CEAS Aeronautical Journal (2021) 12:413-426
https://doi.org/10.1007/513272-021-00504-y

ORIGINAL PAPER q

Check for
updates

Identification and assessment of a nonlinear dynamic actuator model
for controlling an experimental flexible wing

Martin Tang' - Marc Boswald' - Yves Govers' - Manuel Pusch?

Received: 12 February 2020 / Revised: 12 February 2021 / Accepted: 31 March 2021/ Published online: 16 April 2021
© The Author(s) 2021

Abstract

In this paper, the effect of nonlinear actuator dynamics on the performance of an active load alleviation system for an experi-
mental flexible wing is studied. Common nonlinearities such as backlash or rate limits are considered for the control surface
actuator. An aeroelastic simulation model of a flexible wing with control surface is being used. With this, a parameter study
is carried out to quantify the impact of the individual nonlinearities on the overall closed-loop performance by means of
describing functions. Finally, the nonlinear actuator model with parameters identified from dedicated tests is experimentally

validated allowing for an accurate prediction of the expected gust load alleviation performance.

Keywords System identification - Active load alleviation - Wind tunnel experiment - Actuator modeling - Nonlinear

dynamics - Aeroservoelasticity

1 Introduction

The design of future aircraft shall enable a reduction in fuel
consumption and operating cost. Active load alleviation
allows for notable structural mass savings, which will in
turn lead to decreased fuel consumption and, thus, lower
operating costs and less emissions. The German Aerospace
Center (DLR) has investigated the benefits of an active load
alleviation system by numerical simulations and by wind
tunnel experiments within the internal research activity
“KonTeKst” [1-4]. For the design of a suitable control law,
a numerical model of the open-loop system is required. The
system considered here involves aerodynamics, structural
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dynamics, and actuator dynamics. This work focuses on the
dynamics of the actuator used in the wind tunnel model.
More precisely, on the effect of nonlinearities in the actua-
tion system on the performance of a gust load alleviation
system tested on an experimental flexible wing depicted in
Fig. 1.

The open-loop system is an aeroelastic system with elas-
tic, inertial and aerodynamic forces. Their schematic inter-
action is seen in the block diagram in Fig. 2, introduced
by Fung [5]. When considering active load alleviation, a
controller (dashed line) and an actuator (dash-dotted line)
have to be added to the system, to represent the dynamics
appropriately. Obviously, the controller performance largely
depends on the performance of the flap actuation system,
which often features nonlinearities. Typical nonlinearities
are backlash, deflection limits (i.e., saturation in deflection),
rate limits (i.e., saturation in velocity) and acceleration limits
(i.e., saturation in acceleration) [6]. For control law design
and gust response analysis, however, it is state-of-the-art that
these nonlinearities are neglected and linearized models are
used instead. In this case, the aforementioned nonlinearities
are taken into account by retaining sufficiently high robust-
ness margins [7, 8].

In general, numerous concepts for flap actuation in wind
tunnel models exist; for instance, piezo stack actuators which
are directly integrated into the wing structure and feature
a high bandwidth. Nevertheless, high-end amplifiers are
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Fig.1 Experimental setup of flexible wing with control surfaces
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Fig.2 Block diagram of aeroservoelastic systems [5]

required and travel range is limited [9]. Flaps may also be
driven directly at the hinge line. This saves some mechanical
linkage and generally reduces potential backlash within the
actuation system. However, sufficient installation space must
be available at the hinge line to include the direct drive. For
RC planes, state-of-the-art actuation concepts comprise a
servo and linkage. The servo can be placed within the wing
at a suitable location with enough space for installation and
cable routing. A linkage is required, typically consisting of
a bell crank at the servo output shaft, a bell crank at the
flap hinge, and a rod connecting the two bell cranks. Such a
mechanical setup typically introduces additional backlash,
e.g., from the summation of the freeplay in mechanical
joints. In the considered flexible wind tunnel model of a
wing with flap, servos have been chosen as primary actua-
tion elements.

The design and manufacturing of the wing structure
within this project has been presented earlier [2]. Numerical
models of the mechanical structure as well as the deforma-
tion induced unsteady aerodynamic forces are built up within
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the design process. To further model the overall actuation
system, detailed models of its components and their interac-
tion are required [10]. In general, such mathematical models
are not available, especially not for low-cost servos as used
in this project. The considered actuator is, thus, treated as a
black box and an equivalent simulation model is determined
experimentally. Nominal data of the servos, such as maxi-
mum torque or maximum rotation speed of the output shaft,
are given by the manufacturer. But the overall dynamics can
only be identified after physical assembly of all subsystems.

