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Parametric Analysis for Robust Force/Torque Tracking Control of a
Virtual Stiffness-Damping System in Airfoil Aeroelasticity Testing

Difan Tang, Lei Chen, Zhao Feng Tian and Eric Hu

Abstract— The force/torque tracking control of a virtual
stiffness-damping system (VSDS) for airfoil aeroelasticity test-
ing is studied in this paper. Existing test-beds rely on elastic
elements or structures to set airfoil elasticity in tests, which
can be costly and inconvenient in cases of frequent stiffness
adjustment across a wide range. A possible alternative is the
VSDS that utilizes electric drives to simulate the effects of
structural elasticity and damping, as seen in marine and biome-
chanics engineering. However, the potential VSDS for airfoil
aeroelasticity testing is more prone to transmission power-
loss caused by generally unknown inputs including frictions
as well as other un-modeled dynamics and disturbances, due
to different operation principle and conditions compared with
other existing VSDSs. This is a critical problem that can
result in inaccurate virtual stiffness and damping. In this
paper we tackle this problem by treating power loss as an
unknown input and employing the linear-quadratic-Gaussian
(LQG) tracking control enhanced by unknown-input estimation
(UIE). A systematic procedure based on numerical study is
proposed to investigate the effects of UIE-related parameters
on system sensitivity and stability robustness. To confront
uncertainties in parametric analysis, a stability robustness index
is proposed. Findings from the proposed parametric analysis
not only assist effective controller design but also correct and
supplement the existing knowledge in literature. Wind-tunnel
experiments were conducted with comparisons drawn between
standard LQG tracking control and the UIE-LQG scheme, and
satisfactory performance of the VSDS under the systematically
synthesized UIE-LQG control was confirmed.

I. INTRODUCTION

Airfoil aeroelasticity studies the interaction between aero-
dynamic loads and airfoil structures, the typical dynamic
instability of which, generally known as flutter, can be de-
structive to airfoils [1]. For safety concerns and more efficient
flight, numerous test-beds have been built for investigating
airfoil flutter and suppression [2]–[5]. The usefulness of these
test-beds has nonetheless been limited by the inconvenience
in circumstances where frequent change of stiffness and
damping properties across a wide range is desired, due to the
involvement of physical elastic elements for airfoil stiffness
setting. A more efficient low-cost alternative can be the
virtual stiffness-damping system (VSDS) that uses electric
motors to simulate the effects of springs and dampers,
as seen in marine engineering [6]–[11] and biomechanics
applications involving virtual reality and augmented reality
such as digital twin technology [12].

The existing VSDSs are of one degree-of-freedom (DOF)
whereas aeroelastic behaviors consist of a minimum of
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two DOFs. Extending the concept of 1-DOF VSDS to 2
DOFs needs to address the dynamics coupling between each
DOF for proper force/torque control. The 2-DOF aeroelastic
dynamics are coupled with respect to the displacement of
each DOF, and this makes position tracking with force
measurement feedback as in [6]–[8] difficult. Instead, using
the computed-torque approach based on experimentally iden-
tified formula without force feedback [9]–[11] can bypass
the dynamics coupling in displacements, which however,
necessitates extensive system identification and calibration
procedures. In the interests of enhanced robustness and
ease of maintenance with simplified system identification
and calibration procedures, the 2-DOF VSDS for airfoil
aeroelasticity testing can be based on direct force/torque
control with force/torque measurement feedback, which is
different from that of [6]–[11]. Although similar operation
principle can be found in biomechanics applications [12],
direct implementation in airfoil aeroelasticity testing is diffi-
cult due to application purposes, requirements, and operation
conditions being much different.

