ARL-TR-10251 e DEc 2025

DEVCOM

ARMY RESEARCH
LABORATORY

Modeling of Actuators for Control Surfaces of
a Glide-Body Air Vehicle

by Yan Borden, Daniel Inman, Muthuvel Murugan, and
D. Johann Djanal-Mann

DISTRIBUTION STATEMENT A. Approved for public release: distribution unlimited.




NOTICES
Disclaimers

The views and conclusions contained in this report are those of the authors and
should not be interpreted as representing the official policies or positions, either
expressed or implied, of the participating U.S. Government DoD agencies or the
U.S. Government. The U.S. Government is authorized to reproduce and distribute
reprints for Government purposes not withstanding any copyright notation herein.

The findings in this report are not to be construed as an official Department of the
Army position unless so designated by other authorized documents.

Citation of manufacturer’s or trade names does not constitute an official
endorsement or approval of the use thereof.

Destroy this report when it is no longer needed. Do not return it to the originator.



ARL-TR-10251 e DEc 2025

ARMY RESEARCH
LABORATORY

\"5 DEVCOM

Modeling of Actuators for Control Surfaces of a
Glide-Body Air Vehicle

Yan Borden and Daniel Inman
University of Michigan—-Ann Arbor

Muthuvel Murugan and D. Johann Djanal-Mann
DEVCOM Army Research Laboratory

DISTRIBUTION STATEMENT A. Approved for public release: distribution unlimited.



REPORT DOCUMENTATION PAGE

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
START DATE END DATE
December 2025 Technical Report 4/16/2024 4/30/2025

4. TITLE AND SUBTITLE
Modeling of Actuators for Control Surfaces of a Glide-Body Air Vehicle

5a. CONTRACT NUMBER 5b. GRANT NUMBER 5c. PROGRAM ELEMENT NUMBER
CA W911NF-22-2-0048
5d. PROJECT NUMBER 5e. TASK NUMBER 5f. WORK UNIT NUMBER

6. AUTHOR(S)
[Yan Borden, Daniel Inman, Muthuvel Murugan, and D. Johann Djanal-Mann

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
DEVCOM Army Research Laboratory IARL-TR-10251

IATTN: FCDD-RLA-VA
\Aberdeen Proving Ground, MD 21005

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S | 11. SPONSOR/MONITOR'S REPORT
ACRONYM(S) NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
DISTRIBUTION STATEMENT A. Approved for public release: distribution unlimited.

13. SUPPLEMENTARY NOTES
ORCIDs: D. Johann Djanal-Mann, 0009-0005-1374-7765; Muthuvel Murugan, 0000-0002-8314-3650; Yan Borden, 0009-0000-1040-
9123; Daniel Inman, 0000-0001-6195-1334

14. ABSTRACT
This research examined various smart material actuation systems to provide shape-changing capability for glide-body air vehicles. The
morphing surfaces of interest consist of lifting surfaces, forebody, and control surfaces. Metrics included the speed of response of the
actuation mechanism as well as the required force and deflection. Several shape memory alloys and piezoceramic materials in various
device configurations and combinations were considered with the resulting selection being a piezoelectric stack actuation with a passive
hydraulic amplifier. Modeling, numerical simulations, and hardware tests were used to size a piezohydraulic actuator prototype consisting
of three piezoelectric stacks and a custom hydraulic stroke amplification stage. This system was manufactured and experimentally
characterized. The system dynamics were modeled with a nonsymmetrical Bouc—Wen hysteresis model linked with a fluid model based
on momentum conservation. A DC linear actuator was also modeled as a competing solution to compare to the piezohydraulic approach
using the same metrics. The DC motor actuator was characterized by estimating the parameters of a simplistic analytical model using
experimentally acquired data.