Nonlinearities in actuators have been extensively stud-
ied for hydraulic actuators of full-scale aircraft for flight
control. Taylor et al. [11] assessed the impact of nonlinear
actuator dynamics on flight control performance. Fielding
and Flux [6] give an overview of common nonlinearities in
hydraulic systems and analyze them with appropriate meth-
ods. Also, the modeling of hydraulic actuators is described
in their work. Stirling and Cowling [12] modeled a hydraulic
actuator for a combat aircraft and simulated the nonlinear
behavior of the actuation system. Banavara and Newsom
[13] studied the effect of a nonlinear actuator on a full-scale
aircraft. In their paper, the open- and closed-loop system
behavior is studied in time domain using a linear model of
the aerodynamics and structural dynamics with an additional
nonlinear actuator model. Klyde et al. [14] predicted pilot
induced oscillation due to actuator rate limits. To the knowl-
edge of the authors, nonlinearities in actuators have not been
studied for small scale electric servos applied to gust load
alleviation. Nevertheless, the type of nonlinearities given
in the literature for hydraulic actuators are also observed
in electric servo motors. For example, servo motors also
show backlash and run into limits like maximum deflection
or rate, although these properties of hydraulic and electric
systems differ significantly in their values. Thus, the same
methodologies can be used to study and simulate electric
actuation systems.

In the flight control domain, the rigid body properties of
the aircraft are of primary importance. Control surface are
located at positions which allow for efficient control of the
rigid body pitch, roll and yaw motion. It is not desired to
excite flexible modes with the actuation system. Neverthe-
less, sensors such as inertia platforms used for observing
the actual state of the system, also detect flexible dynamic
deformations at higher frequencies. If these sensor signals
are fed back through a controller to the actuators, it can lead
to an undesired or even unstable behavior when these sig-
nals fall within the operating bandwidth of the actuators [15,
16]. This has become a major challenge in modern aircraft
designs, where a better aircraft performance is achieved at
the cost of an increased coupling of rigid-body and flex-
ible dynamics [17, 18]. Within the “KonTeKst” project, the
focus lies on active damping of flexible modes with the goal
of reducing structural loads during gust encounter. Hence,
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electric actuators of sufficient bandwidth are required in con-
trast to actuators used for flight control.

Regarding parameter estimation, Schallert et al. [19]
propose a method for automated backlash measurement.
Cologni et al. [20] created a nonlinear model for electro-
hydraulic actuator and identified the needed parameters,
whereas Ling et al. [21] used a black box model and iden-
tified parameters in order to create a mathematical model
reproducing the same outputs. Regan [22] tested several
electric servos in an extensive study for application in active
flutter suppression. Amplitude-dependent system behavior
was detected, which indicates nonlinear actuator dynamics.

From the above literature survey, it is seen that hydraulic
actuators for real aircraft have been primarily assessed for
the development of flight control laws, whereas the interest
of this paper lies in electric servos for active load alleviation
systems. Methodologies applied for parameter identification
of nonlinear hydraulic actuators are utilized here to iden-
tify the parameters of a nonlinear substitute model for the
dynamics of an electric flap actuator.

The present paper is organized in four sections and a list
of references. Section 2 presents the modeling of the flap
actuators and the aeroelastic system itself. Typical actuator
nonlinearities are discussed there. The actuator is described
as a first-order system augmented by nonlinear dynamics.
The closed-loop performance of the aeroelastic system
is simulated to assess the effect of the nonlinear actuator
dynamics on the overall performance. In Sect. 3, the actuator
design is described as well as the test bed, used to identify
the dynamics of the flap actuator. The identification pro-
cess for nonlinear parameters is discussed in detail. Meas-
ured data are compared with simulated data obtained with
the identified parameters for the nonlinear actuator model.
Finally, controller performance losses due to the identified
nonlinearities are estimated. The conclusions are presented
in Sect. 4, followed by a list of references.

2 Simulation

In this section, common nonlinearities occurring in actua-
tion systems are studied based on numerical simulations. To
that end, different nonlinearities are first reviewed and their
effect on the input—output behavior of a single actuator is
described. Then, the models for aerodynamics and structural
dynamics are briefly introduced. Subsequently, a sensitivity
study is carried out to quantify the impact of the considered
nonlinearities on controller performance.

2.1 Nonlinearities in actuation systems

We first discuss nonlinearities occurring in actuation
systems. Typically, limitations in deflection, rate and

acceleration as well as backlash in the mechanical integra-
tion are seen. Due to thermal expansion during operation,
backlash is needed. Nevertheless, it should be kept as low as
possible. It is known that backlash usually reduces control-
ler performance and can cause limit cycle oscillations [13,
23] or even instabilities. If commanded deflection is rela-
tively low in comparison to the backlash, high attenuation
with significant phase shift is seen. If the backlash is small
in comparison to commanded deflection, linear behavior is
observed.

Apart from backlash, the mechanical design of the
actuator limits its maximum deflection. If the control law
demands more deflection, the flap will collide with another
part. As a safety measure, the commanded deflection is typi-
cally restricted to a certain minimum and maximum value.
This type of nonlinearity does not introduce a phase lag but
decreases the amplitude in case of saturation.

The bearings in the actuator limit the achievable velocity,
also called rate. Note that actuator velocity may also be lim-
ited intentionally to reach a desired operating life time. This
limitation is also called rate limit. If the demand exceeds the
rate limit, the actual deflection starts to lag behind and the
maximum amplitude is not reached anymore. Large veloci-
ties may result from large amplitudes or large frequencies
in the command signal. Hence, this nonlinearity is also fre-
quency dependent.

