonstrated that using a phase-locked loop (PLL) algorithm, the internal closed loop can

correct the position drift that may be due to the motor parameter deviations and./or the

measurement inaccuracies.

As stated, the parameter variations and the measurement inaccuracies are inevitable in the

practical motor drive. Therefore, in this thesis special attention is given to the analysis of the

parameter variations and the measurement inaccuracies and their impact on the rotor position

estimation. A number of simulation studies and open loop experiments were done to study

the novel indirect rotor position detection technique in detail. The robustness with respect to

the parameter variations and the measurement inaccuracies were also studied, which

demonstrated that the new algorithm can limit the position drift within an acceptable range

of 2-3Vo.

Another important feature of the proposed position estimation method is that the

algorithm has less mathematical computations, which made the real-time implementation

possible using a DSP. In this research, all experimental results were obtained using a

comprehensive test setup, which contains an IRMDAC3 3-Phase 460VAC 3HP motor drive

board and an ADMC 300 DsP-based motor controller. The control, the reconstruction and

the estimation software were all written in Assembly Language in the DSP.

In the real-time motor drive, the estimated rotor position was used to replace the posil.iorr

feedback signal, and the speed feedback signal was obtained from the estimated rotor

position, which allowed us to develop a closed loop speed control. As demonstrated, the

sensorless motor drive can start from standstill smoothly and operate in entire speed range

and in different operating conditions. Moreover, the real time experimental results shown that

the proposed position estimation method has good static and dynamic performances.

Furthermore, the high robustness of the motor drive indicated that the new position sensorless

technique is suitable to be used in the practical applications.
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In order to continuously estimate the rotor position, most of the observer based position

estimation algorithms require real-time three-phase crrrents and voltages. In addition, the

three-phase currents are also used in the drive to implement the closed-loop current control.

Although the direct measurements of the three-phase voltages and currents using separate

sensors are the most effective method, this is an expensive solution.

Employing a minimum number of sensors, which increases the reliability of the system

and reduces the drive cost, are desirable in many applications. This is the primary aim of this

research.

As demonsfrated, the three-phase voltages and currents of the PMAC motor can be

reconstructed from the DC link measurements and the switch states of the inverter. This

approach allowed us to investigate the sensor reduction concept further. When a motor is fed

by a three-phase inverter, the terminal voltages of each phase can be eithertVo, or -lV¿",

depending on the switch states of the phase in the inverter. However, the phase voltages are

also related to the floating neutral voltage of a star connected motor, which is not constant

but varies with the switch states and the back-EMF voltages. If the back EMF voltages of a

PMAC motor are sinusoidal, the sum of the three-phase back EMF voltages is equal to zero.

When all of three phases are excited with currents, such as sinusoidal currents, the phase

voltages of the motor only depend on DC link voltage and the switch states, that is, the phase

voltage will be 0, !+Vd" or tJVo".

However, if the back EMF voltages of a PMAC motor are trapezoidal, the phase voltage

reconstruction is more complicated since the phase voltages not only depend on the DC link

voltage and the switch states, but also relate to the back-EMF voltages. Although the back-

EMF voltages can be regenerated using the rotor position and the rotor speed data, the open

loop regeneration may cause some instability in the drive, specifically when the reconstructed

phase voltages are used in the rotor position estimation.

As verified, three-phase currents of the inverter driven motor are closely related to the DC

link current of the inverter. Based on this relationship, it was concluded that the three-phase

currents can be reconstructed using the DC link current measurement. When the rectangular

currents excite the motor, the reconstruction is relatively easier since only two of the three

phase windings conduct currents at a given time, and the value of the two-phase current is

exactly equal to the DC link current but their directions depend on switching state of the
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inverter, However, during crtrrent commutation periods, the reconsffuction method does not

work, which is due to the three-phase conduction during the commutation instants.

