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The concept of real-time hybrid aeroelastic simulation for flexible wings is introduced in this paper.
In a hybrid aeroelastic simulation, a coupled aeroelastic system is “broken down” into an aerodynamic
simulation subsystem and a structural vibration subsystem. The coupling between structural dynamics
and aerodynamics is maintained by the real-time communication between the two subsystems. As

the vibration of the testing article (a wing member or a full aircraft) is actuated by actuators, hybrid
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aeroelastic simulation and experiment can eliminate the sizing constraint of the conventional aeroelastic
testing performed within a wind-tunnel. It also significantly saves the cost of wind-tunnel testing.
However, several critical technical problems (such as process noise, measurement noise, and actuator
delay) need to be addressed to enable a hybrid simulation in real-time. This paper proves the concept of
real-time hybrid simulation and discusses some of the critical problems underlying the technique.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction

In aeronautical engineering, both computational and experi-
mental techniques are applied to understand the structural, aero-
dynamic, aeroelastic, and control characteristics of an aircraft wing
member or the complete vehicle. There are millions of computa-
tional and experimental studies in aeronautical engineering, focus-
ing on different types of wing and aircraft configurations under
different flow and flight conditions. Direct experimental measure-
ment of wing and aircraft responses from wind-tunnel testing is
valuable and helpful to support the aircraft design. However, there
are some situations where wind-tunnel experiments become in-
convenient. For example, not all wind-tunnels can accommodate
the modern large transport aircraft (e.g., Boeing 747 and Airbus
380) - this sizing constraint is especially significant for the wind-
tunnels in universities for research purpose. Additionally, the en-
ergy and power constraint of most wind-tunnels limits people to
study full-size supersonic and hypersonic vehicles experimentally.
Even though experiments can be carried out with scaled models in
wind-tunnels, they do not produce the exact data of full-size mod-
els’ behaviors due to the mismatch in both structures and flow
conditions.

On the other hand, numerical simulations become the most
convenient approach to predict wing and aircraft responses. There
are beam-, plate-, and shell-based finite-element models to rep-
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resent different types of aircraft structures, which can be coupled
with an appropriate aerodynamic model, such as the simple po-
tential flow-based formulations or the sophisticated high-fidelity
CFD tools. The accuracy of these aeroelastic formulations gen-
erally relies on the fidelity of both structural and aerodynamic
models, as well as the coupling scheme involved in the simula-
tion.

Alternatively, new investigation approaches are developed,
where functional and self-contained hardware is designed in a
computational simulation system to solve real problems. This ap-
proach is generally referred to as hardware-in-the-loop (HIL). Wei
et al. [1] developed a hybrid simulation with the integration of ce-
lestial navigation hardware for satellite navigation. Waszniowski
et al. [2] used a HIL simulation to correct the error pertained
in their aircraft yaw control software. The approach was found
to be efficient in error detection and isolation. Other studies in
aerospace engineering that involve HIL can be found in the lit-
erature, including optimization of a morphing wing mechanism
with wind tunnel hardware in the loop [3], testing of aircraft
powerplant fuel cell with HIL [4], projectile control in a wind
tunnel [5], control of a spacecraft [6], and verification of a small
satellite’s onboard software [7]. It can be seen that hybrid sim-
ulation systems have been successfully used as the testbed for
verifying aircraft or spacecraft control algorithms and hardware
implementations. However, in these studies, the data commu-
nication between software and hardware was usually one-way,
i.e., the numerical component in these HIL simulation systems is
not coupled with the experimental component. While this treat-
ment is acceptable in several studies, this is in general not the
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Nomenclature

A H aeroelastic system matrices

A1, By, C1, D1 system matrices of aerodynamic subsystem

Ay, By, C;, D, system matrices of structural dynamic subsys-
tem

b semichord of airfoil........................o m

b coefficients for inflow states

Cq damping coefficient in pitching.................... Ns

Ce damping coefficient in plunging .............. Nsm—2

D, aerodynamic sensitivity with respect to inflow states

d location of midchord point in front of elastic axis.. m

E, ¢, F1, F,, F3 coefficient matrices of inflow differential equa-
tions

f1, f2 actuator fOrCesS .......ovvvuieeiiiniiiiieeiiineeiins N

g gravitational acceleration........................ ms 2

Iy airfoil mass moment of inertia................... kg m

Ky torsional spring constant per unit span............. N

Ke linear spring constant per unit span........... Nm—2

L, M aerodynamic lift and moment on airfoil Nm~! and N

lo1, lop  initial actuator lengths ................coiiiiiiint. m

Alj, Al instantaneous actuator length changes............ m

M, C, K aeroelastic inertial, damping, and stiffness matrices
M,, Cg, K; aerodynamic inertial, damping, and stiffness matri-
ces

M;, C, K structural inertial, damping, and stiffness matrices

m QITOIl MASS. .. e et et e kgm™!

N number of inflow states defined on airfoil

q vector of airfoil motion

Ro constant load vector

R aerodynamic load vector

r, arms of actuator forces from elastic axis............ m

Sa airfoil structural imbalance ......................... kg

S span of airfoil...............coiiiiiiii i m

Ug free-stream velocity ............covvviiinienn... ms~!

u, X1, y1 control input, state, and output of aerodynamic sub-
system

uy, X2, y2 control input, state, and output of structural dy-
namic subsystem

X state of aeroelastic system

o rigid-body pitching of airfoil ....................... rad

oo airfoil’s initial pitching angle with unstretched
torsional SpPring..........ccoovivviieiiieiinennnennnn. rad

61, 62 actuator orientationsS..........c.coviiiiiiiiiiiinn., rad

A inflow states Vector...........c.ovvevueeennnnnnn. ms~!