Because of the different operation principle compared with
that of [6]–[11], the 2-DOF VSDS for airfoil aeroelasticity
testing is more prone to power loss caused by transmis-
sion frictions as well as other un-modeled dynamics and
disturbances (collectively categorized as ‘unknown inputs’).
The power loss needs to be properly compensated for accu-
rate force/torque output according to desired stiffness and
damping, and this raises high requirements to controller
robustness. Improving the robustness of a controller via
conventional approaches [13] is effective in most situations
(e.g., the existing VSDSs) but inadequate for the 2-DOF
VSDS in airfoil aeroelasticity testing (to be further de-
tailed in this paper). Further improvement is made possible
via techniques based on unknown-input estimation (UIE)
and cancellation widely studied and applied in industrial
applications, featuring enhanced tolerance to un-modeled
dynamics and exogenous disturbances [14]–[21]. Therefore,
in this study we investigate the linear-quadratic-Gaussian
(LQG) tracking control integrated with UIE as in [19] to
tackle the problem of transmission power-loss involved in
the force/torque tracking of the 2-DOF VSDS for airfoil
aeroelasticity testing.

Although brief guidelines for UIE synthesis are available
in literature, there is lack of understanding on how different
selection of UIE parameters affect system sensitivity and
stability robustness to unknown inputs, which are crucial
to the estimation and compensation of transmission power-
loss. Given the numerous design parameters and the 2 DOFs
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involved, conventional trial-and-error approach is deemed
inadequate to yield satisfactory control. Accordingly, as
major technical contributions of this paper:
1) A systematic procedure is proposed for numerical studies

investigating the influence of UIE parameters on system
sensitivity and stability robustness;

2) To confront uncertainties encountered in controller para-
metric analysis, a stability robustness index is proposed;

3) New findings are obtained from the proposed paramet-
ric analysis which correct and supplement the existing
knowledge in literature. New guidelines for UIE synthesis
are given, contributing new understanding and knowl-
edge.

4) Experimental validation was performed in a wind tunnel
on a VSDS prototype for airfoil aeroelasticity testing to
confirm the effectiveness and validity of the UIE-LQG
method and the proposed parametric analysis. To the best
of our knowledge, the systematically synthesized robust
force/torque tracking control enables the first successful
VSDS implementation for airfoil aeroelasticity testing.

II. AEROELASTIC MODEL

Aeroelastic flutter, viewed from a rigid airfoil section
attached to elastic elements, can be described by oscillations
in plunge and pitch degree-of-freedom (DOF). The corre-
sponding 2-DOF aeroelastic system is illustrated in Fig. 1
and in this study we consider a subsonic-regime model [4]
with an equation of motion taking the form of

mq̈ + cq̇ + kq + Fc = Faero, (1)

with

q =

[
h
α

]
, Faero =

[
−Fl
Fm

]
, Fc =

[
−mwα̇

2rαb sinα
0

]
,

m =

[
mw mwrαbcosα

mwrαbcosα Iα

]
,

c =

[
ch 0
0 cα

]
, k =

[
kh 0
0 kα

]
,

Fl = ρU2
∞b

2lsClα

[
α+ ḣ/U∞ + (0.5− a) bα̇/U∞

]
,

Fm = ρU2
∞b

3lsCmαe

[
α+ ḣ/U∞ + (0.5− a) bα̇/U∞

]
,

Clα = ∂Cl/∂α, Cmαe = (0.5 + a)Clα + 2∂Cm/∂α,

where geometry and force related parameters and variables
are defined in Fig. 1, and other terms are defined as
mw: airfoil mass;
Iα: airfoil rotational inertia about its elastic axis;
kh, kα: Stiffness coefficients of plunge and pitch DOFs;
ch, cα: Damping coefficients of plunge and pitch DOFs;
ρ: air density;
ls: airfoil span;
Cl: airfoil lift coefficient;
Cm: airfoil moment coefficient at 1/4 chord;
U∞: airflow velocity.

Fig. 1. 2-DOF aeroelastic system.

Denote the forces resulted from structural stiffness and
damping by Fs. Then according to (1), there is

Fs(q, q̇) = cq̇ + kq. (2)

The compound force Fs(q, q̇), in the absence of physical
springs and dampers, can be generated by a virtual stiffness-
damping system described next.

III. VIRTUAL STIFFNESS-DAMPING SYSTEM

A. Mechanical Design

The mechanical design of the virtual stiffness-damping
system (VSDS) considered in this study is given in Fig. 2.
The pitching shafts of the VSDS and the airfoil are con-
nected by a 6-axis force/torque transducer (ATIr Mini40)
for measuring the ‘elastic and damping’ forces (generated
by the VSDS) exerted on the airfoil. The plunge and pitch
DOFs are each driven by an electric motor with an embedded
encoder for position feedback. Rotation is converted to
linear displacement for the plunge DOF via synchronous-
belt transmission.