When the sinusoidal currents excite the motor, all three-phase windings carry currents at

any instant. The three-phase current reconstruction using the DC link current measurement is

still possible. When all of the three phases conduct current simultaneously, the inverter only

has eight possible switching states: two zero-states and six active-states. During the six active

states, one of the phase currents flows through the DC link. During the two zero-states,

however, the phase currents circulate inside the inverter bridge, not passing through the DC

link. Under the normal PWM mode, there are two possible active-states in each PWM cycle.

Hence, the two-phase currents can be obtained from the DC link current measurement at two

consecutive points. If the PWM frequency is high enough, the phase currents vary slightly

over one PV/M cycle. In this case, the values obtained can represent the two-phase currents

within this cycle, and the third phase current can easily be calculated using the two values if
the motor is star connected.

However, under certain operating conditions, either two active-states in one PWM cycle

may last for a short period of time. Due to the finite switching time of the power devices, the

dead times, and the delays in the electronic circuits, the actual phase current may not be

visible on the DC link measurement. Although several different methods have been proposed

in the literature to solve this problem, complicated hardware circuits are required to detect the

values of the current at given instants. The measurement noise may also cause significant

error in the reconstruction. In addition, the previous methods can obtain the average values of

the phase cuffents within one or several PWM cycles using integration or averaging

techniques. Therefore, the variations of the currents within one PWM cycle cannot be

obtained, which is required in the fast acting closed loop current conffoller. Moreover,

modified PWM signals in the previous methods may influence the actual output currents of

the inverter and increase the total harmonic distortion and the switching losses.

In order to overcome some of the previous problems and to reconstruct the three-phase

currents that are suitable for the position estimation as well as for the closed loop current

control, this thesis also proposes and implements a novel three-phase current reconstruction

technique, which is based on an adaptive current observer. The novel technique estimates the

three-phase currents using the mathematical model of the PMAC motor drive. Using the

estimated phase currents, a DC link current is reconstructed as the output of the current
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observer. Then, the output is compared with the measured DC link cunent and the error is

regulated by the adaptive scheme implemented. Finally, the regulated result is utilized to

compensate the DC link voltage, which is then used in the phase cunent estimation. As

demonstrated, using the symmefy of the three phases, it was shown that the DC link voltage

compensation can correct the estimated three-phase cuffents and force them to follow the

actual winding currents accurately, which were verified using off-line real data obtained from

the test setup. As shown, the phase current reconstruction technique is suitable for both the

trapezoidal and the sinusoidal PMAC motor drives. In addition, it was demonstrated that the

current reconstruction technique has good dynamic performances that makes the replacement

of the three-phase current measurements with a single DC current sensor possible.

By combining the indirect position detection and the phase current reconstruction

techniques together, a practical PMAC motor drive was also established, which employed

only two sensors (voltage and current) on the DC link. As stated in the thesis, if the DC link

voltage remains constant, only the DC link current measurement is sufficient in the motor

drive system. The three-phase voltages and cunents required by the position estimation are

reconstructed using the DC link current measurements and the switching signals of the

inverter, and then the rotor position is estimated using the reconstructed values. When the

sinusoidal currents excite the motor, the estimated rotor position and the reconstructed phase

currents were used as feedback signals, and the closed loop control was to implement. The

experimental results demonstrated the feasibility of the PMAC motor control using only two

sensors. When the rectangular currents excite the motor, however, the real-time closed loop

control was not successful as expected. As stated, the primary reason for this is the

interdependent relationship between the reconstructed voltages and the rotor position when

the rectangular currents excite the motor.

In the computer simulation, the position sensorless method proposed in this thesis can

operate at avery low speed, such as 1Hz. However, this operating speed was not verified due

to the limitations on the motor setup. Therefore, further research may be carried out to

investigate and verify the very low speed operation capability. In addition, the instantaneous

elecfromagnetic torque measurement can be utilised in the real tests to compare the

conventional motor drive (employing the shaft mounted position sensor) with the closed-loop

position sensorless drive.
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As shown in the thesis, the sensorless motor drive can start from standstill. However,

further studies may be required to improve the dynamic performance of the starting

procedure. This may be done by accommodating a better initial position detection technique

in the drive control.