*o inflow VeloCity .........c.oviuiiiiiiiininenn. ms™!

& rigid-body plunging of airfoil........................ m

0 A deNSIEY .. ee ettt et kgm—3

case when studying flexible aircraft’s aeroelasticity and flight dy-
namics in hybrid simulations, because the associated aeroelas-
tic behavior of the flexible wings demands real-time interaction
and coupling between the structural motion and the aerodynamic
loads, which are, respectively, considered as numerical and exper-
imental components in this study. Wallace et al. [8] conducted
a hybrid simulation on the dynamics of a rotor blade and hub
system. However, they focused on the nonlinear behavior of the
dampers rather than the system’s aeroelastic behavior, and can-
not be applied to studying the aeroelastic response of flexible
aircraft.

In addition to the coupling requirement in studying the aeroe-
lastic response of flexible wings, it is also essential to obtain the
real aerodynamic loads on the wings in real-time, to capture their
accurate aeroelastic response. Therefore, this paper investigates
a real-time hybrid simulation (RTHS) platform using the devel-
oped modeling and simulation techniques. Real-time hybrid sim-
ulation is an attractive alternative to complete dynamic structural
model testing or simulation [9-11]. Real-time hybrid simulation
is a novel, powerful, and cost-effective experimental technique for
examining the behavior of complex, full-scale structural systems
under realistic loading conditions. It originates from earthquake
engineering as an attractive alternative to traditional shake table
testing (Nakashima et al. [10]). Similar to the design in conven-
tional hybrid simulation systems, the dynamic system under inves-
tigation is divided into experimental and numerical components in
RTHS. The part that is less understood and/or difficult to model
is built in the laboratory as the physical experiment component.
However, the part that can be numerically simulated with good
accuracy while being inconvenient and expensive to capture in ex-
periments is considered as the numerical component. Necessary
actuators and sensors are used to interface these two components
to complete the hybrid simulation loop in real time. Because RTHS
only requires to realize part of the structure physically - the exper-
imental component, it significantly reduces the test requirements
on both cost and space. This study proposes an RTHS platform to
enable a promising experimental method to investigate large-scale
wing and aircraft behavior and to verify robust and efficient con-

trol algorithms, under realistic loading conditions. To the best of
the authors’ knowledge, this is the first time an RTHS platform is
proposed for studying the aeroelastic behaviors of flexible aircraft
and wings.

2. Theoretical formulation

Instead of studying on a wing member or a full aircraft directly,
this paper focuses on proving the concept of RTHS for a 2-D air-
foil. Therefore, this section presents the aeroelastic formulation of
a 2-D rigid airfoil, which is transformed into a state-space form for
further development. The algorithm of RTHS and proof-of-concept
study are then introduced.

2.1. 2-D airfoil section and unsteady aerodynamic loads

As shown in Fig. 1, the equation of motion of a thin airfoil sec-
tion with plunging (&, positive down, measured from the position
where the spring is balanced by the airfoil's weight) and pitching
(a, positive nose up) degrees-of-freedom is given by

m S |[E@ ] [C 01[E®)
Sa Io [l@@® 0 Culla®
K: O &(t) =L@ m

+[0 Ka:Ha(t)—ozo S IMmo [T s B (1)
where m, Sy, and I, are the total mass, structural imbalance, and
mass moment of inertia of the airfoil, respectively, K¢ and Ky
are the linear and torsional spring constants per unit wingspan,
respectively, C: and Cy are the damping coefficients in plung-
ing and pitching, respectively, and o is the pitching angle when

the torsional spring is not stretched. If one defines the degrees-of-
freedom and system matrices as follows,

q(t)z{i((?)}, Ms=[;’; fﬂ

(2)
c_[C 0] (_[K 0
STL0 Cof| T 0 K



Fig. 1. A 2-D rigid airfoil section.
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Finally, the governing equation for the inflow states is
.U .. 1
Ex+7°x=c[s+<§b—d)éz+uoa] (9)

where the coefficients E and c are both defined in Peters et al. [13].
Equation (9) can be conveniently organized in the form of

Eq. (1) can be simplified to A=Fi4+Fq+Fsk (10)
where
Mq(t) + Cq(t) + Ksq(t) =R(t) + R 3
s4(t) + Cq(t) + Ksq(t) =R(t) +Ro (3) Fi=E'[c (1b—d)c]
with the load vectors being F, = E_l[Ole Uoc] (11)

I AR

where R(t) is the aerodynamic load, and Rg is a constant load due
to the airfoil’s non-zero initial pitching angle and its gravity.

