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Wing-gust encounters cause harmful lift transients that can be mitigated through maneu-
vering of the wing. This paper presents a method to generate an open-loop (i.e., prescribed)
maneuver that optimally regulates the lift on the wing during a transverse gust encounter.
Obtaining an optimal maneuver is important for laboratory experiments on the physics of
wing-gust interactions and may be useful for the future design of feedback controllers. Prior
work of the authors has shown that an Iterative Maneuver Optimization (IMO) framework
can generate an optimal maneuver by using a surrogate model to propose a control signal that
is then tested in experiment or high-fidelity simulation. The input to the surrogate model is
updated to account for differences between the test data and the expected output. The optimal
maneuver is obtained through iteration of this process. This paper simplifies the IMO method
by replacing the surrogate model with the classical lift model of Theodorsen, removing the
process of optimization over the surrogate model, and removing the requirement to know the
time-averaged profile of the gust. The proposed method, referred to as Simplified IMO (SIMO),
only requires input and output data collected from simulations or experiments that interact with
the gust. Numerical simulations using a Leading Edge Suction Parameter modulated Discrete
Vortex Model (LDVM) are presented to generate the input and output data of the wing-gust
encounters for this paper. The results show an optimal pitch maneuver and an optimal plunge
maneuver that can each regulate lift during a transverse gust encounter.

I. Nomenclature
Roman Letters
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a = pitch axis location in semi-chords

Ag, A, = Fourier coefficients

b = semi-chord length, ¢/2

c = chord length

Cr..Cp = lift coefficient, drag coefficient

Cs,Cn = suction force coefficient, normal force coefficient

CL ref = reference value for lift coefficient

CL model = lift coefficient predicted by the surrogate model

CL test = lift coefficient measured in experiment or high-fidelity simulation
GR = gust ratio, Viax /v

h,h,h = plunge amplitude, plunge rate, plunge acceleration

J = performance measure for optimal control

K,,K;,K; = proportional, integral, derivative control gain

k = reduced frequency of the wing motion

LESPc = critical value of Leading Edge Suction Parameters

p = pressure

S = surge rate

t* = convective time, Ut/c

to, tf = start time and terminal times of the optimal control problem
u = control input

(ux,uz) = external flow components in the inertial reference frame

*Graduate Student, Department of Mechanical and Aerospace Engineering, AIAA Student Member
T Assistant Professor, Department of Mechanical and Aerospace Engineering, AIAA Senior Member

Copyright © 2023 by Xianzhang Xu and Francis D. Lagor. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.



Downloaded by Francis Lagor on January 20, 2023 | http://arc.aiaa.org | DOI: 10.2514/6.2023-2478

Uret = constant, characteristic flow speed

U = relative flow speed, freestream flow

(4ind> wina) = components of induced flow velocity

Vinax = maximum velocity of gust flow model

W = gust width

w = downwash

X = location along the chord line

(xc,zc) = coordinates of pitch axis in the body frame of the wing
y = output signals

Greek Letters

a,&,& = angle of attack, angle-of-attack rate, angle-of-attack acceleration
y = strength of bound-vortex sheet

r = circulation strength of discrete vortex

6,6,6 = Dpitch angle, pitch rate, pitch acceleration

% = angular coordinate along chord line

II. Introduction

ust encounters can de-stabilize the flight of small, unmanned aerial vehicles and lead to significant damage [1, 2].

Consequently, wing motions and wing-gust encounters have been studied with great interest at low Reynolds
numbers (e.g., see [3-5]). Existing atmospheric flight controllers perform model-based control in unsteady flow
environments by treating the gust as a disturbance input that can be rejected through linear robust control techniques
[6-8]. However, these vehicles often encounter transverse gusts that can produce large disturbances and induce shedding
of coherent flow structures that greatly influence the aerodynamic forces [9, 10]. Hence, more recent studies have
investigated the structure of the flow field during transverse wing-gust encounters at low Reynolds numbers in both
high-fidelity numerical simulations [11, 12] and experiments [13]. Findings indicate that large-amplitude transverse
gusts can cause massive flow separation, resulting in deviation of the lift force from its steady value prior to the encounter.
Often, a large lift overshoot occurs early in the encounter, and a lift deficit can occur while exiting the gust. Many
attempts to mitigate the effects of the gust have focused on maneuvering the wing [14—16]. Maneuvering the wing
can influence the circulatory, non-circulatory, and added-mass contributions to the lift force by altering the wing’s
orientation and rates of change during the encounter [4]. Sedky [17] has shown that pitch maneuvers can regulate lift
near either zero or non-zero values.

Minimizing absolute deviations of the lift from a reference value is a regulation problem in the study of control.
There are many modern control techniques to address regulation problems for linear and nonlinear systems. However,
many of these tools are model-based and would require modeling and identification (i.e., quantifying parameters) of the
wing-gust system prior to use. Poor modeling or system identification can lead to poor performance of the controller,
and even instability of the closed-loop system. Proportional-Integral-Derivative (PID) controllers can often work for
control problems in which the system model is uncertain or unknown. However, to obtain performance guarantees for a
PID controller requires a system model for closed-loop analysis.

In wing-gust encounters, the fluid system has unsteady, nonlinear, and multi-scale dynamics, which makes capturing
all relevant physical effects difficult. Recent works in gust-encounter research have sought low-order models for the
wing-gust interaction for the purposes of interpreting experimental data through the lens of the model [4], designing
feedback controllers [15], and designing prescribed maneuvers [16, 18]. Early potential-flow models of wing-gust
encounters developed by Wagner, Theodorsen, Kiissner, and von Karman [19-22] have been examined for applicability
to large-amplitude gusts. Andreu-Angulo et al. [14] combined different classic aerodynamic theories to model the
effects of gust flow and wing kinematics. They used their model to design a maneuver that maintains a specified effective
angle of attack during the encounter. These models provide some useful, predictive capability, despite assumptions of
low-frequency motion and attached flow.