In the implementation of the PMAC motor conftol using two sensors, the most important

parameter is the DC link cunent measurement. To improve the measurement and to satisfy

the requirements of the phase current reconstruction, the DC link current has to be measured

as accurate as possible, which can be done considering a better current sensing hardware.

Using a higher speed DSP and a high performance ND converter in the motor confroller,

such as ADMC 501, may achieve this. Furthermore, the speed observer, the speed regulator

and the current controller in the drive system may be redesigned to improve the position

estimation and the reconstruction techniques further.



Appendix A

Hardware of the Motor Drive

A.1 IRMDAC3

The IRMDAC3 is a reference design kit for a 3HP AC motor drive, which works as an

evaluation platform for 1R2233 three-phase motor control IC and IRPT2062A power module.

By connecting three-phase AC, drive signals, motor and hall sensors, user can also complete

a motor drive system easily. Figure 4.1 shows the circuit of the IRMDAC3, which consists

of IRPT2062A power module, [R2233 three-phase motor control IC, and other accessory

components [102].

The power module integrates all rectifiers, ultra-fast short circuit rated IGBTs, fast

recovery commutation diodes, brake IGBT and other processing components needed for a

3HP motor drive. Semiconductor dice are mounted on a thermally efficient substrate and

housed within a convenient, potted module. V/hen connected to the host PCB, the power

components become configured as a 3-phase input bridge rectifier, and IGBT inverter with

current sensing shunt resistors. An NTC thermistor is bonded to the substrate to furnish the

host PCB with accurate temperature reading. A galvanic ally isolated metal back plate

provides excellent thermal coupling to an external heat sink, which is necessary for full load

operation.

The IR2233 is high voltage, high-speed power MOSFET and IGBT driver with three

independent high side and low side referenced output channels for 3-phase applications.

Proprietary HVIC technology enables ruggedized monolithic construction. Logic inputs are

compatible with CMOS or LSTTL outputs, down to 2.5V logic. An independent operational

amplifier provides an analog feedback of bridge current via an external current sense resistor.

A current trip function, which terminates all six outputs, can also be derived from this

resistor. A shutdown function is available to terminate all six ouþuts. An open drain FAULT

signal is provided to indicate that an over-curent or under-voltage shutdown has occurred.

Fault conditions are cleared with the FLT-CLR lead. The output drives feature a high pulse

current buffer stage designed for minimum driver cross-conduction. Propagation delays are

20t
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matched to simplify use in high frequency applications. The floating channels can be used to

drive N-channel power MOSFETs or IGBTs in the high side configuration, which operates

up to 600 volts or 1200 volts.

The power module, motor control IC, and accessory components are all connected to a

host PCB as a flexible power conversion system, primarily for interface with a 3HP Motor.

An NTC thermistor connected on board is used to reduce inrush current for soft-start. Also

on-board is a regulated low voltage power supply to provide bias for the IR2233 and other

low voltage components. When connected to the power module, the unit is fully protected
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against overcurent and ground faults through DC bus voltage and current feedback. Over-

temperature is guarded against through feedback from a thermistor embedded within the

power module. A 16-pin single in line header connector is provided to interface control

signals and two terminal blocks connect 3-phase AC inlet and output to the load. The user

provides 5V CMOS lTlL level signals which are then processed by the 1R2233 Control IC

and delivered to ttre power module.

A.2 ADMC3OO

The ADMC300 is a single-chip DSP-based controller, suitable for high performance

control of AC induction motors, permanent magnet synchronous motors and brushless DC

motors. The ADMC300 integrates a 25 MIPS, fixed-point DSP core with a complete set of

motor control peripherals that permits fast, efficient development of servo motor controllers

[103].