The unsteady aerodynamic load R(t) at the elastic axis (e.a.,
where the two springs are attached to the airfoil) is calculated
by using the finite-state inflow theory developed by Peters et
al. [12-14]. The theory calculates aerodynamic loads on a thin air-
foil section in incompressible, inviscid flow, given by

—L=—mpb* (§ + Uodx — dét)

& 1 o Ao

— 27 pbU2 > 4(=p-d)— -2
e O[a+U0+(2 )Uo Uo]
M = mpb? [dé - <%b —d) Uod — (%bz +d2> a}

1 £ 1 a@ Ao
2w pbU2 | =b+d 2 4 (=b-d)—-=
e 0(2 * )[a+U0+<2 )Uo Uo}

F3=E! |:diag (—@>:|
b /1

2.2. Aeroelastic equation of motion and state-space form

To complete the aeroelastic equation, one can substitute Eq. (7)
into Eq. (3) and combine with Eq. (10), yielding

Md + Cq + Kq = DsA + R

. .. . (12)
A=Fiq+F,q+F3\

where the aeroelastic matrices, M, C, and K, are obtained by
grouping the structural matrices in Eq. (3) and the corresponding
aerodynamic matrices in Eq. (7), i.e.,

C=C—-C;, K=K;—K,

M=M, — M, (13)

Eventually, Eq. (12) can be written in the state-space form, leading
to

x=Ax+H (14)
(5) where
-1
where b is the semichord of the airfoil, d is the distance of the q I 0 0 o 1 0
midchord in front of the elastic axis. The inflow parameter A X=19¢, A=|0 M 0 -K —C Dqg |,
accounts for induced flow due to the free vorticity, which is a A 0 -F 1 0 F K (15)
weighted summation of the inflow states A; as described in Pe- T o 07! 0
ters and Johnson [12], i.e., H=|0 M Ro
0 —F 1 0
N L
1 _
Ao = ) Zbi)‘i (6) 2.3. Proposed real-time hybrid simulation platform

where N is the number of inflow states defined on the airfoil,
and b are the coefficients that can be obtained by the least-square
method [13]. Equation (5) can also be written in a compact form,
given by

R=Myq + Coq + Kyq + Dg2 (7)

where

As discussed in the previous section, RTHS can potentially re-
move the restriction of sizing and save a significant amount of op-
eration cost, compared to conventional wind-tunnel testing. How-
ever, it requires the separation of aerodynamic simulations (per-
formed in computers) and structural vibration experiments. Fig. 2
illustrates the RTHS of a 2-D airfoil with the data exchange be-
tween aerodynamic simulation and vibration testing. The airfoil
kinematic data are measured at each time step from the vibration
experiment, which are fed to the unsteady aerodynamic simulation
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Vibration Experiment —»q, q, q'-» Aerodynamic Model
) and Simulation

L, M =

Fig. 2. Sketch of the proposed RTHS platform.

X, = A2X2 +Bu,—

¥
l Experimental

A y,=Cx,+D,u,

Actuator Sensor Testing
LM ¢ = A B Numerical
y, X, =AXx +bu fu Simulation

Y. = C1X1 + D1u1

Fig. 3. RTHS with actuator and sensor function blocks.

in the computer. The simulation calculates the aerodynamic loads
in real-time based upon the kinematic input, which are trans-
formed into the actuator forces (f; and f,) used to actuate the
airfoil motion. The airfoil response is continuously measured and
sent to the computer for the simulation, which closes the loop of
RTHS for the aeroelastic system.

As a proof-of-concept study, the proposed RTHS platform is
simulated numerically by modeling aerodynamic and structural dy-
namic subsystems individually. In the simulations, the data com-
munication between the two subsystems is enabled to allow for
the coupling. Based upon Egs. (7) and (10), the state, output, and
input variables of the aerodynamic subsystem are

T .1 .m0 T
xi=x, y1={-£ M}, w={q" q" G} (16)
whereas the state-space equations are set up as
X1 =Aix1 + By
(17)
y1=Cix; +D1wy
where
Ai=F, Bi=|0 F, F
[ ] (18)

Ci =Dq, Dlz[l(a Ca Ma]

On the other hand, the structural dynamic subsystem can be
set up as follows, according to Eq. (3):

X2 =Axx; + Bouy

(19)

y2 = Cx; +Douy
where

T
xx={q" 4"}, y2=uw, w=y;+Ro (20)
and

0 I 0
Az_[—M;lks —Ms‘lcs]’ BZ_[M?}

I 0 0 (21)
G = 0 I . Dy=| 0

MK, MG M; !

%

Constraint
rail

Fig. 4. Relationship between airfoil kinematics and actuator forces.

Table 1

Property of a 2-D rigid thin airfoil.
Quantity Value
Semichord, b 0.5 m
Midchord in front of e.a., d —0.25 m
Initial pitching angle, g 2.0°
Mass per unit span, m 40.0 kgm™!
Structural imbalance, Sy 10.0 kg
Mass moment of inertia, Iy 5.833 kgm
Linear spring constant, Kg 8.0 x 103> Nm—2
Torsional spring constant, K 20x10° N
Air density, p 1.225 kgm—3

From Eqgs. (16) and (20), it can be seen that although the
structural dynamic and aerodynamic subsystems are modeled sep-
arately, they are still coupled. Fig. 3 highlights the individual state-
space models of structural dynamics and aerodynamics, as well as
the coupling between them.

A function block of actuation is shown in Fig. 3, which takes the
calculated aerodynamic loads (£ and M) as the input, and outputs
the actuator forces (f1 and f,) applied on the airfoil. The actuator
forces can be determined by the airfoil kinematics and the lengths
of the actuators themselves. The initial actuator lengths are lp; and
loo, respectively, when oo = g and & = 0 (see Fig. 4). One can pre-
set the actuators such that they both initially align in the vertical
direction. The orientations of the actuator forces vary with the air-
foil kinematics. At any time, the actuator forces must satisfy the
following relationship to provide the equivalence of aerodynamic

loads:
fil _ cos 0 cos 6, 1 gs (22)
fo| | ricos(a —61) —rycos(a +67) Ms

where s is the airfoil’'s span, usually assumed to be unity. The ac-

tuator orientations are 67 and 65, respectively. The instantaneous

actuator lengths must also satisfy the geometrical compatibility

condition, i.e.,

[r1 (cosag — coso:)]2 +[(p1 —r1sinog) — (6§ — 11 sincz)]2
= (lo1 + AL)?