To include external vorticity in a potential-flow model, Corkery et al. [23] modeled the shear layers of a transverse
gust using discretized vortex sheets to study the forces on the wing. Since shed vorticity, such as the Leading Edge
Vortex (LEV) can greatly impact the lift force [24, 25], some studies simulate wing-gust encounters using a Discrete
Vortex Model (DVM) in which vortices freely advect within a potential flow model. Andreu-Angulo and Babinsky [18]
used a DVM to design a prescribed maneuver by pitching the wing to zero out the lift calculated within the model at each
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time step. Sedky et al. [18, 26] used a DVM to assess the performance of a proportional feedback controller that was
tuned using Theodorsen’s unsteady aerodynamic model. In prior work [16], the authors designed an optimal pitching
maneuver for a nonlinear, modified Goman-Khrabrov (mGK) model [27] of a gust encounter using an optimal-control
framework based on a gradient-descent approach. These works demonstrate lift regulation with appropriate wing
maneuvers, however, lift forces still experience deviations from the desired reference value when the profile is applied in
experiment or high-fidelity simulation. These deviations are attributable to unmodeled effects, because the prescribed
profile or feedback controller is subject to the limitations of the model used in its construction.

To study mechanisms of force mitigation through wing maneuvering, it is desirable to use a motion profile that
is truly optimal, or at least as nearly optimal as possible. An optimal maneuver may provide valuable insight into
wing-gust interaction that may inform future design of feedback controllers. Hence, the goal of this paper is to create
a reliable method for off-line calculation of open-loop optimal maneuvers that can be utilized in experimental and
computational research. In addition, we seek to reduce dependence on the model used during maneuver construction.
One way to accomplish this goal is by incorporating experimental or high-fidelity simulation data from the system under
study during maneuver construction.

Data-driven methods, such as Proper Orthogonal Decomposition (POD) [28] and Dynamic Mode Decomposition
(DMD) [29], have become important tools for the analysis and reduced-order modeling of fluid systems [30]. These
algorithms can provide an accurate, linear representation of the system. Extensions of the DMD algorithm have also
addressed nonlinearities [31] and can include control inputs [32]. Unfortunately, identified linear control models are
only valid at (or very close to) the prescribed inputs used in model construction. Changes in actuation require changes in
the system model, which makes use of these approaches in optimal control calculations difficult. Deem et al. [33] used
an adaptive LQR controller with the online DMD algorithm that updates the system model as new data arrives. Deem et
al. [33] note that the control input is not optimal due to non-linearity and time-varying features of the fluid system.
Addressing the time-varying nature of a fluid system in construction of an optimal control signal may be possible if the
flow is highly repeatable in experiment or simulation.

Rather than online construction of an optimal control, repeated experiments or simulations can provide data for
offline refinement of the control. Some data-driven control methods tune the control signal in an iterative manner,
such as Iterative Tuning Feedback (IFT) [34] and Iterative Learning Control (ILC) [35]. These methods use the error
between the output signal and a desired output signal to update the control design or a reference signal for the controller
in the next iteration. An iteration in either of these methods consists of applying the updated controller or control signal
in experiment or high-fidelity simulation. IFT uses the output error information to adjust controller gains, while ILC
uses the output error to adjust a reference input signal. In the authors’ prior work [36], a method similar to ILC, called
Iterative Maneuver Optimization (IMO), is applied to generate optimal maneuvers of a wing in a gust encounter through
iterated experiments. The fundamental principle behind IMO is the same as ILC. However, the methods differ, because
ILC typically applies to linear systems and uses a learning filter for the signal update, while IMO performs control
signal updates by solving an optimal control calculation using a surrogate model.

The IMO method uses an optimal control calculation on an mGK model and several iterations through experiment or
higher-fidelity simulation to generate an optimal maneuver for the true wing-gust system. In [36], the authors show that
the mGK model produces an undesirable delay in the lift response during a gust encounter. However, the IMO method
is able to overcome this deficiency to produce an optimal maneuver in simulation and a highly optimized maneuver in
experiment. Although the IMO method is very useful, it has several limitations. In particular, the IMO method requires
prior knowledge of the gust profile to derive the optimal control input using the mGK model. The mGK model also
contains empirical terms that must be fit using initial experiments. Lastly, the optimal control procedure is slow and
complex. The main objective of this paper is to simplify the IMO method.

This paper creates an iterative procedure that the authors refer to as Simplified IMO (SIMO). SIMO uses the classic
unsteady lift model of Theodorsen [19] to predict the lift from the wing’s maneuvers. Theodorsen’s lift model includes
pitching and plunging effects, as well as a term that accounts for wake vorticity. Brunton et al. [37] previously designed a
controller by taking the Laplace transformation of Theodorsen’s function to obtain transfer functions from the maneuver
inputs to lift. Sedky et al.[26] considered the transverse gust as an output disturbance and designed an output feedback
controller based on robustness arguments and the sensitivity transfer function. This approach successfully removes the
requirement for prior knowledge of the gust profile, but it still requires an anticipated reduced frequency range for the
gust disturbance. In this paper, the SIMO method utilizes Theodorsen’s lift model to replace the mGK surrogate model
in IMO and designs output feedback controllers for Theodorsen’s pitch and plunge models to track a reference lift signal.
The optimal maneuvers that regulate the lift of the wing during the transverse gust encounter are generated through an
iterative approach and do not require any prior knowledge of the gust. Pitch acceleration and plunge acceleration inputs
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are studied individually using a DVM simulation with leading edge shedding modulated by the Leading Edge Suction
Parameter (LESP) as the test system. This form of DVM is referred to in this paper as an LDVM.