The DSP core of ttre ADMC300 is the ADSP-217I, which is completely code compatible

with the ADSP-2100 DSP family and combines three computational units, data address

generators and a program sequencer. The computational units comprise an ALU, a

multiplier/accumulator (MAC) and a barrel shifter. The ADSP-2I7I adds new instructions

for bit manipulation, multiplication (X squared), biased rounding and global intemrpt

masking. In addition, two flexible, double-buffered, bidirectional, synchronous serial ports

are included in the ADMC300.

The ADMC300 provides 4K '24-bit program memory RAM, 2K '24-bit program

memory ROM and 1K. 16-bit data memory RAM. The program and data memory RAM can

be boot loaded through the serial port from either a serial SRON,{/ E2PROM, asynchronous

(UART) connection, or synchronous connection. The program memory ROM includes a

monitor that adds software debugging features through the serial port. In addition, a number

of pre-programmed mathematical and motor conffol functions are included in the program

memory ROM.

The motor control peripherals of the ADMC300 comprise a high performance, five

channel ADC system that uses sigma-delta conversion technology offering a typical signal-

to-noise ratio (SNR) of 76 dB, equivalent to 12 bits. In addition, a 16-bit center-based PWM

generation unit can be used to produce high accuracy PWM signals with minimal processor

overhead. The ADMC300 also contains a flexible encoder interface unit for position sensor
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feedback, two auxiliary PWM outputs, twelve lines of digital UO, a two-channel event

capture system, a 16-bit watchdog timer, a 16-bit interval timer and a programmable interrupt

controller that manages all peripheral interrupts.

4.3 Processor Board

The ADMC300 PROCESSOR BOARD is intended as a compact, highly-integrated

evaluation and software development platform for the ADMC300 controller. The processor

board permits access through a UART connection to the Motion Control Debugger software

that operates under Windows 95rM or Windows NTTM. Tlte Motíon Control Debugger is used

to download executable code, examine the contents of registers, program memory and data

memory, run executable modules, set breakpoints and enable single-step operation t1041.

The processor board is designed for compact size so that all relevant input and ouþut

signals are brought to three connector headers underneath the board. The processor board

contains the following features and components:

o The ADMC300 Single-Chip DSP-Based Controller

o A 12 MHz crystal and associated capacitors to provide the CLKIN frequency.

o A power-on reset circuit based on the 4D709 that is used to provide a reset signal to the

ADMC300 and UART communications port. A push button is also provided to initiate a

processor and system reset.

o A socket for a serial memory device (ROM or E2PROM) that may be used for serial

boot loading on power up for stand alone operation.

o An isolated UART interface to the Motion Control Debugger. The signals are optically

isolated from the remainder of the processor board. The 4D7306 is used to drive the

appropriate signals on the 9-way UART connector.

o An input power supply connector that accepts +5V, +15V, -15V and GND. The 5V is

used to drive the digital circuits and the analog portion of the ADMC300. The +15V

and -15V supplies are used for the analog interface circuits of the processor board.
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. An on board 5V to 5V dc-dc converter that provides an isolated 5V supply for the

UART interface circuit.

o Analog interface circuits that correctly offset the analog input signals to the ADC inputs

of the ADMC300. Five independent analog interface circuits are included; one for each

ADC channel of the ADMC300.

o An ADG408 eight-to-one line multiplexer that may be used to multiplex any one of

eight analog inputs to the board into the ADC5 channel of the ADMC300.

o An on board precision 2.5V voltage reference using the 4D780, that provides the input

reference for the ADCs of the ADMC300. The reference voltage is also buffered and

brought to the connector underneath the board.

o Jumpers that permit setting of the PWM polarity, enabling or disabling of the

PIVMTRIP input and enabling or disabling the serial memory device in the socket.

o Three socket blocks underneath the processor board that permit access to all of the input

and ouþut signals of interest. The three sockets comprise two digital sockets (IFl and

IF3) and one analog socket (IF2).