[r2 (cosatg — cosar) ]2 + [(loz + 2 sincg) — (£ + o sina)]?
= (loz + Ab)?

(23)

where Aly and Al are the instantaneous actuator length changes
with respect to their initial values. I; =lp1 + Aly and I, =gy + Al
are the instantaneous actuator lengths. Based upon Eq. (23), one
can derive the implicit functions of the airfoil’'s plunging and pitch-
ing with variables Al; and Al,, represented by
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§=§(Al, AD)

(24)
o= Ol(Al] s Alz)

In RTHS, one needs to measure the actuator lengths Al; and Aly,
which in turn determine the airfoil’s current plunging and pitching

6
o . |
., @ —]
é i . o A
$ 0 = — §
=} .
2 .
o .
. 2Ff e /A ]
© 7 OG- —a
| "\A |
-6 L L L L L
-8 -6 -4 -2 0 2 4
Damping, s

Fig. 5. Root loci of 2-D airfoil, with Uy from 0 ms~! (triangle) to 40 ms~' (square).
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values. These values can be used to calculate the orientations of
the actuator forces, given by

1 COSOg — I' COS

sinfp =
! lo1 + AL
lop1 —risincg) — (§ —rysina
cosfy = (lo1 — 1 0)—(E—n ) (25)
lo1 + AL
. Iy COSp — I CoSx
sinfy =
loo + Al
(lp2 + 2 sincg) — (§ + a2 sinw)
cosbp =
loo + Al

which eventually allows to calculate the magnitudes of the actua-
tor forces using Eq. (22).

Finally, Fig. 3 also shows a sensing block, which measures the
structural responses (y») of the airfoil and sends to the aerody-
namic subsystem. Ideally, the input and output signals of both ac-
tuators and sensors should be equivalent. However, practical issues
caused by actuators and sensors and their impacts on the proposed
RTHS platform will be discussed in this paper.

3. Numerical studies and discussions

In this section, several numerical studies are performed to
demonstrate and verify the concept of the proposed RTHS plat-

8
o
L 6
2 4
L2 2 —— Direct Simulation ||
o - - RTHS

0 L L L L L L L L L
(o]
]
©
S
5
2
=}
©
(%2}
Q
<

Time, s
(b) Pitching

Fig. 6. Comparison of airfoil responses between direct simulation and RTHS (Ug =20 ms™1).
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Fig. 7. Comparison of airfoil responses between direct simulation and RTHS (post-flutter). (For interpretation of the colors in the figure(s), the reader is referred to the web

version of this article.)
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form. All studies are carried out with a 2-D thin airfoil (refer to
Fig. 1), whose properties are listed in Table 1. Note that the struc-
tural damping C¢ and Cy are both set as zero for simplicity. The
aeroelastic stability characteristic of the airfoil can be conveniently
identified by solving the eigenvalue problem of the system matrix
A in Eq. (14). A sequence of A matrices can be formed in a range
of free-stream velocity Ug. The airfoil’s flutter boundary is found
when a root locus crosses the imaginary axis in Fig. 5, which is
Uy =35.59 ms~'. Normally, the transient aeroelastic response of
the airfoil can be obtained by directly integrating Eq. (12) or (14).

X, = A2x2 + B2u2 —

=Cx_ +Du Y, Experimental
¥ 272 272 Testing
. Numerical
X, = Alxl + Blul u, Simulation

Y. = C1X1 + Dlu]

Fig. 8. RTHS with process noise.

250

-------- Lift with 100% noise
— Calculated lift

2004 i

-
)]
o

Aerodynamic lift, N/m

Time, s

(a) Aerodynamic lift

3.1. Ideal real-time hybrid simulations

In this case, the free-stream velocity Uy is set as 20 ms~ 1,
which is below the flutter boundary. The airfoil is brought to
a stationary initial condition (£(0) =0 and «(0) = 0), and its
aeroelastic response can be solved by the direct numerical in-
tegration of the equation of motion. For an actual RTHS study,
one needs to conduct the structural dynamic test physically in
the lab, while exchanging data with the computational simulation
of the aerodynamics in real time. In this paper, as a proof-of-
concept study, the physical experiment is replicated by a numerical
system, resulting in two numerical subsystems coupled together.
Ideally, the transient aeroelastic response obtained from this ap-
proach is identical to the one obtained from the direct integration
method. For the case demonstrated in Fig. 6, the free-stream ve-
locity (20 ms~!) is less than the flutter boundary, and the tran-
sient response of the airfoil dies out due to the existing positive
aerodynamic damping, and converges to the steady-state values
(32.85 mm and 4.81°, respectively). This behavior is accurately
captured by both simulations (with the time step of 1 x 1073 s).
More importantly, the results of the direct simulation and RTHS
are almost on top of each other, evidenced by the small numerical
errors shown in the plots, where the RMS (root mean square) er-