B. Dynamics

Although the dynamics of plunge and pitch DOFs are
coupled with respect to plunge and pitch displacements
according to (1), the two DOFs are independent of each
other in terms of Fs. For controller analysis and synthesis,
dynamics from motor control input to measured force/torque
output of both DOFs of the VSDS prototype were obtained
through black-box system identification. Estimated models
are linear time-invariant and in state-space form as{

ẋ = Asx+Bsu,

F̄s = Csx+Dsu,
(3)

where x ∈ Rnx contains nx system states; F̄s ∈ RnF
contains n

F
measured outputs; u ∈ Rnu contains nu control

inputs; As ∈ Rnx×nx , Bs ∈ Rnx×nu , Cs ∈ RnF×nx , and
Ds ∈ RnF×nu are system matrices.

Power loss is partly captured by the experimentally identi-
fied models (Table. I) but modeling errors and other types of
disturbances (together defined as ‘unknown inputs’) can still
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Fig. 2. Overview of the VSDS for airfoil aeroelasticity testing.

TABLE I
VSDS PROTOTYPE DYNAMICS

DOF Matrices of System Dynamics Fit (%)
As Bs Cs Ds

Plunge
[
−8.791 364
−273.8 −165.9

] [
45.5
29.19

] [
25.53
3.903

]T
0 93.88

Pitch
[
18.67 −464
429.1 −716.3

] [
5823
7501

] [
0.4412
−0.0669

]T
0 94.04

have significant impact on the accuracy of virtual stiffness
and damping simulated by electric drives. To tackle this, we
rewrite (3) as{

ẋ = Asx+Bsu+Bdd,

F̄s = Csx,
(4)

where d ∈ Rnd contains nd unknown inputs perturbing the
system; Bd ∈ Rnx×nd is the unknown-input distribution
matrix.

Since the models in Table. I are controllable, observable,
and on the imaginary axis there is no zeros, according to [22],
an equivalent of d exists which enters the system via Bs.
Therefore, system (4) is equivalent to{

ẋ = Asx+Bs (u+ de) ,

F̄s = Csx,
(5)

where de ∈ Rnu contains the equivalent unknown inputs.

C. Force/Torque Tracking Controller

As discussed in Section II, the VSDS needs to generate
Fs(q, q̇) in the absence of physical springs. Hence, it is a
force/torque tracking problem, where the reference trajecto-
ries Fs(q, q̇) change in real time with respect to q and q̇
in accordance with (2). To deal with transmission power-
loss, the linear-quadratic-Gaussian (LQG) tracking control

Fig. 3. Schematic diagram of the UIE-LQG controller.

enhanced by unknown-input estimation (UIE) as in [19] is
employed for the VSDS prototype, given the existence of
an equivalent system as in (5). The controller has a structure
illustrated in Fig. 3, which consists of a standard LQG track-
ing component and a UIE add-on. The LQG control provides
nominal force/torque tracking, while the UIE estimates and
compensates transmission power-loss. Detailed composition
of the controller, without distinguishing between specific
DOFs, is given below in a general multiple-input multiple-
output form.

The total control u is

u = uc − d̂e, (6)

where uc is from the LQG component for trajectory tracking,
and d̂e is the estimated equivalent power loss.

The nominal control uc takes the form of

uc = −Kxx̂−Kwxw +KfFs(q, q̇), (7)

with
ẋw = Fs(q, q̇)− F̄s = Fs(q, q̇)−Csx, (8)

where Kx ∈ Rnu×nx , Kw ∈ Rnu×nF , and Kf ∈ Rnu×nF
are gains of the LQG tracking control which can be selected
following standard LQG design procedures [23].