The ADMC300 PROCESSOR BOARD may operate in a stand-alone mode, where the user

must supply only the appropriate power supply voltages and either a UART connection to the

Motion Control Debugger or a suitable serial memory device. In this case, the user must

provide suitable connectors to interface to the various input and ouþut signals on the

expansion connectors underneath the board. Alternatively, the processor board may be

plugged into the ADMC CONNECTOR BOARD. The connector board provides easy access

to all relevant input and output signals via appropriate connectors and terminal blocks. The

connector board also provides an easy interface to the International Rectifier

PowlRnainrM modules to permit development of complete motor conftol solutions. In

addition, the connector board adds new functionality including an 8-channel, 12-bit, serial

DAC, a differential line receiver for interface to an incremental encoder with differential

ouþuts, and a large prototype area for system expansion t1051.
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Data Acquisition System

In this research project, in order to implement open loop experiments or off line real data

simulation, a data acquisition system is established to sample real data of a motor drive

system. Using the off line real data, all of the algorithms can be simulated with a LabVIEW

VI. The off line simulation results are more reliable than that of the simulation implemented

with mathematic model. Figure B.1 shows the open loop experimental system. In this system,

the motor drive is controlled by conventional method with a shaft mounted encode. When the

motor drive is running, the data acquisition system samples all required data, which include

three-phase currents and voltages, DC link current and voltage, and switching signals of the

motor drive. Since the analog signals and digital signals have close relationship wittr time in

the motor drive system, the data acquisition system should be able to sample all of the data

synchronously.

Encoder

Figure 8.1 Open loop experimental system

To satisfy these requirements, two National Instruments PCI-6110E boards and one PCI-

6534 board, together with a personal computer, are used to compose hardwa¡e of the data

acquisition system. All of the board should have their RTSI (Real-Time System Integration

bus) lines connected together to synchronize the data acquisitions. On other hand, I¿bVIEV/

provides interactive graphics, a state-of-the-art user interface, and a powerful graphical

rectifier inveÉer M
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prograÍrming language and I¿bVIEW Data Acquisition VI Library, a series of VIs for using

LabVIEW with National Insffuments DAQ hardware, is included with LabVIEV/. Therefore,

LabVIEW is selected as the software to implement the data acquisitions.

8.1 PCI-61108 Board

PCI-6110E board uses E Series technology to deliver high performance and reliable data

acquisition capabilities to meet a wide range of application requirements. The PCI-6110E

board provides 5 MS/s simultaneously sampled, 12-bit performance at up to L42Y, with four

different analog inputs. The PCI-6111E board also features analog and digital triggering

capability, as well as two 16-bit analog outputs; two 24-bit,20 l;|l{Hz counter/timers; and eight

lines of TTl-compatible digital VO [106].

PCI-6110E board is a completely Plug and Play, switchless and jumperless data

acquisition (DAQ) board for the PCI bus. This feature is made possible by the National

Instruments MITE bus interface chip that connects the board to the PCI VO bus. The MITE

implements the PCI Local Bus Specification so that the intemrpts and base memory

addresses are all software configured. Therefore, the board is easily software-configured and

calibrated.

The 6110E boa¡d uses the National Instruments DAQ-STC system-timing confoller for

time-related functions. The DAQ-STC consists of three timing groups that control analog

input, analog ouþut, and general-purpose counter/timer functions. These groups include a

total of seven 24-bit and three 16-bit counters and a maximum timing resolution of 50 ns.

The DAQ-STC makes possible such applications as buffered pulse generation, equivalent

time sampling, and seamlessly changing the sampling rate. Often with DAQ boards, it is not

easy to synchronize several measurement functions to a common ftigger or timing event. The

6110E board has the Real-Time System Integration (RTSÐ bus to solve this problem. The

RTSI bus consists of RTSI bus interface and a ribbon cable to route timing and trigger signals

between several functions on as many as five DAQ boards in a computer.

8.2 PCI-6534 Board

The PCI-6534 board is a high-speed,32-bit, parallel digital VO interface for PCI bus, It

performs pattern VO and high-speed data transfer using a wide range of handshaking

protocols at speeds up to 80 Mbytes/s. The PCI-6534 delivers digital VO coupled with large
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on-board memory. It features user-defined power-up states, staft and stop triggering, and

pattern and change detection.