20 : ‘ ‘
-------- Moment with 100% noise
15 —— Calculated moment
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Fig. 9. Commanded aerodynamic loads with 100% process noise.
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Fig. 10. Impact of process noise on airfoil plunging in RTHS.
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S o In practice, RTHS cannot be conducted in such an ideal way de-
5 02¢ e scribed in the previous section. The required aerodynamic loads
= 01l o o (£ and M), calculated from the numerical simulation, are applied
5 o o : : : ‘ : on the airfoil through the commanded actuator forces (f1 and f;).
0O 10 20 30 40 50 60 70 80 90 100 The difference between the required and commanded loads should
P0.06 F ‘ ‘ ‘ ‘ ‘ ‘ & 9} be minimized by a properly designed actuator control algorithm,
'; o o which requires a thorough understanding of the coupled dynamic
g004r o behavior between the actuators and the structural dynamic subsys-
%002 I o © tem (the airfoil in this case). In this paper, such difference is rep-
[=he Lo o resented by a process noise and delay effect applied on top of the
5 0B o ‘ ‘ ; i ‘ ; ; calculated aerodynamic loads. This section focuses on the process
0 10 20 30 40 50 60 70 80 90 100 noise effect, and the delay is studied in a later section (Sec. 3.4).

Level of noise, %

Fig. 12. RMS errors in responses with different levels of process noise.

X,=AX +Bu—
-Cx +Du Y, Experimental
¥ 272 272 M Testing
R Numerical
X1 = AIXI + Blul u1 Simulation
Y. = C1X1 + Dlul

Fig. 13. RTHS with measurement noise.

rors of the plunging and pitching motions are 8.56 x 10~'2 mm
and 1.53 x 10712 deg, respectively. Another comparison is per-
formed with the free-stream velocity Ug being 35.68 ms~!, which
is 0.25% above the predicted flutter boundary. As expected, the
unstable aeroelastic behavior is observed from the transient sim-
ulations (Fig. 7). The results from the direct simulation and RTHS
also agree well, with RMS errors of the plunging and pitching mo-
tions being 1.19 x 1072 mm and 6.08 x 10~° deg, respectively.
From these comparisons, one can conclude that the RTHS success-
fully captures the same aeroelastic behavior as the direct numer-
ical simulation does, provided that the airfoil kinematics (q, q,
and q) can be accurately measured and the simulated aerody-
namic loads are appropriately applied to excite the airfoil at each
time.

In this section, the loads contaminated with process noise are ap-
plied to the airfoil in the experiment (see Fig. 8). By doing so,
one can explore the impact of the difference between the required
and commanded aerodynamic loads on the proposed RTHS, with-
out the real actuator model and control algorithm. This treatment
is believed to be sufficient in this conceptual study. The reference
loads used in this study are extracted from the ideal RTHS dis-
cussed in Sec. 3.1. A Gaussian distributed random noise vector is
applied to the calculated aerodynamic loads, where the noise level
is set by scaling its standard deviation with respect to that of the
loads in the ideal simulation. This study considers noise levels for
both process and measurement (Sec. 3.3) up to 100%, which cov-
ers a broader range of noises than those considered in a recent
RTHS study by Wu and Song [15]. Fig. 9 highlights the calculated
aerodynamic loads and the commanded loads with noise.

Figs. 10 and 11 illustrate the transient responses of the airfoil
in the RTHS with different levels of process noise. The correspond-
ing time-wise errors are obtained by comparing to the ideal RTHS.
From the figures, it seems that the system is insensitive to the
noise level studied in this case. However, the process noise does
cause additional airfoil vibrations, while the ideal RTHS would set-
tle down. Fig. 12 compares the RMS errors in the airfoil’s aeroelas-
tic responses resulted from different levels of process noise. This
chart helps to determine the maximum allowed difference be-
tween the calculated aerodynamic loads and the commanded loads
by the actuators in the actual RTHS.

3.3. Real-time hybrid simulations with measurement noise

Sensor system may introduce measurement noise into the RTHS
platform (see Fig. 3). The impact of measurement noise of the air-
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Fig. 14. Impact of measurement noise on airfoil plunging in RTHS.
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Fig. 16. RMS errors in responses with different levels of measurement noise.

foil kinematics is considered in this study. The Gaussian distributed
noise is applied on the output of the structural dynamics system
(q and its derivatives, see Fig. 13), where the level of the mea-
surement noise is selected by scaling its standard deviation with
respect to that of the airfoil responses in the ideal RTHS. Similar

to the previous study, different levels of measurement noise are
compared to examine their impact on the accuracy of the RTHS.
Figs. 14 and 15 compare the aeroelastic behavior of the airfoil un-
der different levels of measurement noise. The RMS errors of the
airfoil behavior are plotted in Fig. 16. The impact of the measure-
ment noise can be observed, which has a similar linear trend, as
shown in Fig. 12. Note that the current study (including Sec. 3.2)
only demonstrate the concept of RTHS and the aeroelastic behav-
iors impacted by noises. In future studies, one should calibrate the
real noise level based on the properties of actuators and sensors
used in RTHS.

