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Abstract—A closed-form solution is presented for the in a particular IPM machine [3]. Minimization of the severity
steady-state response of interior permanent magnet (IPM) of certain faults was investigated from the standpoint of the
synchronous machines to symmetrical short circuits including physical machine construction in [4]. The results of these
the effects of g-axis magnetic saturation. Machine response to . . . . - . .
single-phase asymmetrical short circuits is also investigated. precedmg studies are _generahzed |nth|s p:lalperto.lllumlnate the
Experimental data are presented to verify predicted behavior impact thatthe two major IPM machine design variables—rotor
for both types of short circuits. It is shown that single-phase magnet flux linkage and the inductance saliency ratio—have

asymmetrical short circuit faults produce more severe fault on the machine’s short circuit behavior in an effort to minimize
responses with high pulsating torque and a significant threat these effects

of rotor demagnetization. A control strategy that purposely . Lo . .
transitions such faults into symmetrical three-phase short circuits Two distinct types of short circuit faults are investigated

can minimize the fault severity and associated demagnetization In this paper: 1) a symmetrical three-phase fault; and 2) an
risks. Implications for the design of IPM machines with improved asymmetrical single-phase fault. For the case of the symmet-

fault tolerance are discussed. rical fault, closed-form equations are derived to describe the
Index Terms—interior permanent magnet synchronous ma- Machine response. The effects @hxis magnetic saturation
chine, inverter shutdown, protection, short circuit fault, variable are included in the IPM machine model, and its significance
speed drive. will be demonstrated for tested IPM machines. The asymmet-
rical single-phase fault is analyzed using dynamic simulation
techniques, with experimental results presented to verify the
simulations. Important insights are drawn from the investiga-
T HE adoption of permanent magnet synchronous machingsy regarding the selection of IPM machine parameters that

in applications such as electric propulsion has been higj| reduce the severity of these short circuit faults.
dered by concerns about the special risks posed by short cir-

cuit faults in these machines. Interior permanent magnet (IPM) 1. MACHINE MODEL

synchronous machines, with magnets buried inside the rotor, _ _ _ o
offer some important opportunities for minimizing such risks A magnetically-salient rotor is one of the key identifying
by making degrees of design freedom available that do not exgg@racteristics of an IPM machine. By designing the machine
in other types of PM machines. More specifically, the pre¥Vith elevated levels of-axis magnetic permeance, high flux
ence of reluctance torque attributed to the magnetic salierf§nsities can be developed in the rotor iron along;tagis flux

of the IPM machine’s rotor provides machine designers witths (i-e., orthogonal to thé-axis magnet flux orientation).
freedom to adjust the relative contributions of the reluctancElowever, theg-axis inductance is typically susceptible to

and magnet-based torque components in a way that cannoffignetic saturation at medium to high current levels.
matched in conventional surface PM machines. The electrical differential equations for an IPM machine in

Short circuits represent the most serious class of faulfi Synchronously-rotating; reference frame (Fig. 1) [5], [6],
in IPM machines. Early researchers developed computBpdified to include magnetic saturation, are given by

. INTRODUCTION

methods to simulate unbalanced short circuit faults in classic ie
wound-field synchronous machines [1], [2]. More recently, vy =Tsig + Lﬁld—tq + weLaif + weVmag (1)
simulation studies have also been extended to various faults di

1}2 :rsiz + L4 gt — weLqi; (2)
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Fig. 1. IPM machinelq equivalent circuits.

.. .. . Fig. 2. Basic IPM machine drive configuration.
d-axis inductance that is independent of both dh@nd ¢-axis g 9

currents. Cross-saturation effects, manifested by current in gne . . .
axis affecting the inductance of the other axis [7], are not i(iqult currents. Finally, physical damage to the cable connections
cluded in this model since this paper focuses on multi-barri

IPM machines that have been shown to be relatively immune Introduci I ¢ 4 d setting the i
this phenomenon [8]. ntroducing zero values for, andv, and setting the time

To complete the modeling of the IPM machine, (4) gives tht envz:ltlvt-(zjs 'r][ El) aTd (2) ftOchEI’O Iea?s ;O gxpressmnst _forl
electromechanical torque produced by the machine € steady-state values of the currents during symmetrica

short-circuit operation at a constant speed Solving for
Tom = 1.5P[ig U nag + (La — Ly)igial (4) the steady-state currents and developed torque under these
conditions yields
whereP is the number of pole pairs anitl,,., is the permanent

g?tween the electronic drive and the motor may cause a symmet-
r{8al three-phase short circuit fault.