The contributions of this paper are: 1) a method to construct an optimal lift-regulating maneuver in a transverse
gust encounter based on Theodorsen’s unsteady lift model and iterated experimentation, and 2) determination of
an optimal lift-regulating maneuver using only a plunge input in numerical experiment with an LDVM simulation.
These contributions are important because the simplified method for maneuver optimization greatly reduces the
experimentation effort required by removing the need to initially characterize the wing and the gust (i.e., empirically
determine coefficients and the time-averaged gust profile). Additionally, examination of a plunge input expands on the
previous work of the authors that only examined a pitching input in the IMO process.

This paper is organized as follows: Section III reviews the LDVM modeling technique for simulation of wing-gust
encounters. Section IV reviews the IMO method for determining an optimal maneuver for force regulation. Section V
presents the framework of the Simplified IMO method and its application to design pitch or plunge maneuvers for lift
regulation. Section VI presents simulation results and discusses the relative merits and disadvantages of the SIMO
method. Section VII concludes the paper and discusses future work.

III. Discrete Vortex Model of Wing-Gust Encounters
This section reviews the Discrete Vortex Model with Leading Edge Suction Parameter (LDVM), which is used in
numerical experiments in this work.

A. Discrete Vortex Model Formulation

DVMs have been extensively used in modeling unsteady aerodynamic phenomena, such as formation and shedding
of the Leading Edge Vortex (LEV) [25, 38, 39]. DVM methods are able to produce flow fields that closely agree with
CFD and experiments for fluid problems, such as LEV formation, dynamic stall, and high angle-of-attack motion
[25, 38—40]. Recent research [26, 41] has employed DVM methods to model fluid dynamic problems with external
flow disturbances. SureshBabu et al. [41] investigate a maneuvering airfoil encountering a flow disturbance generated
by an upstream cylinder through numerical simulation with a DVM model. DVM methods have also been utilized to
model wing-gust encounters. As discussed by [26], a gust can be modeled using a prescribed velocity field that does
not deform according to the wing’s motion, or can be modeled using free vortices initially aligned in the shape of the
gust that subsequently deform with the wing’s motion. For the gust studied in [26], only minor differences in the lift
prediction were noticed between these two approaches, but the prescribed velocity field approach provided significant
computational savings. A DVM is selected to model the gust encounter, because it is able to represent shedding of
vorticity in response to a prescribed velocity field of the gust. The non-dimensional LESP quantity introduced by
Ramesh et al. [25] serves as the criterion of leading-edge shedding. When the LESP value exceeds the critical value,
LESPc, which is determined empirically from experimental or CFD data, the airfoil sheds vortices from the leading
edge. The trailing edge of the airfoil continuously sheds vortices. This method was built on the time-stepping approach
introduced by Katz and Plotkin [24].

In thin-airfoil theory, a bound vortex distribution within the airfoil enforces a boundary condition of no flow through
the airfoil. The sheet strength, at time ¢, is given by the Fourier series [41]

Ao(t)% + 3" Au(t) sin(nv) (1

n=1

v(v,t) = 2Uret

Here, ULt is a non-dimensional characteristic speed associated with the problem, and v is an angular coordinate that is
associated with the chordwise coordinate x through the Glauert transformation, x = ¢(1 — cos v) /2. The time-dependent
Fourier coeflicients [41]

Ao(t) = 1 W(v,t) dv
T Jo Utet )
2 Ve
A1) = —/ W1 cos(nv)dv,
T Jo Uref

are calculated using the downwash ‘W (v, t), which is the velocity impinging on the airfoil normal to the chord line. The
downwash is calculated from the velocity induced by the kinematics of the airfoil, discrete vortices in the flow field, and
external flow due to the transverse gust. Let §, A, and 9g be the surge rate, plunge rate, and pitch rate, respectively. The
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downwash can be expressed as [41, 42]
W.1) = (5 —tx(v. 1)) sin @ + (h — uz(v.1)) cos 6 + 6 (% (1= cos v) —xc) + wind(v, 1) 3)

where the u, and u, terms are the external flow in the x and z directions of the inertial reference frame, respectively.
The positive x direction is aligned with the direction of travel for the wing, and the positive z direction is downward
according to the convention of aircraft flight dynamics. The transverse gust flow is captured by the u, term. The induced
velocity components ui,q and wipg are contributions from previously shed LEV and TEV discrete vortices in the flow
field, expressed in the body frame.

At each time step, the DVM determines the distribution of vorticity at a discrete set of points along the chord of the
airfoil in order to enforce no flow across the chord line. The DVM also sheds new vortices into the flow with strengths
that are calculated to satisfy the Kelvin condition, which ensures that there is no net change in circulation in the airfoil
and external flow field [25, 41]. The DVM sheds vorticity at the trailing edge at each time step, and it sheds vorticity at
the leading edge if the LESP value is above the critical value LESPc.

To determine the strengths of shed vortices, note that the total bound circulation can be determined by integrating y
along the chord to give,

A()(t) +

I'p(t) = /ny(v, t)E sinvdv = Ucn Al(t)] . ()
0 2 2

If shedding occurs only at the trailing edge for the jth time step, the strength of the shed TEV can be determined from
the change in bound circulation since the last time step such that

) - :
iy =Ty () Ty (0). (5)
Note that Fé is also unknown and depends on F%EV. Newton-Raphson iteration is often applied to solve for these two

quantities [24, 25]. However, iteration can be avoided by noting that the TEV strength F'TiEv can be linearly factored out
of total bound circulation F]é and solved for according to [41],
Fé_l +c foﬂ WO(1 - cos v)dv

/.. = . (6)
Y e foﬂ Wiy (1 —cosv)dv

Equation 6 introduces two manipulated downwash terms: ‘W[, is the downwash induced by a unit strength vortex

located at the position of the newly shedding vortex, and ‘W is the downwash induced by all other vortices in the flow
field, the airfoil kinematics, and external flow effects. Once the strength of the latest TEV is determined, the downwash
and Fourier coefficients can be obtained.