The power-loss estimation d̂e is obtained via

d̂e = d̂ev +Kd

(
F̄s − ˆ̄Fs

)
, (9)

with {
ẋf = Afxf +Bf d̂e,

d̂ev = Cfxf ,
(10)

and  ˙̂x = Asx̂+Bsuc +L
(
F̄s − ˆ̄Fs

)
,

ˆ̄Fs = Csx̂,
(11)

where Kd ∈ Rnu×nF is the UIE gain; ˆ̄Fs contains esti-
mated system outputs; Af ∈ Rnf×nf , Bf ∈ Rnf×1, and
Cf ∈ R1×nf are matrices of a low-pass-filter-characterized
subsystem (Af ,Bf ,Cf ) with nf states; L ∈ Rnx×1 is the
state observer gain; x̂ contains estimated system states.

The UIE gain Kd can be calculated via linear-quadratic
optimization based on the dynamics of states estimation:{

ėx = (As −LCs)ex −BsKdCsex + ξ
′
,

e
F

= Csex,
(12)
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where e
F

= F̄s − ˆ̄Fs and ξ
′

= de − d̂ev .
Upon ξ

′ ≈ 0, we have

ėx = (As −LCs −BsKdCs)ex. (13)

For observable systems, the pair (As −LCs, Cs) is
observable. Under duality, there exists Kv = (BsKd)

T that
minimizes

Jd =

∫ ∞
0

{
eT
xQdex + eT

dvRdedv
}
dt, (14)

with Qd ∈ Rnx×nx and Rd ∈ RnF×nF being symmetric
positive-definite weighting matrices.

Therefore,
Kd = Bs

†KT
v , (15)

with Bs
† being the Moore-Penrose pseudo inverse of Bs.

As can be seen from (9) to (11), the UIE gain Kd, the
low-pass-filter-characterized subsystem (Af ,Bf ,Cf ), and
the state observer gain L are major design parameters related
to the UIE component.

IV. CONTROLLER ANALYSIS

System sensitivity and stability robustness, being crucial
to estimation and compensation of transmission power-loss,
are major concerns in controller synthesis for the VSDS
prototype in airfoil aeroelasticity testing. Although brief
guidelines for selecting UIE-related parameters are provided
in literature, there is lack of understanding on the influence
of these design parameters on system sensitivity and stability
robustness. As a major contribution, numerical studies are
presented in this section, delivering parametric analysis of
these design variables in terms of their respective influence
on system sensitivity and stability robustness. Findings from
the analysis not only assist effective VSDS controller design
but also correct the existing knowledge in literature, with
new guidelines for synthesizing the UIE component given.

Given the single-input single-output (SISO) feature of
VSDS plunge/pitch-DOF dynamics (Table. I), the following
analysis is performed on an SISO basis.

In frequency domain, equation (5) takes the form of

F̄s(s) = Pn(s) [u(s) + de(s)] , (16)

where Pn(s) is the nominal model of the VSDS plunge/pitch
DOF.

In this SISO case, any individual tracking trajectory from
the set Fs(q, q̇) is denoted by Fs(s) ⊆ Fs for convenience
in notation. With Gw(s) denoting the transfer function of the
integral action, equation (7) can be transformed into

uc(s) = −Kxx̂(s)−Kwxw(s) +KfFs(s), (17)

with xw(s) = Gw(s)
[
Fs(s)− F̄s(s)

]
.

By using (17) in (11), and with Fs(s) = 0, there is

x̂(s) = Gyx(s)F̄s(s), (18)

with

Gyx(s) = (sInx −A+BKx +LC)
−1

[BKwGw(s) +L].

From (9) and (10), we have

d̂ev(s) = Gf (s)d̂e(s), (19)

d̂e(s) = Gyd(s)
[
F̄s(s)− ˆ̄Fs(s)

]
, (20)

where
Gf (s) = Cf (sInf −Af )

−1
Bf d̂e(s),

Gyd(s) = [1−Gf (s)]
−1
Kd.

Based on (6), (16) to (18), and (20), we reach

F̄s(s) = Pn(s)[1 +Hs(s)Pn(s)]
−1
de(s), (21)

where

Hs(s) = KxGyx(s)−KwGw(s) +Gyd(s) [1−CGyx(s)] .

Thus, the system sensitivity to unknown inputs (simply
referred to as ‘sensitivity’ in short hereinafter) is

Ss(jω) =
1

1 +Hs(jω)Pn(jω)
, ∀ω ∈ [0,+∞) . (22)

To allow evaluating sensitivity against different values
of the cutoff frequency ωc of subsystem (Af ,Bf ,Cf ),
the magnitude of sensitivity with regard to inputs of a
certain natural frequency (i.e., |Ss(jωd)|) is considered. In
the analysis, ωd = 5 rad/s is considered, according to the
spectrum characteristics of system identification data.