magnet flux linkage. ['{3_55} _ L [ngq‘I’mag] @)
The g-axis inductance can typically be modeled quite accu- lg_ss w2LaLly+ 12 | 7sweWmag
rately in a piecewise fashion using a power series as follows: T :§P7° v2
em_ss 2 s ¥ mag
Ly =Cy |ic|  for Ly < Lymax v,
Ly =Ly max, Otherwise (5) w2LgLy + 12 +(La = Ly)
whereC; andCy are constants that characterize the saturation ngq 8
characteristics of.,, andL, max iS the unsaturated value 6f,. X (W2LgLy +12)% | (8)
The derivative term in (3) can now be evaluated as
The results of (7) and (8) are shown graphically in Figs. 3
Ly _ {0102 ig (Ca=1) Lq < Lgmax G and 4 for two actual IPM machines, one rated at 35 kW and
o1g 0, otherwise. the second at 70 kW (see Appendix for measured parameters).

A power series was chosen to model haxis saturation in- It should be noted that the motor speed curve is plotted using
P a logarithmic scale to highlight the curve shape at low speed.

stead of a more common spline-based approach for several rggbarate curves are provided for the 70-kW machine with and

sons. At low values of-axis current, the rotor barriers do nOtwithout magnetic saturation to demonstrate its effect on short-

exhibit saturation so a constaiy is appropriate. When the rotor . _ . : .
: ) . circuit performance. Saturation has only a minor effect on the
barriers begin to saturate at elevatgdxis current values, the d for the 35-kW hi |
-axis inductance decreases asymptotically with current, and ﬁ%"é“‘” currentand torque curves for the 35-kW machine, so only
q ' one curve for this machine is provided in each of these figures.

power series of (5) matches the measured inductance cha ﬁcc'ontrast,q-axis saturation in the 70-kW machine depresses

teristics of IPM machines quite well, as will be shown in Se he peak torque by approximately 15%.

tlons.III—VI of this paper. I_:urthermore, (5) anq (6) are smopt These results include some interesting features. In particular,
functions that are conveniently compatible with the numerlc";_ll I
Ig. 4 shows that the short-circuit torque actually peaks at a

simulation techniques used in this investigation. very low speed corresponding i = TS/\/m. The neg-
I s ~ c ative g-axis current reaches its maximum at this same speed.
- SYMMETRICAL SHORT LIRCUIT This speed is approximately 100 r/min for the 70-kW machine

Fig. 2 shows a simplified circuit diagram of the IPM machinand 250 r/min for the 35-kW machine. Both thexis current
adjustable-speed drive. A symmetrical three-phase short circuiplitude and torque drop very significantly at higher speeds.
is applied to the machine if either the three upper switches (Tih,contrast, the amplitude of the negatii«@xis current (and the
T3, T5) or the three lower switches (T4, T6, T2) are permaetal stator current) monotonically increases with speed, asymp-
nently closed. Such a fault can result from active gating of theting to a value of-¥,,, /L, at high speeds.
inverter switches, caused either unintentionally by a serious con-The IPM machine is actually responding to the symmetrical
troller error, or intentionally in response to some other detectstort circuit as a special type of inside-out induction machine
fault condition. The IPM machine will also see a three-phaseéth the shorted stator windings playing the role of the rotor
short circuit condition if the inverter dc bus is inadvertentlyvindings in a conventional induction machine. Extending this
shorted, allowing the six free-wheeling diodes to conduct tlamalogy, the permanent magnets serve as static excitation in the
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machine and 70-kW machine.
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Fig. 6. Torque following application of a three-phase short circuit for the
Fig. 4. Steady state short circuit motor torque for the 35-kW machine ad&-kW machine operating at 35 kW and 3500 r/min (constant).
70-kW machine showing effects gfaxis saturation.

demonstrated in Figs. 5 and 6. Since this three-phase short cir-

rotor reference frame so that the machine’s steady-st@{&t is a symmetrically balanced fault, the and g-axis fault
torque-speed curve looks much like that of a conventlon,%Sponse is independent of the initial rotor position.