For shedding at the leading edge, the LESP value is associated with the leading Fourier coefficient Ag [25]

LESP(¢) = Ag(?). (7

If the LESP value is greater than the critical value LESPc, vortices release from both edges of the airfoil, and the
strength of LEV can be determined by forcing the current LESP value to LESPc at each time step. For simultaneous
shedding, the strengths the LEV and TEV can be determined by a similar approach to the calculation used to obtain Eqn.
(6). This process leads to the linear system of equations

Fj
[A]4 %V =Bl ©)
F]
LEV
where
1—c [" Wi (1 =cosv)dy 1 —c [ W/, (1 - cosv)dv
[A] = ©)
fo Wigydv /0 W gydv
and

I“é_l +c foﬂ (VV?EV(I —cosv)dv
[B] = , (10)
—nU,fLESP,. — [0” WOdy
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where W/, is the downwash induced by a unit strength vortex at the shedding location for the new LEV. Once the
strengths of the newly shed vortices are determined, their induced flow can be used to compute the downwash, Fourier
coeflicients, vortex dynamics, and forces on the airfoil.

The inertial-frame components of the induced velocity at a point (x, z) due to a de-singularized discrete vortex at
(xj,zj) are [43]

u__& 2-2
D lamxpr e oo e
Fj —(X —Xj) (11)

T E\/[(x—xj)2+(z—zj')2]2+r‘c‘.

The strength of the @th point vortex is I';, and r. is the radius of the vortex core. SureshBabu et al. [41] suggest setting
r. to approximately 1.3 times the average spacing between vortices. The induced velocity contribution wjpg in 3 results
from summing the u; and w; contributions due to shed vortices in (11) and transforming the flow components to the
body frame.

B. Force Calculation
The forces on the airfoil are calculated using a pressure-based approach. The pressure distribution along the airfoil
is given by the unsteady Bernoulli equation [44]

Ap(x)=p [(U cos @ + A sin 0 + uing (x))y(x) + % / v(x")dx" + FLEV] , (12)
x'=0

in which the last term accounts for loading induced by LEV shedding. The normal force per unit span in terms of the
Fourier coeflicients becomes [25, 44]

Fn =prcUrer [(U cos 0 + hsin 6) (Ao(t) + Alz(t)) +c (ZA()(I) + %Aﬁ(t) + %A'z(t))]
(13)

+p/ Uing (x)y (x,1)dx + pclLgy.
0

The suction force per unit span is [44]
Fs = pmcU%AS. (14)

ref

The detailed derivation of the force calculation is omitted but is available in [25, 44]. Dividing the forces by ,ocUrzef /2
provides the normal and suction force coefficients Cy and Cs. Then, the lift and drag coefficients are

CL = CNCOSO+CS sin @

. (15)
Cp =Cpnsinf — Cg cos 6.

This work studies only the lift coefficient Cy, during a gust encounter, however other force components could potentially
be targets for force regulation.

Hemati et al. [45] previously noted that DVM models tend to over-predict the lift force. Dividing Eqns. (13) and
(14) by the dynamic pressure chrzef/ 2 leads to the 2 lift-coefficient slope from classical thin-airfoil theory. In [36],
the authors replaced the 27 coefficient with the empirical coefficient obtained from the steady-lift curve measured in
experiments. The same modification is made in this paper to provide realistic lift values. Note that this modification
only scales the output of the DVM simulation, which is a placeholder for experimental evaluation, and it does not alter
the SIMO method. In particular, the SIMO method does not require empirical values.

C. Simulation of a Gust Encounter for a Non-maneuvering Wing

This section pairs the LDVM simulation of a wing’s shed vorticity with a prescribed velocity profile of a transverse
gust. The gust profile is based on time-averaged measurements of an experimental gust setup in a water towing tank at
the University of Maryland, according to data from [36]. A gray line in Fig. 1 provides the gust profile, which has a
trapezoidal shape and an approximate gust ratio of GR = V,,,x/U = 0.7. Within the LDVM simulation, the gust profile
influences the downwash calculation in (3), which in turn, influences vortex shedding and the forces on the wing. The
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Fig. 1 Lift coefficient of a non-maneuvering wing during an encounter with a trapezoidal, transverse gust
(experimental data taken from [36])

gust profile is assume to be unaffected by the wing, since Sedky et al. [26] have shown that simulated gust deformation
does not significantly alter the forces when compared to an encounter with a non-deforming gust profile at a similar
Reynolds number and gust ratio. Figure 1 also shows the lift coefficient during an LDVM simulation of a gust encounter
for a non-maneuvering wing at zero angle of attack. The simulation extends beyond the time when the trailing edge of
the wing exits the gust to ensure that the lift force returns to its steady-state value by the end of the simulation. As
shown in Figure 1, the wing experiences a lift overshoot after the leading edge enters the gust, and it lasts even after the
trailing edge of the wing exits the gust. The lift coefficient then gradually returns to zero. Prior to one convective time,
the lift values predicted by the LDVM (blue dashed line) show good agreement with experimental measurements (black
line) taken in [36]. The experiments occurred with a NACA0012 wing of chord ¢ = 0.102m and an effective aspect
ratio of 5. The towing speed was 0.115m/s, and the Reynolds number was Re= 12, 000. The LDVM over-predicts the
peak value, but the remainder of the curve is generally close to the experimental data. For this paper, the LDVM serves
as the test model in place of higher-fidelity simulations or experiments. Numerical experiments using the LDVM for
maneuver optimization appear in Sec. VI.

IV. Iterative Maneuver Optimization

The Iterative Maneuver Optimization (IMO) developed in [36] addresses the issue that optimal control profiles
derived using a surrogate model of a wing-gust encounter fail to achieve their expected performance in experiments or
higher-fidelity simulations due to the presence of unmodeled effects. The IMO method uses deviations of experimental
measurements from the predicted aerodynamic forces to update the control signal. Through iterated applicable of this
process, the control performance improves. This section briefly reviews the IMO method.