Also, servo motors cannot apply more than the maximum
torque, which also limits the maximum acceleration of the
control surface. If the demanded acceleration is too high,
the actuator is not able to follow, which leads to amplitude
attenuation and phase lag. The effect of this nonlinearity is
seen if the commanded acceleration requires more torque
than the maximum torque of the servo. The characteristics
of this type of nonlinearity are quite similar to rate limit, also
frequency dependent.

Furthermore, dead time has been observed. Internal elec-
tronics introduces delay while processing digitized signals.
This nonlinearity does not affect amplitude but only phase,
since the output signal is delayed by a certain time.

Besides, other nonlinearities in actuation systems have
been reported, which may considerably affect the perfor-
mance on the control loop. Friction in actuation systems
cannot be avoided. Nevertheless, occurring forces in actua-
tion systems are commonly not modeled in detail due to their
negligible effect. Another nonlinear behavior is jump reso-
nance. The frequency response function jumps at a certain
excitation frequency to higher amplitudes, but this type of
nonlinearity has not been observed within this test.

2.2 Describing function

For linear analysis, gain and phase are commonly used to
describe dynamic systems. This concept is extended for the
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nonlinear case with describing functions. However, the gain
and phase are amplitude dependent. If a linear system is
excited by a single sine signal, it responds with a sine signal
at the excitation frequency. In contrast, nonlinear systems
may also respond with integer multiples of the fundamen-
tal sine excitation. Also, an amplitude-dependent behavior
can be observed. In describing function analysis, response
is reduced to the fundamental harmonic

T .
= / yeiods, (1)
0

where a is the complex response reduced to the funda-
mental frequency, w is the frequency of excitation, and y
is the response of the system. Repeating this analysis for
different excitation amplitudes allows then the description
of amplitude-dependent behavior. Herein, this analysis is
used to describe the amplitude gain and phase shift of cho-
sen nonlinearities on the response for single stationary sine
excitation.

As an illustrative example, the describing function for
backlash is presented in the following. Figure 3 shows the
result for a commanded sine signal of 1° amplitude and an
actuator backlash of 1°. The dash-dotted line shows the com-
manded deflection and the solid line shows the actual deflec-
tion. The actual deflection starts to revert its direction when
the commanded signal passes the 1° backlash. Due to the
backlash nonlinearity, a phase shift is introduced and also
the amplitude is attenuated by half the backlash. The dashed
curve shows an approximation of the response with a single
sine curve according to Eq. (1).

The aforementioned procedure is repeated for several
excitation amplitudes, such that the approximated ampli-
tude is given as function of the excitation amplitude, shown
in Fig. 4. If the commanded amplitude increases, the ratio
between backlash and amplitude of the command signal
decreases and the influence of the backlash is reduced. Up to
half the backlash, the actuator is not following the command
at all. Then, the actuator starts to move but the amplitude is
attenuated and the phase shift is significant. With increas-
ing amplitudes, the attenuation is negligible and the phase

deflection

time

Fig.3 Effect of backlash on the actuator; dash-dotted: commanded
deflection, solid: actual deflection, dashed: approximated actual
deflection as sine curve
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Fig.4 Describing function for backlash nonlinearity

shift is reduced as well. As one can see, backlash results in
a constant phase shift and constant amplitude attenuation.
More details on describing function analysis of actuator
nonlinearities are discussed by Fielding and Flux [6] or Ack-
ermann and Biinte [24]. Describing functions for the afore-
mentioned nonlinearities are presented by Tang et al. [25].

2.3 Integrated simulation model

The integrated simulation model used herein consists of an
aeroelastic model of the flexible wing augmented with non-
linear actuator models and a gust load alleviation system. A
detailed description of the individual model parts is given
by Pusch et al. [26] and summarized as follows.

2.3.1 Flexible wing

The considered experimental flexible wing features a
span of 1.6 m, a chord length of 0.25 m, and a symmetric
NACAOQ015 airfoil. The structural dynamics of the wing
are modeled based on a finite element (FE) model which
is directly obtained from the aeroelastic-tailoring process
used to design the wing [27-29]. The structural layout
comprises load carrying composite skins and a foam core,
represented in the FE model as shell and volume elements,
respectively, as depicted in Fig. 5. The flaps were modeled
as beams. Point mass representations of all non-structural
parts were used to achieve a realistic mass representation.
The FE model is condensed and a modal analysis is car-
ried out, where only the first eight flexible modes are kept
while the remaining higher-frequent modes are truncated.
Furthermore, the rigid-body dynamics are constrained to a
pitching motion around the quarter-chord line as the wing is
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Fig.5 FEM model of wing structure

mounted on a pitch excitation system at its root for simulat-
ing gust excitations.

The aerodynamic model is obtained in frequency domain
using the doublet lattice method (DLM) [30], which cap-
tures also unsteady aerodynamic effects. To that end, the
lifting surfaces are discretized by aerodynamic panels,
where the panel size of the trailing edge flaps is reduced for
a higher modeling accuracy. In order to allow for nonlinear
time domain simulations, a rational function approximation
(RFA) according to Roger [31] is carried out. The resulting
unsteady aerodynamic model is reduced to an order of 20
by means of balanced truncation [32] and depends on the
velocity of the air flow and its density.