15. SUBJECT TERMS
piezoelectric, control actuation, piezohydraulic actuator, smart actuator, control flap actuator, flight control actuators, Mechanical
Sciences

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF ABSTRACT | 18. NUMBER OF PAGES
a. REPORT b. ABSTRACT C. THIS PAGE
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED Uuu 27

19a. NAME OF RESPONSIBLE PERSON 19b. PHONE NUMBER (Include area code)
Muthuvel Murugan (520) 691-5892

STANDARD FORM 298 (REV. 5/2020)
Prescribed by ANSI Std. Z39.18

i



Contents

List of Figures

List of Tables
Acknowledgments
1. Introduction

2. Piezohydraulic Actuator
2.1 Development Background
2.2 Actuator Model

2.3 Simulations, Prototypes, and Experimental Testing
2.3.1 Hysteresis Parameter Estimation
2.3.2  Example Full-Scale Actuator Simulation
2.3.3  Prototype Actuator Simulation
2.3.4  Experimental Prototypes

3. DC Motor Actuator
3.1 Physics-Based Model

3.2 Parameter Estimation
4. Future Work
5. Conclusions
6. References
List of Symbols, Abbreviations, and Acronyms

Distribution List

11

O 00 N U1 L N B =

12
12
13

15

15

16

19

20



List of Figures

Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.

Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figure 11.
Figure 12.

Figure 13.
Figure 14.
Figure 15.

Figure 16.

List of Tables

Table 1.
Table 2.
Table 3.

Simplified schematic of hybrid piezohydraulic actuator. ..................... 2
Simplified CAD model of piezohydraulic actuator. ............ccccccvrennenee. 3
Simulink of piezohydraulic actuator analytical model. ........................ 5
Test setup for piezo stack hysteresis parameter estimation. ................. 6
Hysteresis loops of Thorlabs PKGA7P1 stack. .....cccccccevvieniivinecnenee. 6
Simulated and experimental Thorlabs piezoelectric stack displacement.
............................................................................................................... 7
Schematic of control SUrface. ..........oceevuereenieiinieceeeeeee 8
Simulations of large-scale prototype with dynamic pressure equal to a)
10 kPa and b) 25 KPa. ....cccveiiiiieeeeeeee e 8
Simulation of small-scale prototype. ........cccccecvereeneriineeniniicnieienens 9
Components of first piezohydraulic actuator prototype. (Top) from
left: narrow piston, casing, and wide piston (bottom). ....................... 10
First piezohydraulic prototype assembly. ..........cccceevieriiiiienirenenne, 11
Components of second piezohydraulic actuator prototype. (Top) from
left: wide piston, casing, and narrow piston (bottom). ...........ccc.cc...... 11
Free response of first actuator prototype to ramp actuation. .............. 12
Physics-based model of Ultra Motion actuator in Simulink............... 13
Experimental data used for estimation of actuator parameters, and
simulation using the same reference input signal. .............ccecveeennnnns 14
Validation of Ultra Motion actuator model with estimated parameters.
............................................................................................................. 14
Estimated Bouc—Wen parameters based on experimental data. ........... 6
Parameters of full-scale piezohydraulic actuator............cccceeveeeninnnnenn, 7
Properties of small-scale piezohydraulic actuator. .............cccceeveennenn, 9

v



Acknowledgments

This research supports an Applied Research for the Advancement of Science and
Technology Priorities program conducted by ARL in collaboration with the Naval
Research Laboratory, Air Force Research Laboratory, and Missile Defense Agency
under the sponsorship of the Office of the Under Secretary of Defense for Research
and Engineering. We thank Richard McKee, Byron Hall, Lowell Welburn, and Dr.
Sun Yi of the North Carolina Agricultural and Technical State University, as well
as Dr. Anindya Ghoshal (ARL), for their valuable inputs, support, and
collaboration.



1. Introduction

A glide-body air vehicle requires the investigation of various actuation
mechanisms, including smart materials-based actuators capable of operating at high
temperatures. The initial requirements for the control surface actuation system of
one such vehicle were as follows:

« 40 mm maximum deflection of control surface

« 2.5 kN minimum blocked force (based on computational fluid dynamics
[CFD]-simulated aerodynamic loading)

« 100 mm/s speed of response

« 100 °C maximum operating temperature

To meet these requirements, two different methods were proposed: a novel
piezohydraulic actuator and a commercial brushless DC motor linear actuator.