Let u(t) with t € [t, 7] be a scalar control signal between start time o and end time 7 that actuates the wing,
and let ynyoqel represent a scalar force component of interest, such as lift. This paper investigates pitch and plunge
accelerations individually as control inputs in Sec. VI. The IMO method requires a model for the dynamics of the
system’s state vector x in the form,

X =f(x,ut;p) (16a)
Ymodel = h (x,u,t; p), (16b)

where f and 7 may be nonlinear functions, and y is a vector containing any empirical terms needed by the model.
Equation (16) represents a surrogate model of the true dynamics of the fluid-wing interaction. The functions f and
h are assumed to be differentiable with respect to x and u for optimal control calculations that are part of the IMO
method. In prior work [36], an mGK model served as the surrogate model, and it contained numerous empirical terms
that needed to be fit to the wing prior to use.

The IMO method performs an optimal control calculation to find a control signal u that minimizes the performance
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index . ,
J(u) = 5/ (340t G0y = 3120) e, (17)
y

subject to the dynamics of the surrogate model (16). The superscript () denotes that a signal comes from the ith iteration

of the IMO method. On the first step of IMO, minimizing (17) regulates the model output ym0 del
(1)

Yyef - On subsequent iterations, y ) becomes a non-constant signal that surrogate system should track. A candidate
optimal control can be obtained by solvmg the first-order optimality conditions [42]

to the constant value

. _[0H . _

X = (6/1) with X (#9) = Xg (18a)

. oH\"

/12—(&) with /l(lf) =0 (lgb)
OH

0= = (18¢c)

Standard algorithms from optimal control theory (e.g., see [46]) solve the first-order optimality conditions (18). The
authors’ prior work [42] modifies these conditions to include terminal state constraints, which are useful if the wing is
required to be in a particular configuration (i.e., position and orientation) at the end of the maneuver.

A control u obtained by optimizing (17) over the surrogate model is tested in an experiment or high-fidelity
simulation to produce the output signal ytegt(t) with ¢ € [t9,¢f]. Although the model output y( ) , is close to the

reference value y( ) as a result of the optimal control calculation, the output ytest deviates from yr(e’z due to unmodeled
effects. The dlﬂerence between the test (i.e., measured) output and the model output in the ith iteration is

Ay =y -y . (19)

After completion of both surrogate optimization and testing of the control signal, if the absolute difference between the
test signal and the reference y( ) integrated over the time period is less a desired tolerance, then acceptable regulation
has been achieved. Otherwise, the iteration counter is incremented such that i =7 + 1 and the IMO process can continue.

The output error (19) can be used to find a new control signal in the next iteration by updating the reference signal
for the optimal-control calculation to be

i 1 j—
Vret = Vret — Y07 (20)

IMO minimizes performance index (17) to track the new reference signal (20). Then, the updated optimal control profile
can again be tested in experiment or high-fidelity simulation. To examine Eqns. (19) and (20) further, consider a force
measurement yt(ﬁls)t at a given time that is less than the value predicted by the model yf;z) e due to unmodeled effects.
Eqgns. (19) and (20) would increase yi.r for the next iteration, and the subsequent optimal-control calculation would seek
a control that produces a larger model output yp,oqe at that time. If the surrogate model generally agrees with the true
fluid dynamics, the subsequent test value Veest should increase as well under the same control input, thereby bringing
it closer to the initial reference value y . This process repeats until the measured output signal y.s approaches the

constant, initial reference value yref) . Algorlthm V illustrates the IMO procedure.

The inputs to the algorithm are a time-averaged profile of the transverse gust, a surrogate model of the wing-gust
interaction, and the reference output value for force regulation. The output of the algorithm is the optimal control
input signal that achieves lift regulation. In prior work [36], the authors created a surrogate model by modifying a
Goman-Khrabrov model to include effective angle of attack. Effective angle of attack allows for incorporation of a
prescribed velocity field representing the gust. The output of the mGK model is the lift coefficient Cy,, and the control
input is pitch acceleration §. Using a DVM, the authors showed that the IMO method converges to produce an optimal,
lift-regulating maneuver. Together with collaborators, the authors also experimentally tested the result in a water towing
tank with a gust generator and showed that the IMO method approximately regulates lift in only a few iterations, similar
to the numerical simulations. However, the final experimental iterations contained deviations from the reference lift that
oscillated for further iterations. The authors showed that the same effect could be replicated in DVM by lowering the
critical value of the leading edge suction parameter (i.e., the threshold for shedding at the leading edge) to make the
leading edge more sensitive to shedding. Despite these small oscillations, experiments validated that the IMO method
produces a lift-regulating pitch maneuver.
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Alg. I: Tterative Maneuver Optimization (IMO) (Adapted from [36])

Inputs: Wing parameters, flow speed, time-averaged gust profile, reference output
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m Vet ref
|
l (i)

Optimization of J Ymodel
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i (@) (&)
Ay(l)  Ytest ~ Ymodel
Uopt

'f 1, @) (1)
ﬁo |yte’>i_yref |dl

< tolerance?

Experiment or high-
fidelity simulation

/ Record control signal uopt /;) End

Output: Optimal input signal 14,

V. Simplified Iterative Maneuver Optimization

This section introduces the Simplified Iterative Maneuver Optimization (SIMO) method. SIMO uses Theodorsen’s
lift model to eliminate the empirical terms in the mGK surrogate model and remove the requirement for a time-average
profile of the gust. This change greatly reduces the experimental effort necessary before implementing the method.
SIMO also replaces the costly optimization step in IMO with a more efficient simulation based on closed-loop tracking
control of Theodorsen’s lift model.