3.4. Real-time hybrid simulations with actuator delay

Another practical consideration for RTHS is about the delay
in actuation. The error caused by this latency may accumulate
and eventually lead to the failure of RTHS [16]. With this re-
gard, several numerical tests are performed to explore the impact
of actuator delay on the accuracy of RTHS, with the block dia-
gram shown in Fig. 17. In these studies, different lengths of de-
lay are selected when the calculated aerodynamic loads are fed
to the actuation, which are 2dt = 0.002 s, 10dt = 0.01 s, and
20dt = 0.02 s, respectively. These delay values are higher than the
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delays reported in previous RTHS studies [17,18]. The resulting air-
foil plunging motions from the RTHS are then compared in Fig. 18.
From Fig. 183, it can be seen that a small amount of actuator delay
(i.e., 0.002 s) does not significantly impact the airfoil’s response,
while a long delay may cause significant overshoots in peak val-
ues of the response. Fig. 18b compares the time-wise errors with
the delays, where the error caused by the delay of twenty time
steps is already comparable to the magnitude of the plunging mo-
tion. Such delays have a similar impact on the airfoil’'s pitching
motion, as shown in Fig. 19. Fig. 20 provides a complete com-

R, - u, X, = AXx, +Bu,—
= =Cx.+D.u Y, Experimental
Y 272 272 Testing
f—frEIayf 7777777777777777777 — ===
. Numerical
y, 1 %= Ax +Bu, u, Simulation
Y. = CIXI + Dlul

Fig. 17. RTHS with actuator delay.

parison of the RMS errors in the airfoil's aeroelastic response re-
sulted from different actuator delays. This chart helps to determine
the maximum allowed delay to maintain the required accuracy in
RTHS.

3.5. Real-time hybrid simulations with both noise and delay

Finally, in the interest of discovering their combined impact,
process and measurement noise, as well as actuator delay, are con-
sidered in the simulated RTHS (see Fig. 21). For simplicity, it can
be assumed that the levels of process and measurement noises
are identical. The relative RMS errors of the airfoil’s aeroelastic re-
sponse in the RTHS are plotted in Fig. 22, in which the data are
normalized by the corresponding RMS transient response in the
ideal RTHS (i.e., zero noises and delay, see Fig. 6). While Fig. 22
can be used to estimate the impact of noise and delays on the
accuracy of RTHS, Fig. 23 provides an overall picture of the rel-
ative RMS error distributions of the airfoil’s aeroelastic responses
with different levels of noise and lengths of delay in the RTHS,
where the two types of noises vary independently. The maximum
relative RMS error of all these cases is 10.91% for plunging and
7.78% for pitching. From both Figs. 22 and 23, it is evident that
in the range studied herein, the accuracy of RTHS is more sen-
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Fig. 19. Impact of actuator delay on airfoil pitching in RTHS.
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sitive to the length of actuator delay. For the convenience to vi-
sualize the results, Figs. 24 to 26 are generated to highlight the
RMS errors under different lengths of actuator delays, where the
data are collected from Fig. 23. It is of interest to discover how
the two types of noise impact the simulation’s accuracy with dif-
ferent lengths of delay. For example, when the delay is small
(Fig. 24), the error increases as the level of process noise increases;
but when the delay is large (Figs. 25 and 26), that trend shifts
from an increasing one to decreasing. From this study, it can be
seen that the airfoil’s aeroelastic response predicted by the RTHS
is sufficiently accurate, as long as both the noise and delay are
bounded in a limited range. Based upon Figs. 23 and 25, if a max-
imum of 5% relative RMS error is allowed in the RTHS to maintain
the required accuracy, the actuator delay cannot be greater than
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Fig. 20. RMS errors of aeroelastic responses with different lengths of delay.
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10 time steps, and the measurement noise should be less than
60%.

4. Conclusion

In this paper, the concept of a proposed RTHS platform for
flexible wings was presented, with a typical 2-D airfoil. Structural
dynamics and aerodynamics of flexible wings are inherently cou-
pled together, leading to their aeroelastic response. In the proposed
RTHS, the aerodynamic loads on the airfoil were predicted by a
proper 2-D aerodynamic formulation, while the airfoil vibration
was tested in an experiment.

As a proof-of-concept study, individual state-space models were
built to represent the structural dynamics and aerodynamics sub-
systems, and two-way data communication was set up to ensure
the proper coupling between the subsystems. In the ideal situation,
the proposed RTHS can accurately capture the transient aeroelas-
tic behavior of the airfoil, including the aeroelastic instability. In
practice, both actuator and sensor are used in RTHS as interfacing
elements, and they introduce noises and delay into the proposed
RTHS platform. By the parametric study performed in this paper,
the effects of the process and measurement noises, as well as ac-
tuator delay, on the accuracy of the proposed RTHS have also been
studied. It shows that the proposed RTHS can accurately capture
the aerodynamic response of the airfoil, as long as the levels of
the noises and delay are within a bounded range in the case of
this study.

The results obtained in this study not only demonstrate the
feasibility of the proposed RTHS in accurately capturing the aero-
dynamic behavior of the 2D airfoil but also offer insights and
confidence on the robustness of the proposed RTHS under possi-
ble detrimental effects due to noises and delays. It is also worth
noting that the RTHS platform proposed herein is generally appli-
cable with properly selected aerodynamic models. Although it is
not the focus of this study, where the airfoil's aerodynamic be-
havior is considered linear, the selection of aerodynamic models
for wing members and full vehicles with different planforms and
flow conditions needs to be adequately considered in the pro-
posed RTHS platform. In future study, the authors will further
consider the appropriate selection of various aerodynamic formu-
lations and experimental implementations on the proposed RTHS
platform.
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Fig. 22. Relative RMS errors with different noise levels and delays in RTHS.