induction motor with zero-frequency stator excitation (i.e., dc Tpe Fig. 5 curves suggest that the rotor magnets may be

braking). The well-known shape of the induction machine's; some risk of demagnetization during the initial fault tran-
steady-state torque-speed curve emerges more clearly if Figidnt since the peak amplitude of the negativaxis current

is replotted against a linear rather than logarithmic speed axiggches approximately twice the valuelf.., /Ly. (Note that
It should be noted that the short circuit torque amplitude i§’\l’mag/Ld is the value ofi, at which thegtotald—axis flux

proportional to the square of the magnet flux linkage as indjnkage reaches zero). The overshoot of thaxis current is

cated by (8). Since the total machine torque is made up of 3gyest at high speeds where the amplitude of;taais current

sum of a magnet torque and a reluctance torque ComponeniAgegced. As a result, the high-speed regime presents the
indicated by (4), designing the IPM machine with a larger fragjighest risks of demagnetization for this short-circuit condition.
tion of reluctance torque serves to minimize the magnet flipfoever, it should be emphasized that demagnetization is ulti-
linkage and the resulting short circuit current and torque. It C@fately a local phenomenon, and the actual threshold conditions

be noted in Fig. 4 that the two machines develop nearly the ik demagnetization depend on the IPM machine design
same short circuit torque even though their power ratings diffgg4iis 8]

by a factor of two. This is caused by the fact that the magnet
flux linkage of the 35-kW machine approaches the value for the
70-kW machine (see Appendix).

The dynamic simulation results presented in Figs. 5 and 6The failure of a single inverter switch in a closed position
for the 35-kW machine indicate that the transients followinggsults in an asymmetrical single-phase short circuit fault at the
application of a sudden short circuit are of short duration. Fégrminals of the IPM machine. For this investigation, it was
both machines, these transients are completed within 50 @Ssumed that switch T4 (Fig. 2) in phasés the failed switch.
of the fault initiation. The peak torque reached by the 35-kW is assumed that inverter protection circuitry immediately
machine during the transient is significant but not dangerousigsponds to open the complementary phase-leg switch (T1) to
high, reaching a value approximately 50% higher than its ratasloid a dangerous shoot-through inverter failure. One possible
value of 96 Nm. Dynamic simulation results (not shown) folault protection strategy is to immediately remove the gate
the 70-kW machine exhibit similar transient behavior to thgtulses from all of the unfaulted switches. This results in

IV. ASYMMETRICAL SHORT CIRCUIT
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the two unfaulted phases being connected to the dc link via 600
their antiparallel diodes, with the faulted phase being directly 400 }
connected to one of the link rails via the shorted switch. This
condition corresponds to a special form of what has been
referred to as uncontrolled generating mode (UCG) operation
[9], [10].

Unlike the symmetrical three-phase short circuit condition
discussed before, the single failed switch condition does not
lend itself to a closed-form solution because of the rotational 600 }

200
0
-200
-400

Phase Curents (A)

Steady State ia=332A

| =
rms’ b rms

asymmetry manifested on both the stator and rotor elements. 800 1=297A . . . .
Results from a dynamic fault simulation for this fault response 0 2 4 6 8 10 12 14
strategy are shown in Figs. 7 and 8 for the 35-kW machine op- Time (mS)

erating at its maximum operating speed of 8000 r/min. This cor-
responds to worst-case conditions since the machine back-&mf7. Stator currents following a single-phase short circuit for the 35-kwW
voltage exceeds the bus voltage by the largest amount at m#fchine operating at 8000 r/min (constant) with,. = 350 V.

imum speed. The resulting fault currents and torque waveforms
have large amplitudes, settling to their new steady-state values
after only 6 mS following application of the fault. The lower
antiparallel diodes in the two adjacent phases provide the cir- 200
cuit paths for phase-to-phase short circuit currents to flow, with