In [36], the IMO method uses a nonlinear mGK model that compares well to experimental lift measurements in the
amplitude and duration of the the lift overshoot for a non-maneuvering wing. However, the authors note that the mGK
model also has a noticeable delay in the lift response when compared to experimental data. Despite this delay, IMO
method is able to achieve accurate lift regulation. This observation suggests that the surrogate model does not need to
be highly accurate, but simply adequate at capturing general trends of the system’s response. A linear dynamic model
may be sufficient when applied within the IMO framework.

One such linear dynamic model of lift is Theodorsen’s unsteady lift model. Theodorsen’s model predicts the lift
coeflicient of a wing undergoing pitching and plunging maneuvers based expressions for added-mass and circulatory
effects derived using potential-flow theory. Theodorsen’s lift model is [47]

CL:ﬂb(z+ h ba—a)+27rC(s) §+a+b(l—a)g

L , 21
TN 2 YU @D

where b is the half-chord length, U is the steady, free-stream velocity, a is the geometric angle of attack, / is the
plunge rate, and a is the location of the pitch axis in semi-chords (e.g., a = —1 indicates pitching about the leading
edge and a = 1 is pitching about the trailing edge). C(s) is a generalized version of Theodorsen’s function, which
is a complex-valued function that determines the effect of the trailing-edge wake on the circulatory contribution to
the unsteady airloads [47]. This version of Theodorsen’s function is generalized because it allows for arbitrary airfoil
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motions in addition to the sinusoidal motions originally considered by Theodorsen. There are several approximations to
C(s), and this paper uses R.T. Jones’s approximation [17, 37, 48]

_0.55% +0.2808s +0.01365

C(S) - 2 ’
s +0.34555 + 0.01365

where s is the Laplace variable. Using Theodorsen’s model, Brunton and Rowley [37] calculate transfer functions from
the pitch and plunge inputs to the lift coefficient output. Taking the Laplace transform Z{-} of Eqn. (21) and separating
the pitch and plunge acceleration inputs yields

(22)

b1 1 b (1 b 2 .
PLCLY = (% (E - ba) +2mC(s) | + 7 (E - a)]) Pla) + (% + C(s)U—’;) L), (23)
—
G(y(s) G],(S)

where the transfer function G 4 (s) predicts the lift coefficient due to the pitch input, and G, () predicts the lift coefficient
due to the plunge input. These transfer functions can serve as surrogate models for the wing.

The IMO method uses the surrogate model to generate an optimal input profile. For a constant lift coefficient
reference input, the optimal control problem is a regulation problem. In subsequent iterations of IMO, the optimal
control problem becomes a tracking problem because the surrogate model is required to track a reference lift signal that
changes in time since it has been altered by the previous IMO iteration. The optimal control formalism and a gradient
solution algorithm are necessary in IMO because the regulation and tracking problems use an mGK model, which is a
nonlinear surrogate model. Since the optimization calculations are time-consuming, in the previous work [36], the
authors noted that high-gain proportional feedback was capable of producing the optimal solution with less computation
time. This observation suggests that a feedback control strategy may be able to provide the necessary tracking of the
reference lift signal without the need for optimization. Instead, a controller that can adequately track the reference lift
coeflicient signal is all that is needed.

There are many approaches to design a tracking controller that can minimize deviations between Cr, model and Cr, ref.
One of the most common approaches is to use Proportional-Integral-Derivative (PID) control to compensate for the
errors between the model output and the reference output. The control law can be expressed as

de(t)
dt °

where K, K;, K4 are non-negative, constant gains corresponding to the proportional, integral, and derivative terms,

t
u(t) = Kpe(t) +Kl~/ e(t)dr + Ky (24)
0

respectively, and € = C zi)ref -C g)mo o1 18 the tracking error. The control gains can be tuned in the closed-loop plant to
make the model output closely match the reference signal. Note that it is not necessary to have all three terms in the PID
controller. Only the proportional and integral terms are needed for good tracking of the Theodorsen lift model.

c (@)
L,ref ~ € u L,model
>~ PI Controller D(s) Plant G (s)

Fig.2 Closed-loop block diagram of the surrogate model

Figure 2 shows the block diagram for closed-loop tracking control of Theodorsen’s model with unity feedback. The
Plant G () represents Theodorsen’s lift model, and the controller is a Proportional-Integral (PI) controller shown as
D(s), which is the Laplace transform of Eqn. (24) with K; = 0. Since this paper considers pitch and plunge acceleration
inputs individually, the plant G (s) represents either the G, (s) or G, (s) transfer function, depending on the chosen
1nput.

The transfer function from the reference Cy, rcr to the optimal maneuver u can be computed based on the closed-loop
system in Figure 2 to be

plsy - L) D)
Z{CLri(1)}  1+G(s)D(s)

(25)

10
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Transfer function (25) can be used to find a control input u(¢) that causes the Theodorsen model to track the reference
signal Cy, ref(f). The MATLAB command 1sim readily implements this calculation to find u(#), given Cp, rer(?).

The controller D (s) should be tuned such that the closed-loop system P(s) provides adequate tracking. If the output
of the surrogate model C;' @ ,(2) identically tracks C; (0 f(t) then an additional simplification to the IMO method is

L,mode
possible. Substituting Eqn. (19) into Eqn. (20) and replacmg c'- with C; (’ ]) yields the reference signal update

L, model
(@) (1) (i-1) (i-1)
CL ref CL ref - CL test + CL Jref * (26)

Combining these simplifications results in the Simplified IMO (SIMO) algorithm, which appears in Alg. II.