The 32 digital VO lines are divided into four 8-bit ports. For pattern VO or handshaking,

the ports can be grouped into two 8-bit or 16-bit groups, or a single 32-bit group. Each VO

line is 5 V/TTl-compatible. When configured for standard output, each data line can sink or

source 24 mA when set logic low or high, respectively. V/hen configured as inputs, the 6534

data lines are diode-terminated to dampen line reflections.

When not using handshaking or group operations, each of the 32 VO lines can be

individually configured as input or output. You can also choose standard or wired-OR

outputs. Wired-OR outputs sink 24 mA when logic low, but do not source current when logic

high. Unlike standard outputs, two or more wired-OR outputs can drive a single line.

Pattern VO is reading (data acquisition) or writing (waveform generation) digital data at a

predetermined rate without wait states. V/hen you want to communicate with a peripheral

device using an exchange of signals to request and acknowledge each data transfer, the

handshaking VO mode could be used.

The PCI-6534 boañ has RTSI Bus to send and receive clock and trigger signals to and
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Figure 8.2 Block diagram of synchronous data acquisition VI
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from other boards in the system. Using these buses, you can create synchronized systems

with large number of digital UO lines, and systems in which digital VO is synchronized with

other types of input or output signals.

8.3 Software Structure

To implement synchronous acquisition of the analog and digital signals, LabVIEW is used

to program the software. The data acquisition VI based on LabVIEW consist of two frames.

The first one is the frame of data acquisition, and its block diagram is shown on Figure 8.2.

This frame initializes the three boards as eight analog inputs and one digital input port (8-bit).

The signal of AI Scan Start is mapped to RTSI 0 and used as the synchronous signal of the

three boards, so that all of the eight analog inputs and one digital input port can sample data

synchronously. The sampled results are then directly transferred to another frame to process

the data.

Figure 8.3 shows the block diagram of the other frame, which is used to process the

sampled data. The processions include input port calibration, data scaling, plotting

waveforms and saving the data as a file.
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Appendix C

Derivation of Position Estimation Errors

C.l Equations of the Basic Rotor Position Algorithm

For ease to see the derivations in this appendix, the equations of the basic rotor position

algorithm and other relative formulas are rewritten here.

The flux linkage increments of three phases are rewritten as,

LVo =(vo - Ri").Lt-LA^i,

LVu = (v, -R ø).1 t - LLib

LV" = (v" -R i").^ t - LA^i"

The basic algorithm of position increment is re-shown as,

Ne
L0" -

(c.1)

(c.2)
k

. 
^ 

V,er(0") + Ltyuer(O") + A,ty,er(0,)

e r(0 
") 

e r(0,) + e, (0,) e, (0 
") 

* e t(0,) e r(0 ")e

In the derivations, the back-EMF functions of a PMAC motor are assumed as sinusoidal

functions, that is,

er(6,) = sin(6, )

er(6,) - sin(6, -2n13) (C.3)

er(6 
") = sín(6, + 2n 13)

C.2 Position Increment Errors

In the derivations below, the following assumptions are made.

a) The motor has sinusoidal back-EMF waveforms, that is, the back-EMF functions

are three-phase symmetry sinusoidal functions.

b) The three phases have the same par¿rmeter variations, that is, AR, Ak, and AI. arc

the same at the three phases.
210
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c) Three-phase currents are synchronous exactly with the back-EMF functions and

have ideal sinusoidal waveforms.

d) The sampling interval is short enough.

C.2.1 Resistance Variation

If the winding resistance of a PMAC motor varies AR, the three-phase flux increments

calculated by Equation C.1 will produce some elrors, which are shown as,

õvo = LRi"Âr = ÂR I*er(O")Lt

õV, = LRibÂr = AR I *er(0,)L't (c.4)

õv, = 
^Ri" 

Âr = aR I 
^er(0")Lt

where I- is the amplitude of the phase currents.