300

. - . . E 100}
the internal machine back-emf voltages acting as the excitation £
sources. S 0
The polarity of the resulting phasemachine fault current E 100}
is predominantly negative due to the presence of the anti-par- 5
X ! . . . 5 -200 }
allel diodes. Assuming that the machine neutral is floating, the =
sum of the phase currents in phageand ¢ must be corre- -300 } .
. - . Steady State T__ =-21.5Nm
spondingly positive to balance the negative phadault cur- 400 ) oA X , .
rent. The Fig. 7 current waveforms show that nearly the entire 0 2 4 6 8 10 12 14
fault current in phasésandc is positive, reflecting conduction Time (mS)

through the lower antiparallel diodes in these two phases. How-

ever, the phaskfault current exhibits periodic negative valuesfig. 8. Motor torque following a single-phase short circuit for the 35-kW
indicating that the back-emf voltage between phdsasda js Macine operating at 8000 r/min (constant) i = 350 V.

sufficiently large at high speeds to force the upper plcase-

tiparallel diode into conduction for brief intervals each cyclanachine reactance, aggravated for this fault condition by the
Energy is returned to the dc link from the machine only durindc components associated with the diode action. Since both the
these intervals, resulting in a low average braking power. Figh&ck-emf and reactance values are proportional to frequency,
shows that the braking torque is highly oscillatory, but its athe fault current and torque amplitudes change little over wide
erage value is less than 25% of the machine’s steady-state torcareges of rotor speed. Itis only at low speeds that the currentand
rating, and the peaks are within the peak transient torque ratboggque amplitudes drop when the resistive effects of the machine
of the machine (232 Nm). become dominant.

The predominant frequency components that appear in theRather than removing the gating from the two unfaulted
Fig. 7 current waveforms are dc and the second harmonicghases, another possible controller response is to close the
addition to the fundamental. These current harmonics interaemaining upper or lower switches from the other two phases,
with the spinning rotor to create the Fig. 8 torque waveform thateating a symmetrical three-phase short circuit as discussed
is actually dominated by the fundamental frequency componéntthe previous section of this paper. Although it may seem
because of the interaction between the large stator dc compor@ninterintuitive, the results of this investigation suggest that
and the rotor magnets. However, it should be pointed out that fhierposely transitioning to a symmetrical three-phase short will
effects of magnetic saturation are significant for this fault due teduce both the risk of demagnetization and the braking torque
the very high current values. Overall, saturation is very usefcbmpared to the asymmetrical single-phase fault. Simulation
in this fault scenario since it serves to reduce the amplitudesresults demonstrating the improvement achieved by using this
the resulting fault currents and torque. control action are shown in Figs. 9 and 10. Figs. 9 and 10 show

The peak amplitude of the negatideaxis current predicted the system reaching steady state with the single-phase short
by this simulation is much higher than the valuelgf., /L, (= (gating signals removed from unfaulted switches) before the
205 A) for the 35-kW IPM machine. As a result, the threat othree-phase short is initiated. A properly designed controller
demagnetization of the rotor magnets under such conditions beuld detect the shorted switch and command a three-phase
comes a serious consideration. The amplitude of the fault cshort via the inverter before dangerous demagnetizing current
rents are determined by the back-emf voltage divided by taenplitudes can develop.
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Fig. 14. Measured and calculated steady-state phase current for a symmetrical
three-phase short circuit fault.

Fig. 11. 2.2-kW three-barrier interior PM rotor with lamination and ferrite
magnet samples. . . . . .
g P values of current in one axis while holding the other axis cur-

rent to zero. No evidence of significant cross-saturation effects
have been apparent in this machine. As seen in the figtaris

Laboratory tests were carried out to verify the predicted shaturation ofZ, can be modeled accurately using a power se-
circuit fault characteristics developed in the preceding sectiomigs, with only a slight deviation at the onset of saturation. Even
Unfortunately, the two IPM machines studied in the precedirigough the measureld; characteristic exhibits slight saturation
sections were unavailable for testing, so another IPM machidearacteristics, a constant value of 60 mH was chosen for mod-
[11] was used to develop this comparison. The 2.2-kW expeéling purposes. Since the machine torque is influenced by the
mental machine uses a commercially available four-pole, 50-idiference betweerd., and Ly, and L, generally exceed$
induction motor stator. The rotor (Fig. 11) incorporates a threby a large margin, saturation @éf; can generally be neglected
barrier design using ferrite block magnets (eight magnets der most IPM machines as long as the saturation effects are
pole) and is 93 mm in diameter. properly captured.