The surrogate model in SIMO is the Theodorsen’s unsteady lift model with a PI controller that tracks the reference lift
signal Cg’)ref. Although versions of Theodorsen’s model with empirical factors exist (e.g., see [37]), the original model
is derived from potential flow theory and does not contain empirical factors. Since the iterative process of updating the
reference signal can compensate for some model inaccuracies, this paper uses the original form of Theodorsen’s lift
model to avoid empirical terms in the surrogate model. Treatment of the gust as a disturbance further reduces empirical
fitting, because it eliminates the need for prior knowledge of the gust profile in the surrogate model

In the SIMO method, the wing discovers the gust on the first iteration during collection of c! 1 t « Unlike the IMO
method, for which the initial maneuver is based on optimal regulation of the surrogate mGK model, SIMO does not
maneuver the wing on the first iteration. This paper assumes that the wing operates at the reference lift value c! L. ref
prior to the gust encounter. Since the surrogate model does not contain gust effects, the PI controller continues to
hold the wing’s initial configuration for the duration of iteration 1. The gust acts as an additive output disturbance that
occurs in the experiment or high-fidelity simulation and causes the lift to differ from the expected response. After the
reference lift signal is disturbed by the first test run, the PI controller acts to track an updated reference lift signal that
encodes disturbance information on the next iteration. The SIMO method proceeds with additional iterations until
Cé')m matches C; (D rof Within an acceptable tolerance. The relative change in the output between Cé’ )test and Cl(f tels)t
should also be momtored to identify occurrences of oscillations that prevent further decrease in the error.

This paper applies the SIMO method to the problem of a wing encountering a transverse gust. However, SIMO may
also be applicable to other problems in fluid dynamics that focus on lift regulation via wing maneuvering, provided that
the external flow field can be reliably replicated in each iteration of the experiments.

11
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Alg. II: Simplified Iterative Maneuver Optimization (SIMO)

Inputs: Wing parameters, flow speed, reference output
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_ D(s)
P(s) = +G()D(s)

o

Experiment or high-
fidelity simulation

el (1)
ﬁo |CL,lest - CL,refldt

< tolerance?

/ Record control signal uop = u'?) End

Output: Optimal input signal 14,

VI. Numerical Experiments
This section numerically implements the SIMO method from Sect. V in LDVM simulations of transverse gust
encounters to produce optimized maneuvers for pitch or plunge acceleration inputs.

A. Pitch Maneuver Optimization

In the authors’ prior work on the IMO method [36], the wing generally performed a pitch-down then pitch-up
maneuver to mitigate the lift overshoot during a transverse gust encounter. The authors found that for an LESPc value
of 0.18, the IMO method converges in simulation to nearly perfect regulation of Cy, to zero within seven iterations.
For an LESPc value of 0.12, LEVs more readily shed at the leading edge. In particular, this LESPc value produces
more leading-edge shedding on the high-pressure side of the wing while the wing pitches down to its furthest extent.
The additional LEV shedding is associated with small spikes in the lift response and oscillation in maneuver updates,
preventing further convergence of the solution after several iterations. Therefore, the present paper focuses on the more
challenging case of LESPc= 0.12 for investigation of the SIMO method and comparison to the IMO method.

To numerically implement SIMO for a pitch acceleration input, the simulation parameters are set to match
experimental values in the previous work [36]. The freestream flow speed, which is based on the towing speed of the
wing, is 0.115m/s, and the gust ratio is approximately GR= 0.7. The chord length of the wing is ¢ = 0.102m. The pitch
axis location is on the chord line at a = —0.17. The control input is pitch acceleration @, and the output is lift coefficient
Cpr. To generate control signals based on tracking control of the surrogate model, the proportional and integral control
gains in (24) were selected to be K, = 1.4 and K; = 435.24, respectively, for all iterations. These values were selected
using the pidtune command in MATLAB with a 0dB open-loop crossover frequency of SOHz.

Figure 3 presents pitch maneuver optimization using the SIMO method. No maneuvering occurred on the first
iteration, producing a lift-overshoot profile as shown in Fig. 3(a). The second iteration directly applied a strong
pitch-down maneuver to counteract the lift overshoot. However, this maneuver was too strong and produced a large lift
undershoot instead. In iteration 3, the wing reduced the maneuvering amplitude, eliminating the lift undershoot and
producing less lift overshoot than the non-maneuvering case. Iterations 3 through 7 continued to reduce deviations from

12
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Fig. 3 LDVM simulation results of the SIMO method for a pitch acceleration input

the desired value of Cy, = 0. Iteration 8 reached a nearly optimal result. Iterations 9 and 10 made slight enhancements
along the output lift curve, however, small oscillations in the solution at t* = 1.8 were noticed and the simulation was
terminated due to a lack of improvement beyond iteration 10. The largest absolute deviation in lift coefficient for
iteration 10 was 0.08, which represents a 97% reduction in maximum lift deviation compared to iteration 1.

Figure 4 shows the angle of attack maneuver for each iteration, as well as the pitch acceleration input that generates
the maneuver. The optimized maneuver on iteration 10 is a pitch-down, then pitch-up maneuver as shown in Fig. 4(a).
Figure 5 compares the optimized lift responses of the IMO method (blue line) and the SIMO method (red line). These
lines are taken from iteration 10 for each method, and it is clear that SIMO method performed better than the IMO
method at generating a lift-regulating maneuver. The simpler Theodorsen model may be better suited than the mGK
model to serve as a surrogate in iterative maneuver optimization.

These simulation results show that the SIMO method is capable of optimizing the maneuver of a pitching wing
in a transverse gust for lift regulation. Similar to IMO, SIMO also exhibits oscillation in the optimized maneuver
after several iterations. Oscillation of the maneuver is the subject of ongoing work for improvement of the method.
Nevertheless, the SIMO method rapidly generates an optimized maneuver in only a few iterations of maneuvering in
the LDVM simulation. Further, SIMO outperforms the IMO method for this simulation and does so without prior
knowledge of the gust profile.
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Fig. 4 Results of the SIMO method for a pitch acceleration input
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Fig. 5 Comparison of lift regulation for maneuvers generated using the IMO and SIMO methods

B. Plunge Maneuver Optimization

This numerical experiment investigates lift regulation using a plunge acceleration input to derive a plunge maneuver.
Theodorsen’s lift model decomposes into the transfer functions from pitch and plunge inputs to the lift output in Eqn.
(23). To examine plunge individually, the pitch input was set to zero. The simulation parameters for wing geometry
and flow conditions, including the LESPc value, matched those from the numerical experiment in Sec. VI.A for pitch
maneuvering. The PI controller in the surrogate tracking model was tuned to control gains of K,, = 0 and K; = 4.13 for
all iterations, which shows that only integral control was active.