Eventually, the structural dynamics model and the
unsteady aerodynamic model are coupled yielding an aer-
oelastic model of the experimental flexible wing. Note that
the aeroelastic model is determined for fixed velocities and
represented as a linear time-invariant system. More details
on the used aeroelastic modeling procedure are given by
Kier and Looye [33].

2.3.2 Gust load alleviation system

For active gust load alleviation, the experimental wing is
equipped with 8 vertical acceleration sensors and three trail-
ing edge flaps with a size of 30 cm (span-wise) by 5 cm
(chord-wise). The control law is designed using the approach
described by Pusch et al. [34], which suggests an H,-opti-
mal blending of control inputs and measurement outputs. In
doing so, the loads-dominating first wing bending mode can
be effectively isolated and subsequently damped by a sim-
ple single-input single-output (SISO) controller. The result-
ing controller structure in interconnection with the plant is
depicted in Fig. 6.

2.3.3 Flap actuators
It is preferable to have a detailed model of the servo motor,

where all components are described with mathematical
equations for better insight into the actuator. But since the

actuator acceleration

commands measurements
flexibl
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Fig.6 Closed-loop interconnection

internal structure of the servo is unknown, especially the
internal electronics and the position tracking controller, it
is treated as black box system. Eventually, the actuation
system is modeled as a first-order system extended by the
nonlinear behavior described in Sect. 2.1. Also, higher-order
systems have been investigated, but with no benefit. So, a
first-order system is chosen. The structure of the model is
shown in Fig. 7. The commanded flap deflection is used as
input. First, the input is delayed by dead time which repre-
sents the internal data processing of the servo. Then, the sig-
nal is forwarded to a first-order system such that the actual
angular velocity is generated. Since the servo is generating
a torque first to turn the shaft, the acceleration limit is active
first. Thus, an acceleration limit is chosen first. Then, rate
is limited if the servo runs into power limit. After that, the
signal is integrated in time and backlash as well as deflection
limit is applied onto it. Backlash is chosen first, because it is
assumed that mechanical connections with the shaft of the
servo are causing backlash. Mechanical properties of the flap
design leads then to deflection limits. Finally, the derivative
of the signal is computed and put out as flap velocity. This
input and output relation is chosen for the later integration
into the whole model of the flexible wing. It is noteworthy
that different orders of those nonlinear blocks might differ
in overall dynamic behavior of this system.

In this setup, two sources of dead time exist. First, the
real-time controller which is used for the loads alleviation
runs with a sample rate of 1 kHz (i.e., outer control loop),
and second, the internal position tracking controller of the
servo (i.e., inner control loop), which is considered a black
box. Dead time cannot be represented as a linear differential

Actuator

Acceleration Deflection

dead time Flap

limit limit
— du velocity
st g = |
I EAE]
Rate Backlash

First order system T
5 - tf(s) limit

Commanded
deflection

Fig.7 Structure of the nonlinear actuator model
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equation; hence, it is often neglected in analysis but consid-
ered in the phase margin requirements within control design.

2.4 Simulations of actuator only

The nonlinear actuator model shown in Fig. 7 is imple-
mented in Simulink and for each block the identified param-
eters introduced in the next section are used accordingly. To
characterize its system behavior, a non-parametric identi-
fication has been carried out. Transfer functions at differ-
ent deflection angles using sine sweeps are computed. This
signal is similar to stationary sine signals, used for comput-
ing describing functions but are faster in application if a
frequency range is of interest. A sine sweep is given as input
to the simulation model and flap deflection is measured as
output. With these two signals, a transfer function is com-
puted for sine sweeps at different excitation level.

Figure 8 depicts the simulated transfer functions. Com-
manded deflection angles were 3° (dotted line), 5° (dash-
dotted line), 10° (dashed line), 20° (solid line). Looking
at the phase diagram up to 10Hz, it is seen that dead time
introduces a linear phase lag. Having a look onto the gain
diagram, it is seen that gain increases with increasing
amplitude level of the commanded deflection. Ideally, gain
is one at all frequencies. The reason is free play and the
explanation is seen in Fig. 4. The higher the commanded
deflection in relation to free play, the actual deflection gets
closer. Also an offset between different amplitude levels are
seen in the phase signal, which is also represented in Fig. 4.
Another phenomenon seen in Fig. 8 is the varying roll-off
frequency for each amplitude level. This can be explained
by either acceleration or rate limitations. The velocity and
also acceleration are increasing with higher frequencies, but
also with higher amplitudes. So limitations are reached at

0
on
[}
<
o -100F
3
=
a
-200 : : : ' :
0 5 10 15 20 25 30
frequency / Hz

Fig.8 Simulated transfer functions for actuator model. Dotted: 3°,
dash-dotted: 5°, dashed: 10°, solid: 20°
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lower frequencies for higher amplitudes, which results in
gain and phase loss.

2.5 Closed-loop simulations

For the closed-loop simulations, the integrated simulation
model described in Sect. 2.3 is used, where the wind speed is
fixed at 40 m/s. Furthermore, all three actuators are assumed
to be identical and have the same model properties at all
time.