11

o S o Q )
ES e R = S
& - -
o o
c C C
) [2]
&2 @ @
o) o ) 3
y, = © S S
< oh o a
IS g
: = o o
- 8 3 « o «
o £ % =
. @ =
o < o 3] o
Q 2 2
S 5 g =
g v 2 o = o
™ 5 = g =
A R~ o =} =)
) [ & N 3V
S o > 3
— Y o= .
~ ° = = (=} 2 [=}
s g = 5 N £ ¥
S @2 o ® & ®
S e 2 % 8 £ G
1 [0] Q
g g = 2 . 8 & 2
[e]
kS e g ® e ] 2
e o 8 ’ @ = @
= a k=) ™ [ — co © 3] 0 o
S ° o o) N < 0]
= N+~ 5 - = £ - =
S sdeys awi Jo Aejeq B % ‘Buiyond ui Joiie SINY dAne[eY 2 % ‘Buiyond ui Jolle SINY aAneeYy
o «n 2
o [}
o o
g R 2 8 2 g 8 2
A 5 2 - N 8 = N
[0]
g b @ g ] = 3
IS] o s [~ ©
2 c =1 c [ c
S o 7] =
g - =
5 2 g E: 2 g 2
N 3§ o 8 2 2 8
® o = S g o < Q
3 oh 5 o N o
= © B= R &
- & g i
=] ~ [=] =
2 =) = @ o
W. ~ - .M.. %) N
= = =)
© £ 2 mc
© =
o s £ S = o
S & =5 =)
[To) o 5] i =
S m & o = o
] N2
N SR 2
o N
™ R e
« 5 X e o
c —_ I} @
o = 2 2
~— (%] o o)
3 c c
<} . y -
° a @ < § B o ©Q 8
[} [P IYs) <+ <@ L7}
Nr-r+—r—v+vr S >

sdajs awn Jo AejeQ % ‘Buibunid ur Joud SNY aAne|eY % ‘Buibund u Jo1d SINY dAnE|IY

(b) Pitching

(a) Plunging

Fig. 25. Relative RMS errors with delay of 10 steps in RTHS.



12 W. Su, W. Song / Aerospace Science and Technology 95 (2019) 105513

N
N

10.8

10.6

10.4
100

100

Relative RMS error in plunging, %

80

60 80

60

40 40

20

20
Meas. noise, % 0 0

Process noise, %

(a) Plunging

R

S 78
=

S

=

c 7.6
S

o

o 7.4
S

o

[}

2 72
8 10
& 80 100

60 80
40 a0

Process noise, %

20 20

0 0

Meas. noise, %

(b) Pitching

Fig. 26. Relative RMS errors with delay of 20 steps in RTHS.

Declaration of competing interest
There is no competing interest.

References

[1] Q. Wei, ]. Fang, X. Fan, S. Wei, Hybrid simulation system study of sins/cns
integrated navigation, IEEE Aerosp. Electron. Syst. Mag. 23 (2) (2008) 17-24,
https://doi.org/10.1109/MAES.2008.4460727.

[2] L. Waszniowski, Z. Hanzalek, ]. Doubrava, Aircraft control system validation via
hardware-in-the loop simulation, J. Aircr. 48 (4) (2011) 1466-1468, https://doi.
org/10.2514/1.C031229.

[3] E Boria, B. Stanford, S. Bowman, P. Ifju, Evolutionary optimization of a mor-
phing wing with wind-tunnel hardware in the loop, AIAA ]. 47 (2) (2009)
399-409, https://doi.org/10.2514/1.38941.

[4] T.H. Bradley, B.A. Moffitt, D.N. Mavris, T.F. Fuller, D.E. Parekh, Hardware-in-the-
loop testing of a fuel cell aircraft powerplant, J. Propuls. Power 25 (6) (2009)
1336-1344, https://doi.org/10.2514/1.40805.

[5] G. Strub, S. Theodoulis, V. Gassmann, S. Dobre, M. Basset, Pitch axis control

for a guided projectile in a wind tunnel hardware-in-the-loop setup, J. Spacecr.

Rockets 52 (6) (2015) 1614-1626, https://doi.org/10.2514/1.A33330.

R. Zappulla 11, ]. Virgili-Llop, C. Zagaris, H. Park, M. Romano, Dynamic air-

bearing hardware-in-the-loop testbed to experimentally evaluate autonomous

spacecraft proximity maneuvers, ]. Spacecr. Rockets 54 (4) (2017) 825-839,

https://doi.org/10.2514/1.A33769.

M. Fritz, S. Winter, J. Freund, S. Pflueger, O. Zeile, ]. Eickhoff, H.-P. Roeser,

Hardware-in-the-loop environment for verification of a small satellite’s on-

board software, Aerosp. Sci. Technol. 47 (2015) 388-395, https://doi.org/10.

1016/j.ast.2015.09.020.

M.L. Wallace, D.J. Wagg, S.A. Neild, P. Bunniss, N.AJ. Lieven, A.J. Crewe, Testing

coupled rotor blade-lag damper vibration using real-time dynamic substructur-

ing, J. Sound Vib. 307 (3-5) (2007) 737-754, https://doi.org/10.1016/j.jsv.2007.

07.004.

(6

[7

(8]

[9] S.A. Mahin, P.B. Shing, Pseudodynamic method for seismic testing, J. Struct. Eng.
111 (7) (1985) 1482-1503, https://doi.org/10.1061/(ASCE)0733-9445(1985)
111:7(1482).