In the presence of uncertainties δ(jω),∀ω ∈ [0,+∞),
closed-loop stability is guaranteed if

|δ(jω)| <
∣∣∣∣1 +

1

Hs(jω)Pn(jω)

∣∣∣∣ , ∀ω ∈ [0,+∞) . (23)

As it is common that there is little or no priori knowl-
edge about δ(jω), a conservative choice is to assume
δ(jω) = 1,∀ω ∈ [0,+∞). On this basis, the following sta-
bility robustness index (SRI) is proposed:

SRI = min

∣∣∣∣1 +
1

Hs(jω)Pn(jω)

∣∣∣∣− 1, ∀ω ∈ [0,+∞) .

(24)
It is worth noting that due to the conservative assumption

of δ(jω), a negative SRI is not necessarily a sign of in-
stability. Instead, SRI gives a relative measure on stability
robustness. That is, a larger SRI suggests better stability
robustness.

To investigate the effects of using a low-pass filter (LPF)
of different orders for the subsystem (Af ,Bf ,Cf ), the
following generalized formulation Gf (s) is considered:

Gf (s) =

p∑
i=0

ami(τs)
i

(τs+ 1)
m , (25)

where m is the denominator order and p is the numerator
order; ami = m!

(m−i)!i! is the ith coefficient of the numerator
polynomial; τ is the time constant.

Since the closed-loop system is unstable if p ≥ 1, the
analysis herein only considers cases where m ≥ 1 and p = 0.
This yields LPFs with a unity passband gain.
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Fig. 4. Sensitivity at ωd = 5 rad/s against LPF cutoff frequency.

Fig. 5. Stability robustness index (SRI) against LPF cutoff frequency.

Only the plunge-DOF dynamics of the VSDS prototype
are used throughout the analysis, given similarity between
both DOFs. Parameters of the standard LQG tracking control
used in the analysis were fine-tuned in experiment to achieve
as good tracking as possible with no overshoots and insta-
bility (caused by large gains), which are Kx = [6.27, 3.98],
Kw = −3.16, and Kf = 0.4. These LQG parameters are
exclusive to the UIE and are kept unchanged throughout the
analysis while the UIE-related parameters are varied across
regions of interest for investigation.

A. Low-Pass Filter Cutoff Frequency

In this analysis, the UIE component takes parameters of
L = [9.49, 1.07]T, Kd = 6.64, and 1 ≤ m ≤ 4, ∀m ∈ Z,
with the LPF cutoff frequency ωc being varied. Fig. 4 shows
that sensitivity decreases with increased ωc, when ωc is times
higher than ωd. A first-order LPF requires the least gap
between ωd and ωc to achieve useful sensitivity, while a
fourth-order LPF introduces a mild peak in sensitivity, and
ωc needs to be 3 to 4 times higher than ωd for reduced
sensitivity. In Fig. 5, similar stability robustness can be
observed among the four filters for ωc < 102 rad/s, all
showing relatively good stability robustness. But differences
start to grow for ωc > 102 rad/s, where the LPF of first-order
is more sensitive to the increase of ωc, having an earlier
drop of stability robustness compared with LPFs of higher
orders. Figs. 4 and 5 indicate that a first-order LPF can be
a preferred choice from the sensitivity perspective, and is
most suitable for low-frequency uncertainties in the interests
of stability robustness. Figs. 4 and 5 also recommend that
ωc = 100 rad/s is a relatively better choice that balances sen-
sitivity and stability robustness. Therefore, ωc = 100 rad/s
is used in the subsequent analysis.

B. Unknown-Input Estimation Gain

To study the effect of the UIE gain, Kd is considered as a
variable while other parameters are set as L = [9.49, 1.07]T,
ωc = 100 rad/s, and 1 ≤ m ≤ 4, ∀m ∈ Z. It is straightfor-
ward to see from Fig. 6 that larger Kd contributes to smaller

Fig. 6. Sensitivity at ωd = 5 rad/s against UIE gain.