The describing function method is utilized to describe
the behavior of the nonlinear system, according to Sect. 2.1.
A sine signal at § Hz with an amplitude of 1° is chosen as
pitch excitation. This frequency is close to the first structural
mode, such that the structure responds with high amplitudes.
Thus, flap deflections commanded by the controller are
expected to be high as well. Clearly, the resulting root bend-
ing moment is also harmonic, due to sine excitation. As dis-
cussed earlier, nonlinear systems might respond with multi-
ple harmonics. Only the fundamental harmonic of the wing
root bending moment is considered and the phase shift from
wing root bending moment is given with respect to the pitch
excitation. In the beginning, all nonlinearities are ignored
to compute a reference response of the system. Afterwards,
each nonlinearity is studied individually by variation of the
corresponding nonlinear parameter, while all other parame-
ters remain constant. In this way, the effects of the individual
nonlinearities on the controller performance can be investi-
gated separately. The results are compared to the reference
case without any nonlinearity. The performance P of the
controller is defined as ratio of bending moment in open-
loop and closed-loop configuration, as following

MOL _Mi

P=—r—u, 2
Mo — My @

where My, is the root bending moment of the system with-
out load alleviation and M is the root bending moment
of the system with activated load alleviation system. M is
the current root bending moment for a specified nonlinear
behavior. In conclusion, the performance P equals 1 for the
linear reference case and degrades to 0 if no loads alleviation
is achieved. The reference loads reduction is 16.4 N m and
is represented in the denominator.

In simulations, it is possible to activate one single nonlin-
earity while others stay perfectly linear. This way, the impact
of each nonlinearity is estimated individually.

2.5.1 Backlash

First, the backlash parameter is investigated by variation
from 0° to4°. Although 1° is already more than 50% of the
reference deflection, the performance loss is only 16%.
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Increasing backlash to 4°, controller performance loss is
around 83%. Figure 9 depicts the described behavior. Back-
lash is normalized with respect to the maximum reference
deflection of 1.7°. It is noteworthy that the backlash param-
eter is varied up to double the reference deflection. However,
the effect is rather small since the load alleviation controller
is able to compensate the backlash. If control commands
remain inside the backlash area, such that the flaps are not
moving, the command signal is increased by the controller
with deflections, outside the backlash area, hence loads are
reduced again. In conclusion, this results in loads reduction
although the backlash parameter is set to a higher value than
the reference deflection, i.e., normalized backlash greater
than 1. Still, this compensation also has limits if the backlash
is too large due to the phase loss with increasing backlash,
as seen in Fig. 4 and also in Fig. 9.

2.5.2 Deflection limit

Subsequently, the impact of deflection limit nonlinearity
is studied by limiting maximum deflection of the flaps.
The geometric constraint from wing design allows + 10°
flap deflection. Under normal conditions, this limit is not
reached. This means, that deflection commands are trans-
mitted without any modification and the system remains in
the linear regime. Nevertheless, for this study, the deflec-
tion limit is reduced down to +0.8°. The deflection limit
is normalized with respect to the reference command of
1.7°, which equals the flap command if no nonlinearities
are active. The performance is hardly affected by this non-
linearity. Even if the deflection is limited to 60% of the
reference flap command, the performance is still around
97% of the original moment reduction. Although the
describing function of deflection limit indicates no phase
variation, the phase increases with increasing deflection
limit. However, it is noteworthy that the phase is not given
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Fig.9 Varying backlash and resulting performance loss of the con-
troller

from commanded deflection to actual flap deflection but
between pitch excitation and wing root bending moment
in Fig. 10. As a result, controller, actuators, structure as
well as aerodynamics are affecting the change of phase as
depicted in Fig. 10.

2.5.3 Rate limit

In a further study, the effect of rate limit is investigated.
Again, the rate limit is normalized with respect to the
maximum reference rate of 86.3 deg/s given by the con-
troller in the linear case. Rate limits down to 60% of the
maximum reference rate have no significant impact on the
system. The performance is maintained at around 98% of
the reference performance, see Fig. 11. Also, the phase lag
is increasing with increasing rate limit.
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Fig. 10 Varying deflection limit and resulting performance loss of the
controller
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2.5.4 Acceleration limit

Finally, the effect of acceleration limit is investigated. The
given acceleration limit is normalized to the maximum refer-
ence acceleration of 4342 deg/s?. If the acceleration limit is
around 60% of the linear response, the performance of the
controller drops to 50% of the linear performance, as shown
in Fig. 12. Thereby, the phase decreases with increasing
acceleration limits. The nonlinearities due to rate limit and
acceleration limit have a higher impact at higher frequen-
cies. The rate increases with increasing frequency assuming
constant amplitude while the acceleration increases by the
power of 2. Consequently, the impact of the acceleration
limit is greater than the rate limit.

3 Experiment

This section describes the testing of the servo. First, the
design of the servo is presented and two servos are compared
in a test bench. From which finally one servo is selected.
Further testing is conducted to identify nonlinear parameters
for this actuator. These parameters are then compared in a
validation step with the theoretical model and performance
loss is estimated from previous simulations.