The measured inductance data are shown in Fig. 12. This dat&igs. 13 and 14 show the measured steady-state torque and
were obtained (in the second quadrant) by injecting increasistator current data for a symmetrical three-phase short circuit

V. EXPERIMENTAL RESULTS
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Fig. 15. Simulated single phase short circuit currents at 1500 r/min (constant) 13:08:37

andV},,.. = 10 V. Phasex shorted to positive dc bus.
Fig. 16. Experimental single phase short circuit currents at 1500 r/min and
Vibus = 10 V. Phaser shorted to positive dc bus. 2 A/div.

overlaid with predicted results using (7) and (8). The agreement
between predicted and measured results is excellent. The speec
in both of these figures is plotted along the horizontal axis using
a linear rather than a logarithmic scale, so the familiar shape
of the induction machine torque curve is much more readily
apparent than it was in Fig. 4.

Experimental tests for the asymmetrical single-phase short
circuit fault were carried out with machine phasehort-cir-
cuited to the positive dc bus. All of the other inverter switches
were disabled, leaving only the anti-parallel diodes to conduct
current except in the faulted switch. Due to the threat of rotor !
demagnetization, these tests were conducted with a reduced bus :
voltage (10 V) to protect the machine. Figs. 15 and 16 show 6 0 200 860 900
the simulated and experimental results for the phase currents at Time (MS)

1500 r/min with excellent agreement in both waveshape and am-

plitude. Note that each of the phase current waveforms inclugg. 17. Simulated single phase short circuit at 240 r/min (constant) and
intervals with both current polarities, indicating that intervals dftus = 10 V. Phase: shorted to positive dc bus.

power delivery back to the dc link are more extensive in this

case than in Figs. 7 and 8 due to the very low bus voltage. Tok BIKTH 2ks/s 73 Acas

Figs. 17 and 18 show the faulted phaseurrent along with : T T T T T T T
the instantaneous torque at a lower rotor speed of 240 r/min. AR A
This low speed was chosen to fall within the limited bandwidth
capabilities of the torquemeter. Waveshape agreement is gen-
erally excellent for both the current and torque, and the mea-
sured torque amplitude is within 10% of the predicted value. The

Current (A)
Torque (Nm)

: { Ch1 Pk-Pk
30.6mv

slight waveshape disagreement between the measured and sim #rreiererbrrsbirribrerbrbebeeed - cha freq

ulated results can be attributed to the assumptions of a perfectly
sinusoidal winding distribution and back emf in the simulations.

Additional sources of these small discrepancies include the ne-
glect of mechanical losses in the simulations and small errors
in the estimation of the machine parameters. The sensitivity of
the calculated torque to parameter errors is particularly high at
this speed which was specifically selected to fall near the peak
of the steady-state three-phase short-circuit torque curve.

—{omv & EEE200mV

Fig. 18. Experimental single phase short circuit at 240 r/min Bpd =
10 V- Top signal isi, : 2 A/div. Lower signal is instantaneous torque: 1 Nm/div.

VI. DESIGN CONSIDERATIONS

The designer of an IPM machine has the freedom to adjuke IPM design choices influence its short circuit fault character-
the relative contributions of the rotor permanent magnets aistics, particularly when the application calls for the minimiza-
the rotor magnetic saliency to the machine’s torque productidion of these effects.

This design flexibility can be utilized to achieve a variety of ob- The design space for IPM machines can be conveniently rep-
jectives, such as providing wide speed ranges of constant powegented by two principal rotor design parameters: the magnet
operation [12]. However, it is also desirable to understand hdiux linkage ¥ .., and the rotor saliency ratid,/Lq. These
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IPM machines designed for wide ranges of constant power op-
eration (i.e., along the contoW,,., / L4 = 1 defined in Fig. 19)
will have peak steady-state short circuit torque values of 0.5 p.u.

167 or less, with the exact value depending on the combination of
1 147 10 U.ag and L, /L4 values. These contour plots suggest that de-
° 124 signing machines with high valuesf,.., / L; exceeding 1 p.u.
j’g o 5 (i.e., rated current) should generally be avoided in order to mini-
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mize inverter switch and mechanical load stresses caused by the
fault.