Fig. 7. Stability robustness index (SRI) against UIE gain.

sensitivity, delivering better rejection of unknown inputs.
However, a dip can been seen on each of the SRI curves
in Fig. 7, indicating a weak stability robustness region,
which should be avoided in design. Kd to the left of this
potentially unstable region, being too small to make the
UIE component effective, is not preferred. A larger Kd

beyond the SRI dip can be considered in UIE design, as the
stability robustness recovers to an acceptable level. Hence,
Figs. 6 and 7 both support the choice for a larger Kd. LPFs
of different orders do not have significant impact on Kd

selection from the stability robustness perspective, although
some shift of the dip on the SRI curve can be seen between
LPFs of different orders. In the interests of better estimation
and compensation of transmission power-loss, a first-order
LPF can be considered for the relatively smaller sensitivity
achieved with the same Kd. In [19], Kd is recommended
only for fine tuning the UIE-LQG controller. The analysis
in this paper implies that Kd can also be used as a primary
design parameter instead of being merely designated for fine-
tune. This finding corrects the guideline given in [19].

C. State Observer Gain

With UIE parameters Kd = 6.64, ωc = 100 rad/s, and
1 ≤ m ≤ 4, ∀m ∈ Z, the influence of L is evaluated.
As can be seen in Fig. 8, the sensitivity remains at a low
level and is insensitive to variation of L in the region
where ‖L‖2 ∈ (0, 102], favored for estimation and compen-
sation of transmission power-loss. L within this range is
also acceptable in terms of stability robustness, as shown
in Fig. 9. Continuously increasing L not only weakens
unknown-inputs rejection capability with raised sensitivity
(Fig. 8) but also can bring instability issues as indicated
by the dip around ‖L‖2 ∈ [102, 105] (Fig. 9). Although
stability robustness returns to an acceptable level with much
larger L, L within this high-value range is nevertheless
undesired in consideration of weak rejection of unknown
inputs and increased computation load. This finding corrects
the guideline provided in [19] which does not restrict the
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Fig. 8. Sensitivity at ωd = 5 rad/s against state observer gain.

Fig. 9. Stability robustness index (SRI) against state observer gain.

design of L. With regard to the effects of the LPF order, it
is easy to see from Fig. 8 that a first-order LPF can be a
better choice for relatively smaller sensitivity, with stability
robustness property similar to LPFs of higher orders.

D. Controller Design Guidelines

Based on the proposed parametric analysis, new guidelines
for synthesizing the UIE-LQG controller can be drawn:
• The LPF can take the first-order form, not only for less

phase delay, but also for smaller sensitivity. There exists
an upper limit for ωc, beyond which stability robustness
can drop dramatically;

• Kd is recommended to be as high as practically feasible
(i.e., not incurring computation issues such as high
computation load);

• Conventional LQG synthesis routine is not enough for
selecting L, which should be further evaluated by look-
ing at both the robustness and sensitivity plots across a
range of practically achievable L values.

• Specific values of ωc, Kd, and L vary between ap-
plications, and can be determined using the proposed
systematic procedure.

These new guidelines correct and supplement the brief
instructions given in [19] and contribute new knowledge to
the UIE-integrated control theory.

V. EXPERIMENTAL VALIDATION

Validation of the controller design for the VSDS proto-
type was performed through wind-tunnel experiments with
the setup shown in Fig. 10 and corresponding aeroelastic
system parameters listed in Tables. II. The systematically
synthesized parameters of the UIE-LQG controller are given
in Table. III. Two cases are presented in this paper, the
settings of which are summarized in Table. IV. In each
case, comparisons are drawn between standard LQG tracking
control (by disconnecting the UIE component) and the UIE-
LQG control.

Fig. 10. Wind-tunnel experiment setup.