3.1 Actuator requirements

In a first step of the design phase, the servo motor is
selected. This component dominates the dynamic behavior
of the whole system. Ravenscroft [11] describes which per-
formance properties of an actuation system for a full scale
aircraft are important for flight control. Although those
actuation systems are generally driven by hydraulic systems,
basic properties are the same. Stall load, roll-off frequen-
cies and maximum rates exist for both actuator types. The
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stall load of the actuator is chosen such that the actuator can
hold its position even when the highest aerodynamic load is
applied. The rate capability is important for pilot handling.
In this work, no handling qualities are considered, so no
explicit rate is defined but implicitly in the required roll-
off frequency for load alleviation. The bandwidth needed in
this application is higher than the bandwidth for handling
qualities. In contrast to flight control, the actuation system
should be able to interact with the structural modes. This
load alleviation system increases the damping of the first
structural mode. As a rule of thumb, the bandwidth of the
actuator is chosen at least at double the eigenfrequency of
the structural mode.

The minimum actuator requirement for the considered
wing is a bandwidth up to 16 Hz and a maximum deflection
of 10°. 10° includes a safety factor, since a smaller value
around 2° is adequate for the test. Rate limits should be as
high as possible and backlash as small as possible. Maxi-
mum load on the actuator is predicted to be negligible.

3.2 Actuation system design

In this project, bought-in parts are used for a simpler
design process. A direct drive at the hinge line was not
possible due to limited space. A servo with drive mecha-
nism was found to fit best for this project. The actuation
system of the considered flexible wing consists of a flap,
a servo and a mechanical drive mechanism. The drive
mechanism has a transmission ratio of 1:1 and is built
with a rod and a linkage to flap and servo respectively,
as indicated in Fig. 13 top. The flap is mounted on the
wing structure and is driven by the mechanism, where
each connection is a bearing which potentially intro-
duces backlash. Figure 13 bottom depicts the assembled

Fig. 13 Top: sketch of the mechanism of the actuator. Bottom: assem-
bly of the mechanism
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potentioreter

Fig. 14 Test bed for early integration test. First design of the actuator
is tested

mechanism, which is also built into the test rig shown in
Fig. 14.

3.3 Testbed

Similar to Regan [22], servo motor candidates were
required to be tested before the wing model was built.
To enable this, a test rig was designed to emulate the
boundary condition of the wing, see Fig. 14. While the
wing box consisted of a 3D printed mock-up, the flap
in the test rig was supposed to be integrated in the final
wing. Also, the mechanical drive mechanism between
flap and servo represents the draft design for wing inte-
gration. The test served as a first integration test to check
for geometric constraints and mechanical limits to avoid
collisions. In the end, the mechanical design was slightly
modified from the insights gained of this first integration
test. For the experimental identification, a potentiometer
is attached on the extension of the control surface hinge
line to measure the rotary deflection of the flap directly.
First, the Futaba BLS471SV chosen by Regan [22] for
a similar project is tested and second, the MKS motor
is chosen as another option due to promising specifica-
tions given by the manufacturer. Dead time, rate limit,
frequency response is assessed in the test bed and com-
pared. In the end, MKS showed a better dynamic behav-
ior. A comparison of the two frequency responses for
10deg deflection is shown in Fig. 15. The bandwidth of
the MKS servo is higher and the gain around the roll-
off frequency remains constant, whereas the gain of the
Futaba increases. Also linear phase response is seen up
to approximately 10 Hz. More results on the dynamics of
the MKS servo motor are presented in the next section.

Of === e

phase / deg

-360 . J
10° 10!
frequency / Hz

Fig. 15 Comparison of the two servos in the test bed. Black: MKS,
gray: Futaba

3.4 Actuator identification

Finally, the parameters of the nonlinear system shown in
Fig. 7 are identified. Often, non-parametric identification is
performed in a first step before the system parameters are
determined. A common approach to non-parametric identi-
fication of a dynamic system is to excite the system with a
known input signal and observe the output response.
Depending on the intended usage of the identified model,
typical excitation signals include step function, random or
sine sweep. For example, the sine sweep concentrates the
excitation energy on a narrow band sliding through the fre-
quency range of interest, whereas with random excitation the
excitation energy is spread over a broad frequency band.
Thus, the sine sweep leads to higher amplitudes and quasi-
harmonic response which is preferable for nonlinear identi-
fication. Transfer functions are used to describe dynamic
systems in frequency domain without parameters. For this,
the input signal u(¢) and output signal y(¢) are measured first.
Next, both signals are transformed to frequency domain with
a Fourier transform. Finally, the transfer function
H(w) = % is given as ratio between input and output.

Note that this assumes linear dynamics, since the transfer
function for nonlinear systems is actually not existent. In a
first approach, however, the system is assumed to be linear
and is identified according to this relation. The response
at different amplitude levels also reveals some information
on the existence and type of nonlinearity. For example, a
linear phase loss is introduced by dead time, which can be
directly identified by determining the linear slope of the
phase response.