Figure 6 presents the lift response results for plunge maneuver optimization using the SIMO method. For iteration
1 in Fig. 6(a), the wing did not maneuver, which provided the same open-loop gust response seen in the previous
numerical experiment. For iteration 2, the plunge motion derived by SIMO significantly reduced the largest absolute
deviation in lift coefficient to 0.4, which is an 86% reduction from the non-maneuvering wing’s lift overshoot. Notably,
the plunge maneuver from iteration 2 mitigated the disturbance better than the pitching maneuver from iteration 2 in Fig.
3(a). The remaining iterations in Figs. 6(b) and 6(c) continued to refine the performance of the plunge maneuver in
small increments. By iteration 8, the largest absolute deviation of the lift coefficient was 0.02, which is a reduction of
99% from the open-loop lift overshoot. Within an acceptable tolerance, iteration 8 optimally regulated the lift coefficient
to zero during the gust encounter through the use of a plunge maneuver. Note that the plunge maneuver required
fewer iterations than the pitch maneuver to optimize, and it did not experience significant oscillation of lift spikes with
continued iteration.
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Fig. 6 SIMO of a wing-gust encounter in LDVM simulation and the corresponding plunging maneuvers.
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Figures 7(a) and 7(b) record the plunge amplitudes and accelerations, respectively. The plots show rapid convergence
of the plunge maneuver after iteration 2. The optimal plunge maneuver can generally be described as negatively plunging
(i.e., ascending) to a higher altitude and holding the new position. The wing ascended to approximately —0.1m and held
that amplitude after t* = 3. The optimal plunge input in Fig. 7(b) is negative for downward acceleration during entry
into the gust and positive after exiting the gust to bring the plunge rate back to zero. In contrast to the optimized pitch
maneuver, which returned the wing to its original orientation after the gust encounter, the optimal plunge maneuver held
an offset altitude after the encounter. Since the angle of attack is explicitly in Theodorsen’s lift model in Eqn. 21, the
wing naturally returns to its initial orientation at the end of the pitch maneuver for lift regulation. That is, when all
rate-of-change terms in Eqn. 21 go to zero, the angle of attack must match the initial angle of attack for the lift value to
be the same. Note that the plunge rate and plunge acceleration appear in Eqn. 21, but the plunge amplitude does not.
This observation reveals a benefit of the IMO framework over the SIMO method, because IMO incorporates terminal
constraints on the final configuration of the wing in the optimization portion of the mGK surrogate model.
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Fig. 8 Free vortices in the flow field for SIMO iterations with a plunge acceleration input

Figure 8 depicts the free vortices in the flow field for four time instants during the LDVM simulations in a reference
frame that translates horizontally with the wing. Each row shows the plunge maneuver for an iteration of the SIMO
method. Iteration 1 shows the non-maneuvering gust encounter. A large LEV rolls up during entry into the gust and
sheds shortly after #* = 1.1. The negative plunging or ascending motion in the SIMO iterations reduces the size of the
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LEV and causes shedding of the LEV before * = 1.1. Also, note that at time instant t* = 2.2, the wake from vortex
shedding at the trailing edge is reduced in iteration 8 as compared to iteration 1.

After iteration 2, a small LEV advects under the high-pressure side of the wing and can be seen at t* = 2.2. The
high-pressure side LEV is often present for pitch maneuvers. Figure 9 compares the optimized pitch and plunge
maneuvers at t* = 2.2, and it shows a smaller high-pressure-side LEV appears for the plunge maneuver than the pitch
maneuver. The less prominent high-pressure-side LEV may be account for the improved lift regulation of the plunge
maneuver and the reduced oscillation effect near the optimal maneuver.
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Fig. 9 Comparison of free vortices in the flow field of the LDVM simulation at * = 2.2

VII. Conclusion

This work revises and simplifies the Iterative Maneuvering Optimization (IMO) framework developed in the authors
previous work in [36]. IMO is a tool to create lift-regulating maneuvers by conducting several successive experiments
or numerical simulations. A Simplified Iterative Maneuvering Optimization (SIMO) method is introduced and tested in
this paper with numerical simulations using a discrete vortex model. The SIMO method replaces optimization over
a surrogate model in the IMO method with Theodorsen’s unsteady lift model combined with a PI controller to track
a reference lift signal. Additionally, the new SIMO approach does not require any preliminary experimental effort
to obtain empirical parameters for a surrogate model or the time-averaged profile of the external flow field, which is
required by IMO. These changes significantly simplify the IMO framework. However, the SIMO framework currently
lacks the ability to constrain the wing’s position and orientation at the final time, which is possible using IMO.

The SIMO method can be used for pitching or plunging maneuvers, and numerical experiments successfully generate
the optimal inputs for lift regulation during a transverse gust encounter for a trapezoidal gust profile. The wing applies a
pitch-down, then pitch-up maneuver for pitch actuation and a negative plunge (i.e. ascent) motion for plunge actuation.
The resulting pitch maneuver provides a 97% reduction of the maximum absolute lift response, and the plunge maneuver
provides 99% reduction. Snapshots of the vorticity field of the plunge case indicate that the optimal maneuver reduces
shedding of vorticity at the leading edge during the encounter. Future work will focus on experimental validation of the
proposed SIMO method and examine stability analysis of the SIMO method.
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