TABLE II
PARAMETERS OF WIND-TUNNEL EXPERIMENT SETUP

Parameters Values Parameters Values
a −0.569 ch, cα, kh, kα See Table. IV
b 0.075 m mα 0.851 kg
ls 0.260 m Iα 2.431× 10−3 kg·m2

rα 0.033 m Clα 6.573
ρ 1.225 kg/m3 Cm 0

TABLE III
VSDS CONTROLLER PARAMETERS

Parameters Plunge DOF Pitch DOF

Nominal
Tracking

Kx [6.27 3.98] [4.39 −0.74]

Kw −3.16 −3.16

Kf 0.4 10.08

Shared L [9.49 1.07]T [7.33 2.19]T

UIE
Kd 6.64 4.34

Gf (s)
1

(0.01s+1)
1

(0.01s+1)

TABLE IV
WIND-TUNNEL EXPERIMENT SCENARIOS

Case Flutter
Boundary

Airflow
Speed Stiffness & Damping

1 13.92 m/s 14.8 m/s

kh = 50 + 300h2 N/m
kα = 0.3 + 30α2 Nm/rad
ch = 14 kg/s
cα = 0.042 kg·m2/s

2 16.02 m/s 16.8 m/s kh, kα, ch: same as Case 1
kα = 0.77 + 30α2 Nm/rad

Force/torque tracking performance of the VSDS prototype
in the two test scenarios are shown in Figs. 11 to 14 and the
resulted aeroelastic responses are plotted in Figs. 15 and 16.
Significant differences between measurements and reference
tracking trajectories can be observed in tests where standard
LQG control was applied (Figs. 11 and 13). As a result,
flutter failed to initiate under the LQG control as seen in
Figs. 15 and 16, although the airflow speeds in tests were
higher than corresponding flutter boundaries (i.e., the airflow
velocity at and beyond which flutter occurs). In comparison,
the measured plunge-DOF forces and pitch-DOF torques
strictly follow the desired trajectories under the UIE-LQG

CONFIDENTIAL. Limited circulation. For review only.

Preprint submitted to 2019 American Control Conference.
Received September 9, 2018.



Fig. 11. VSDS force/torque under LQG control in Case 1 tests.

Fig. 12. VSDS force/torque under UIE-LQG control in Case 1 tests.

Fig. 13. VSDS force/torque under LQG control in Case 2 tests.

control, with tracking deviations barely identified (Figs. 12
and 14). This enabled successful initiation and development
of flutter (Figs. 15 and 16). The experiment results indicate
that: (1) The transmission power-loss, if not properly treated,
have considerable impacts on VSDS performance in airfoil
aeroelasticity testing; (2) Effective estimation and compensa-
tion of transmission power-loss requires enhanced controller
robustness to unknown inputs; (3) The proposed systematic
numerical procedure for controller parametric analysis is
effective in assisting satisfactory controller synthesis that
delivers superior force/torque tracking.

VI. CONCLUSION

As a first trial of the emerging digital twin technology
in airfoil aeroelasticity testing, the VSDS considered in this
study requires special attention to its force/torque tracking
control in the presence of transmission power-loss, due to

Fig. 14. VSDS force/torque under UIE-LQG control in Case 2 tests.

Fig. 15. Aeroelastic responses in Case 1 tests.

Fig. 16. Aeroelastic responses in Case 2 tests.

its different operation principle and conditions compared
with existing VSDSs in other fields. The UIE-LQG tracking
control was employed and the lack of understanding on
the influence of UIE-related parameters on estimation and
compensation of transmission power-loss has motivated the
proposal of a systematic procedure for numerical studies
on parametric analysis. In particular, a stability robustness
index is proposed to address the uncertainties encountered
in controller synthesis. The proposed parametric analysis
delivers better understanding of the influence of UIE-related
parameters on system sensitivity and stability robustness.
Some new findings also correct the existing synthesis guide-
lines in literature, and new guidelines are given accordingly.
The proposed parametric analysis and corresponding new
findings together contribute new knowledge to the UIE-LQG
control. Wind-tunnel experiments show that transmission
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power-loss has significant impacts on VSDS performance
in airfoil aeroelasticity testing if not properly treated. Ex-
perimental studies also confirm that the proposed systematic
procedure for numerical studies on parametric analysis is
effective in assisting satisfactory UIE-LQG design to provide
superior force/torque tracking in the presence of transmission
power-loss. To the best of our knowledge, the systematically
synthesized robust force/torque tracking control enables the
first successful VSDS implementation in airfoil aeroelasticity
testing, contributing to a new development in the field of
virtual reality and augmented reality.
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