Based on the basic position incremental algorithm of Equation C.2, therefore, the position

increment error due to the variation of the winding resistance can be derived as,

õ0,n
Ne õV"rr(O,) + õVurr(O,) + er(0.)f

k er(0,) e r(0,) + e r(0,)e r(0,) t e r(0,)er(0,)e

N,
k, et(O,)er(O,) t er(0")er(0") + et(O,)et(O")

NoM I^Lt
(c.5)

k,

C.2.2 Equivalent Inductance Variation

If the equivalent inductance of a PMAC motor varies AL, the three-phase flux increments

calculated by Equation C.1 will produce some elrors, which are shown as,

õvo = LLL', - n%Lt - L,LI ^e'rg,¡ttdt 
rt

õv, = LLaíb = mltt = L,Ll^e'rp,¡l,t (c.6)
dt'

õw, : LLL-, = m$l^t = LLI 
^e'rçe"¡n 

t
dt rt
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Based on the basic position incremental algorithm of Equation C.2 and, substituting the

three-phase back-EMF functions of Equation C.3, the position incremental error due to the

variation of the equivalent inductance can be derived as,

õ0,, _ N o . õVt"er(0") + õV¡rer(0,) + õy"er(O,)

k" er(0,)er(0,) * er(0,)er(0,) + es(0,)er(O,)

_ N, 
. tr I 

^Ltþt, @ 
")e 

r@,) + rL@,) e r(0,) + r',, (o,)er@ )]
k e r(0,)e r(0,) + e r(0,)e r(0,) + e r(0,) e r(0,)

N oMI*Lt

(c.7)

(c.8)

e

-J3 k"

C.2.3 Back-EMF Constant Variation

The variation of the back-EMF constant of a PMAC motor does not cause any error in the

three-phase flux increments calculations based on Equation C.1, but it still produce position

incremental error when the basic position incremental algorithm of Equation C.2 is used. The

position incremental error due to the back-EMF constant variation of Ak, can be easily

derived and shown as,

_ Lk,
k"

õeelæ Le,

C.2.4 Current Measurement Offset

Assuming current measurement offsets of the three-phase current sensors are constant

value under all operation conditions, the three-phase flux increments errors caused by these

offsets can be expressed as,

õvo=RõI,d,t

õVu = Rõ Iu L,t (c.9)

õv"=RõI"a,t

where õlo, õb and õtr, are the current measurement offsets of three phases respectively.

Therefore, the position increment error caused by these offsets can be written as,
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õe
Np 6V,tr(O,) + õV urr(0,) + õry,er(0 

")
eto k, er(0,)er(O,) + er(O,)er(0,) t er(O,)et(O")

- N, nLtl6t"er(O,)+õIue
"(0")+õI"er@)lk, er(O,)rr(0") r er(0,)er(O") t er(0,)er(0") (c.10)

3 N rRLt
fõ I "rr(0,) 

+ õ I uer(0 ") 
+ õ I 

"er@ 
)l4k,

Unlike other errors above, the position increment effor caused by the current measurement

offsets is not constant even in steady state. It is a sinusoidal error and proportional to the

summation of three sinusoidal offsets. If all the offsets of three phases are the same, the

position increment error will be zero.

C.2.5 Voltage Measurement Offset

Similarly, if voltage measurement offsets of three-phase current sensors are assumed to

have constant values under all operation conditions, the position increment error caused by

these offsets will have the same feature as that of current offset but different expression,

which is shown as,

õoruo (c.11)

where No, Nu and ñ, are the current measurement offsets of three phase respectively.

Also, the position increment effor caused by the voltage measurement offsets is a

sinusoidal error and will be zero when the offset values of all three phases are the same.

C.2.6 Amplitude Error of Current Measurement

When the gains of current sensors or their amplifiers have errors, the current measurement

enor caused by this gain will vary with measured current. This means that the current

measurement error will also be a sinusoidal error for a sinusoidal current measurement.