The transfer behavior of the servo is identified at first in
a non-parametric way using input—output transfer functions.
Afterwards, dedicated test signals, following the methodol-
ogy from Regan [22], are used to experimentally identify
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Fig. 16 Sketch of measured up and down path for free play identifica-
tion
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Fig.17 The dashed line depicts the actual deflection over com-
manded deflection, hysteresis due to backlash is clearly visible. The
solid line depicts a linear regression for up and down movement. The
offset equals backlash

specific parameters of different nonlinearities involved in
the actuator model. The maximum achievable rate is identi-
fied from step function inputs and the backlash parameter is
quantified from sine excitation at a low frequency. The trans-
fer functions measured at different amplitude levels reveal
the acceleration limit of the actuator. With the identified
parameters, a nonlinear Simulink model for the actuator is
established.

3.4.1 Backlash

A very-low-frequency sine excitation is used to identify the
backlash in the mechanical actuation of the flap. Figure 17
shows the measured commanded flap signal and actual flap
deflection signal, measured by the potentiometer in the flap
hinge. The plot of the actual flap signal over the commanded

@ Springer

flap signal forms a hysteresis, which is typical for backlash. At
the turning points (i.e., upper right hand corner and lower left
hand corner of the hysteresis), the flap is actually not moving
even though the commanded flap signal changes. When the
flap is out of the backlash area, the actual flap signal starts
following the commanded flap signal. As a consequence,
the backlash corresponds to the width of the hysteresis, as
sketched out in Fig. 16.

The hysteresis has an upward path and a downward part.
Both are linear functions with slope a and offset » which are
identified separately for each path. To distinguish the data sam-
ples in the upward path from those in the downward path, the
difference between two subsequent samples in the commanded
signal is used. If the difference is positive, the sample belongs
to the upward path, if it is negative, the sample belongs to
the downward path. Now, the slope a and the offset b can be
identified once for the upward path and once for the downward
path. This is done in a range from — 5° to 5° commanded flap
deflection.

The identification of the slope a and the offset b is per-
formed by curve fitting. This is essentially a regression, in
which more data samples are employed as parameters to be
identified. This ensures adequate accuracy, independence from
random measurement errors and robust parameter estimates.

The model equation used for curve-fitting the upward path
and the downward path is shown in Eq. (3):

yi = au; + b, 3)

where y; is the sample of the actual flap signal, u, is the
sample of the commanded flap signal at time ¢;, a is the
slope, and b is the offset. This equation can be employed for
i=1,2,...ndata samples, so that Eq. (3) is developed into
an overdetermined equation system, which can be solved in
least-squares sense to obtain the parameters a and b:

Y1 up 1 {a }
o= o , 4)
) b

Yn Uy

{y} =[Al{p}, 3)

{p} = (A" TAD " [A] {y}. (©6)

This curve fitting is performed on the upward path and the
downward path separately yielding the parameters a,,, and
by, and gy, and by, respectively, as indicated in Fig. 16.
The slope a,, equals the slope a4, as can be seen in meas-
ured hysteresis in Fig. 17. With the parameters a and b for
the upward and downward path, the zero points are obtained

with u, = —%. The backlash u,, ), 1S NOW computed as
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Upacklash = Uo,up ~ Uo,down = b - b @)
down up

3.4.2 Rate limit

The rate limit of the actuator is tested using step functions
of different step levels. The slope of the response is the rate
limit. Figure 18 depicts the measured step responses. To
estimate the slope or also maximum rate, only the linearly
increasing part is considered. With this data, a linear regres-
sion is applied to find the slope. Since several data points
are incorporated, robustness against measurement noise is
increased. Again, Eq. (3) is applied, where in this case u
corresponds to time and y to the actual deflection. The slope
a corresponds to the estimated velocity limit.

The dashed line shows the response for a 7° step com-
mand signal and the dotted line represents the response of
the actuator for a 57° step signal. The circles are fitted to the
57° step and the diamonds are fitted to the 7° step. The esti-
mated slope for the response of the 7° step reveals a maxi-
mum rate of 339 deg/s, whereas the linear fit of the response
of the 57° step shows a maximum velocity of 1129 deg/ s.

It seems that the maximum velocity increases with the step
command. It is assumed that the torque limit might be respon-
sible for this. There is simply not enough time for the actuator
to reach the maximum velocity at smaller step commands.
Also, the unknown dynamics of the internal tracking control-
ler might be a reason for this behavior. However, if the step is
high enough, it is supposed that the flap has enough time to

60 T T T T T

N (9% P W
(=} (=} (=} (=}
T T T T
L L L L

deflection / deg

—_
S
T
L

0 0.05 0.1 0.15 0.2 0.25 03
time /s

-10

Fig. 18 Estimation of the rate limit using a step function. Dashed: 7°
step response, dotted: 57° step response, diamonds: identified slope
of 339 deg /s for 7° step, circles: identified slope of 1129 deg /s for 57°
step

accelerate to its true rate limit. Hence, 1129 deg/s is identified
as rate limit for this actuator.