Dynamic simulations of both the three-phase and asymmetric
single-phase fault were conducted for various machine design
parameter combinations during both steady-state and transient
fault initiation conditions. These results suggest that high values
of rotor magnetic saliency (i.e., highi,/L, values) tend
to aggravate the demagnetization stresses by increasing the
peak values of-i;. However, demagnetization is ultimately a

Fig. 19. Contour plot of maximum steady-state three-phase short circlgcalized phenomenon depending on the MMF experienced by
current (= Wy, /L) in per unit as a function of IPM machine designeach segment of the rotor magnets, and further investigation is

parameters. required to evaluate the true extent of these demagnetization
effects.
P10 s O S S S W W A W S —
8 VIl. CONCLUSIONS
16 This paper has investigated the short circuit characteristics
T 14t of IPM synchronous machines under both three-phase symmet-
19 rical and single-phase asymmetrical fault conditions, including
g the effects of magnetic saturation. Both steady-state and tran-
F1of sient fault initiation conditions have been considered. Key ob-
st Tmax1 servations include the following.
ol 53 0.5 ¢ A three-phase symmetrical short circuit results in low
01 steady-state torque at moderate to high speeds, peaking at
4f low speeds where the stator resistance effects dominate.
of \ « The steady-state three-phase short circuit current asymp-

0 01 02 03 04 05 06 07 08 091

leag [pu] -

totes to¥ .../ Lq at high speeds, suggesting that the ma-
chine should be designed with,., /L4 < 1 pu in order
to limit post-fault inverter stresses.

Fig. 20. Contour plot of maximum average steady-state three-phase shorte The stresses associated with the asymmetric single-phase

circuit torque in per unit as a function of IPM machine design parameters.

parameters become particularly useful for providing broad in-

fault are noticeably worse than those for the three-phase
fault, resulting in highly oscillatory torque and high peak
currents, including significant demagnetization stresses.

sights into IPM design trade-offs when the machine variables « The seriousness of the single-phase fault emphasizes the

are normalized using a per-unit system based on the machine
ratings [13]. For example, Fig. 19 shows a contour plot for the
maximum value of steady-state three-phase short circuit cur-

importance to escaping this condition as soon as possible
via protective control action that might include transition
into the symmetrical three-phase short circuit condition if

rent (= Wiag/La) in the two-dimensional (2-D) IPM design no other alternative exists for opening the faulted switch.
space formed b 1. andL,/ L4. This plot shows thatthe peak  Experimental results have confirmed the key results of this
short circuit current increases monotonically with bdth.,  investigation. Despite this progress, significant work remains
and L,/ Lq, although these curves cannot be considered exgstigentify the most effective approaches for minimizing the
since magnetic saturation effects are notincluded. Interestinglggative effects of short circuit faults on IPM machines in various

the contour associated With,,;/L¢ = 1 corresponds exactly gpplications without degrading their desirable performance
to the locus of IPM machine designs with the widest possibig\aracteristics during normal operation.

speed range of constant power operation [12]. Any machine de-
signs lying to the right of this contour must tolerate short circuit
currents at high speed that exceed the machine’s rated current.

Fig. 20 shows that similar trends apply to the peak avera € |nterior Permanent Magnet Machine Parameters

three-phase short circuit torque (steady-state) that occurs at low ) )
speeds, with torque increasing as eithigg., or L,/L, in- Machine 1: three phase, 35 kW peak, 96 Nm, 270 V, eight
creases. Evaluation of this maximum torque using (8) indicates Pole, 3500 r/min with

APPENDIX

thatitis insensitive to the stator resistamgeconsistent with the
maximum torque in an induction machine that does not depend

s 0.04Q V.. ~0.072Wb L4~ 0.35 mH

on the rotor resistance. Inspection of these curves indicates thatL, max ~<0.94 mH C; = 0.0165 HHA Cy =~ —0.63
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Machine 2: three phase, 70 kW peak, 139 Nm, 270 V, s’
pole, 4800 r/min with

rs 20014 Q Vo =~ 0.10Wb Lg~04mH
Lymax =1.2mH C; =~ 0.0043 H/A C3; = —0.39

Q

Machine 3: three phase, 2.2 kW rated, 14 Nm, 415V, fo
pole, 1500 r/min with

re ~3.01Q Upa, ~0.213Wb Ly ~ 60 mH
Lymax #340mH  Cy ~ 0.732HIA  Cy ~ —0.744
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