Assuming the gains of three phases are the same, therefore, the three-phase flux increments

effors caused by this gain error can be expressed as,

= iflf6v,r,(o ") 
+ õv ue r(0,) + õv,e,@ )f
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where õl^, is the amplitude error of current measurements

Similar with the derivations of resistance and inductance variations, when substinrting

Equation C.I2 into Equation C.2, the position increment errors caused by the current

amplinrde measurement errors can be derived as,

õVo = Rõ i. tt + rffAr = R õ I 
^er(O")L,t 

+ Lõ I *e/r(O,)A^t

õVu = R6 ib tt + rff A¡ = Rõ I *e"(0")A,t + Lõ I *e/r(0")A^t

6V" = Rõ i" tt + tffÂl : R õ I 
^er@")Lt 

+ Lõ I *et (o,¡L,t

_ NoR ô I^Lt +ß NoR .Lt -fi+^[r,rNoRóI,,Lt\^' Y",, 
k

(c.12)

(c.13)
ðI

õeeta
k ke e

It can be seen that the position increment errors caused by the current amplitude

measurement errors is just like the combination of that of the resistance and inductance

variations.

C.2.7 Amplitude Error of Voltage Measurement

Simil¿r with the cunent amplitude error, when the gains of voltage sensors or their

amplifiers have errors, the voltage measurement error caused by this gain will also vary with

measured voltage. However, the three-phase voltages of a PMAC motor normally have a

phase leading from their currents. The position increment errors caused by the voltage

amplitude measurement errors will be quite different from that of the current measurement

EIÏOIS.

Assuming the gains of three phases are the same and the phase difference between voltage

and current is constant as q, if only fundamental harmonics ¿ue considered, the three-phase

flux increments errors caused by the voltage amplitude errors can be given as,

õVo = õvo A,t =õV.er(O, + ØLt
õVu = õvu A,t =õV*er(O, + g)A^t (C.14)

6V" - õv" At =õV*er(O" + g)A,t
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where N*, is amplitude effor of voltage measurements,

Therefore, the position increment error caused by the voltage amplitude errors can be

derived as,

Ne

k" er(0 
")er(0 ") 

+ er(0 
")er(0,) 

+ er(O 
")er(O,)

õV "rr(0 ") 
+ õry u e"(0 ") + õV .e,(0 ")

_ N o .õV*L,tþr(O" + cp)er(0,) * er(e, + ç)er(0,) + et(O" + e)er(0)l

õe eva

k , er(0 ,)e r(0 ,) * e r(0 ")e r(0 ,) + e r(0 ")et(0 ,)

=2Noõ-v^L' cos(p +n/3)
k"

(c.ls )

As seen from above equation, the position increment errors caused by the voltage

amplitude measurement errors is a function of the power factor of the motor.

C,2.8 Measurement Signal Noise

Assuming measurement noises is independent of the measured signals and the noises from

current and voltage measurements are considered together, the three-phase flux increments

effors caused by these noises can be expressed as,

õVo = lt, Lt

õVu = ltu Lt (C.16)

õW, = lt" Lt

where lt", pþ and p, are the measurement noises of three phase respectively.

Therefore, the position increment error caused by these noises can be written as,

õ0,p
Ne õVorr(0,) + õryuer(O") + õry"er(0")

k, er(0,)er(O,) * er(0,)er(0,) + er(O,)er(0,)

No.
k"

Ltl¡t"er(O") + ltue^(0.) i lt.e,@)l
er(O,)e r(0,) + e r(0,) er(O,) + e r(0,) er(O 

")

- -?N oL'
4k e

lp,t r(0,) + ltue z(0 ") 
+ lt,er(e )l

(c.17)
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It can be seen that the position increment error caused by the measurement noises has the

same feature as that of the measurement offsets. If all the noises in three-phase are the same,

the position increment error will be zero.
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Photographs of the Test Setup

Photo D.lThe motor drive system
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Photo D.2 ADMC3fi) DSP-based motor controller
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Photo D.3 Current and voltage transducers

Photo D.4 The data acquisition system
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