[10] M. Nakashima, H. Kato, E. Takaoka, Development of real-time pseudo dynamic
testing, Earthq. Eng. Struct. Dyn. 21 (1) (1992) 79-92, https://doi.org/10.1002/
eqe.4290210106.

[11] PB. Shing, O.S. Bursi, M.T. Vannan, Pseudodynamic tests of a concentrically
braced frame using substructuring techniques, J. Constr. Steel Res. 29 (1-3)
(1994) 121-148, https://doi.org/10.1016/0143-974X(94)90059-0.

[12] D.A. Peters, M. Johnson, Finite-state airloads for deformable airfoils on fixed
and rotating wings, in: P.P. Friedmann, J.C.I. Chang (Eds.), Symposium on Aeroe-
lasticity and Fluid/Structure Interaction, in: ASME Winter Annual Meeting,
vol. AD-44, American Society of Mechanical Engineers, New York, NY, 1994,
pp. 1-28.

[13] D.A. Peters, S. Karunamoorthy, W.-M. Cao, Finite state induced flow models
part i: Two-dimensional thin airfoil, J. Aircr. 32 (2) (1995) 313-322, https://
doi.org/10.2514/3.46718.

[14] D.A. Peters, C.-J. He, Finite state induced flow models part ii: Three-
dimensional rotor disk, J. Aircr. 32 (2) (1995) 323-333, https://doi.org/10.2514/
3.46719.

[15] T. Wu, W. Song, Real-time aerodynamics hybrid simulation: Wind-induced ef-
fects on a reduced-scale building equipped with full-scale dampers, J. Wind
Eng. Ind. Aerodyn. 190 (2019) 1-9, https://doi.org/10.1016/j.jweia.2019.04.005.

[16] A. Maghareh, S.J. Dyke, A. Prakash, G.B. Bunting, Establishing a predictive per-
formance indicator for real-time hybrid simulation, Earthq. Eng. Struct. Dyn. 43
(2014) 2299-2318, https://doi.org/10.1002/eqe.2448.

[17] T. Horiuchi, M. Inoue, T. Konno, Y. Namita, Real-time hybrid experimen-
tal system with actuator delay compensation and its application to a pip-
ing system with energy absorber, Earthq. Eng. Struct. Dyn. 28 (10) (1999)
1121-1141, https://doi.org/10.1002/(SIC1)1096-9845(199910)28:10<1121::AID-
EQE858>3.0.C0O;2-0.

[18] A.P. Darby, A. Blakeborough, M.S. Williams, Improved control algorithm for
real-time substructure testing, Earthq. Eng. Struct. Dyn. 30 (3) (2001) 431-448,
https://doi.org/10.1002/eqe.18.


https://doi.org/10.1109/MAES.2008.4460727
https://doi.org/10.2514/1.C031229
https://doi.org/10.2514/1.38941
https://doi.org/10.2514/1.40805
https://doi.org/10.2514/1.A33330
https://doi.org/10.2514/1.A33769
https://doi.org/10.1016/j.ast.2015.09.020
https://doi.org/10.1016/j.jsv.2007.07.004
https://doi.org/10.1061/(ASCE)0733-9445(1985)111:7(1482)
https://doi.org/10.1002/eqe.4290210106
https://doi.org/10.1016/0143-974X(94)90059-0
http://refhub.elsevier.com/S1270-9638(19)31986-8/bib7065746572733139393466696E697465s1
http://refhub.elsevier.com/S1270-9638(19)31986-8/bib7065746572733139393466696E697465s1
http://refhub.elsevier.com/S1270-9638(19)31986-8/bib7065746572733139393466696E697465s1
http://refhub.elsevier.com/S1270-9638(19)31986-8/bib7065746572733139393466696E697465s1
http://refhub.elsevier.com/S1270-9638(19)31986-8/bib7065746572733139393466696E697465s1
https://doi.org/10.2514/3.46718
https://doi.org/10.2514/3.46719
https://doi.org/10.1016/j.jweia.2019.04.005
https://doi.org/10.1002/eqe.2448
https://doi.org/10.1002/(SICI)1096-9845(199910)28:10<1121::AID-EQE858>3.0.CO;2-O
https://doi.org/10.1002/eqe.18
https://doi.org/10.2514/1.C031229
https://doi.org/10.1016/j.ast.2015.09.020
https://doi.org/10.1016/j.jsv.2007.07.004
https://doi.org/10.1061/(ASCE)0733-9445(1985)111:7(1482)
https://doi.org/10.1002/eqe.4290210106
https://doi.org/10.2514/3.46718
https://doi.org/10.2514/3.46719
https://doi.org/10.1002/(SICI)1096-9845(199910)28:10<1121::AID-EQE858>3.0.CO;2-O

	A real-time hybrid aeroelastic simulation platform for ﬂexible wings
	1 Introduction
	2 Theoretical formulation
	2.1 2-D airfoil section and unsteady aerodynamic loads
	2.2 Aeroelastic equation of motion and state-space form
	2.3 Proposed real-time hybrid simulation platform

	3 Numerical studies and discussions
	3.1 Ideal real-time hybrid simulations
	3.2 Real-time hybrid simulations with process noise
	3.3 Real-time hybrid simulations with measurement noise
	3.4 Real-time hybrid simulations with actuator delay
	3.5 Real-time hybrid simulations with both noise and delay

	4 Conclusion
	References