3.4.3 Roll-off frequency and dead time

To identify the dynamics for different amplitudes, sweep exci-
tations are used. The results are shown in Fig. 19 as deflection
amplitude over frequency. From this, a linear model can be
derived for each amplitude level. But it can be clearly seen
(e.g., solid curve in Fig. 19) that the actuator runs into some
kind of saturation at higher frequencies. Hence, a nonlinear
model including rate and power limits is considered. The so-
called underlying linear model is identified from the low level
run at 3°. A model of first order is assumed to be sufficient to
represent the linear dynamic behavior. For a first-order system,
one parameter is feasible to fully determine the dynamics,
namely the roll-off frequency. The transfer function H is given

as Hw) = iw71f+ T Since the phase response is affected by dead

time but not the amplitude response, only the amplitude
response is used for roll-off frequency identification. For the
identification of the roll-off frequency 7! and the gain K, the
corresponding model equation is developed from the analytical
transfer function of a first-order system. Rearranging the trans-
fer function results in

H(w) = K — joTH(w). (8)

The transfer function H is measured with discrete num-
ber of excitation frequencies w;, withi =1,2,...,n. With
H; = H(w), the following model equation is derived:
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Fig. 19 Frequency responses for different excitation level. Dotted: 3°,
dash-dotted: 5°, dashed: 10°, solid: 20°
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Table 1 Identified parameters of the actuator
H, 1 —jwH, K .
: =|: . : { T } = [Al{p}. ) Parameter Value Normalized
H, I —joH, Roll of frequency 25 Hz -
Dead time 4.3 ms -
As dead time introduces an additional phase loss, magnitude ~ Backlash 1° 0.59
only of the transfer function is considered. This is solved as  Deflection limit 10° 4.7
least squares problem as in Eq. (5). Rate limit 1129 deg /s 12
Also, a linear phase loss is seen, indicating a dead Acceleration limit 79,540 deg / s (98 dB) 18

time, which is identified from the linear slope of the phase
response. Only the region where phase loss is linear is cho-
sen for the linear regression. This identification procedure
is expressed in Eq. (3), where a is the delay 7 and b is incor-
porated to consider bias of the phase, possibly introduced
by backlash.

3.4.4 Acceleration limit

The measured amplitude responses are differentiated in fre-
quency domain to study the acceleration amplitude over fre-
quency, see Fig. 20. As one can see, the acceleration cannot
exceed a certain value, which is the actual acceleration limit.
This value is computed as average of the constant part. This
limitation depends on the actual torque limit of the actuator
as well as on the inertia of the connected flap.

3.5 Validation of identified parameters

The identified parameters are shown in Table 1 and used
to build a nonlinear simulation model of the actuator as
described in Sect. 2.3.3. Figure 21 shows simulated transfer
functions with the presented identified parameters and the
measured transfer function. Generally, good agreement is
seen. Note that the match improves with higher amplitudes.

<100 : : :

80

60

amplitude / dB

180
&
= 0
2
= -180¢ 1
a

-360 : : : : :
0 5 10 15 20 25 30
frequency / Hz

Fig.20 Acceleration response for different excitation level. Dotted:
3°, dash-dotted: 5°, dashed: 10°, solid: 20°
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As already discussed, backlash introduces a constant off-
set in phase and gain varying with amplitude. This effect is
reduced for higher amplitudes of commanded deflection as it
can be seen in Fig. 21. Another nonlinear effect is the ampli-
tude dependent roll-off introduced by the acceleration limit.

Table 1 also includes normalized values with the refer-
ence values from the simulation section. Only backlash will
have an impact on controller performance. All other values
are high enough, that the actuator will not run into limits.
This means that Fig. 9 at normalized backlash of 0.59 is the
predicted performance for this actuator. With this relatively
high backlash, around 90° of the nominal performance can
be achieved.

4 Conclusion

A parametric nonlinear model of a servo for the actuation
of a control surface is derived and implemented in Sim-
ulink. The nonlinear actuator model is then integrated in an
aeroservoelastic simulation model, including DLM-based
unsteady aerodynamics and linear structural dynamics. The
impact of the nonlinear parameters for backlash and limits
in deflection, rate and acceleration on the load alleviation

0
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o -100}
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(o8
2200 L L L L L
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frequency / Hz

Fig.21 Comparison of measured and simulated actuator dynamics.
Black lines are measured and gray lines are simulated dynamics. Dot-
ted: 3°, dash-dotted: 5°, dashed: 10°, solid: 20°
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effectiveness are investigated in simulations. Backlash and
acceleration limit are found to have the highest impact on
the closed-loop performance. Due to limits in deflection, rate
and acceleration and also due to backlash, actual flap deflec-
tions are always smaller than the commanded flap deflection.
Hence, the desired reduction in wing root bending moment
is overestimated in numerical simulations conducted with a
linear equivalent model of the actuator. However, the con-
troller designed for the linear system partially compensates
for this and amplifies the deflection commands such that the
measured wing root bending moment is further decreased.
However, due to the phase lag introduced by the backlash,
the controller is not always able to fully compensate the
nonlinear effects. Finally, the parameters for the nonlineari-
ties in the actuation system are identified for a given servo,
used for the actuation in a flexible wind tunnel model. Dif-
ferent input signals are utilized to identify Parameters of
limits and backlash. The test bed is presented with the basic
procedure applied to identify the parameter values. Finally,
it should be mentioned that the methodology presented here
can be applied systematically in numerical investigations of
actuator nonlinearities on the performance of load allevia-
tion systems.
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