2. Piezohydraulic Actuator

2.1 Development Background

Development started with exploration of smart materials, such as shape memory
alloys and piezoelectric materials as the potential basis for the actuation system.
The relatively fast required actuation speed immediately steered the search toward
piezoelectric stacks, which can be precisely operated at very high frequencies.!
Piezoelectric stacks are smart material actuators consisting of layers of singular
piezoelectric wafers. When a voltage is applied across a singular wafer, it expands
slightly. Combining these elements into a stack effectively sums up the
displacement produced by each layer.! Typically, piezoelectric stacks can produce
displacements on the order of 1-500 um and blocked forces of up to 80 kN, while
the resolution can be as low as 0.5 nm.>* Moreover, piezoelectric stacks can exhibit
high bandwidth, which is why they are often used in high-speed or precision
applications that do not require large displacements such as microscopy,*> optical
mirror positioning,®’ and valve control for fluid flow.»* However, the small
displacement stroke has mostly confined their use to micro- and nano-applications.

Different mechanisms, such as mechanical and hydraulic, have been used to
amplify the stroke of piezoelectric stacks. Mechanical methods include lever,
bridge, and Scott—Russell mechanisms.!®'? Hydraulic amplification motors use
piezoelectric stacks as high-frequency pumps.!®!® Stepped piezoelectric motors,
such as inchworm and walking motors, activate the piezo stacks in a high-frequency
pattern, which results in a cumulative linear movement of an output shaft.!*!



While most of these systems successfully amplify the piezoelectric stack
displacement to the millimeter range, they often sacrifice a significant amount of
blocked force that the piezoelectric stacks have to offer. Therefore, these devices
cannot be used in applications where a kN-range force is needed. Direct hydraulic
amplification of piezoelectric stacks had been experimented with before, but
previous works failed to reach a high output force.!®!” Furthermore, no complete
analytical model of similar actuators has been presented.

2.2 Actuator Model

The piezohydraulic actuator has two main components: piezoelectric stacks and a
hydraulic amplification stage. To amplify the displacement of the piezoelectric
stacks to the millimeter range, it is proposed to use a hydraulic stage that would
magnify the small stroke of the stacks by exploiting mass conservation of fluid flow
through a channel. A simple schematic of the actuator is shown in Figure 1. The
piezoelectric stacks push the fluid through a narrowing channel in the flow, which
creates a large displacement at the output cylinder of the actuator. Assuming the
pressure in the fluid to be equal everywhere due to Pascal’s principle, the force
output of the actuator is reduced by the same factor that the displacement is
amplified. To mitigate this effect, more than one stack is used at the base of the
actuator to increase the force output of the actuator. The precision of the actuator is
decreased, with the resolution being magnified by the same factor as the
displacement, but, theoretically, the entire actuator should still be accurate to tens
of micrometers due to the inherently high precision of the piezo stacks. In this way,
the design preserves the quick and precise response of the piezoelectric stacks,
while amplifying the displacement to the millimeter range. A section view of a
simplified 3D CAD model of the device is shown in Figure 2.
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Figure 1.  Simplified schematic of hybrid piezohydraulic actuator.



Figure 2.  Simplified CAD model of piezohydraulic actuator.

The first part of the analytical model of the actuator is the set of equations for the
piezoelectric stacks, which are known to experience hysteresis. A nonsymmetrical
Bouc—Wen model'® used to account for nonlinear behavior is,

xfree(t) = d33v(t) + h(t) (1)
h(t) = {a — [B sgn(v(OR®)) +v] [R(®) "} () 5
+ 6v(t) Sgn(fi(t)) 2

In Equations 1 and 2, Xf., d33, and v(t) are the free displacement of the piezo
stacks, the piezoelectric coefficient, and the applied voltage, respectively, while
a,B,8,y,n are parameters of the hysteresis model, and h(t) is the nonlinear
component of the free displacement. The displacement of a single piezo stack
(x(t)) with an applied load (Fyppiiea piezo) €an then be calculated using the stiffness
of the piezoelectric stacks, kg by

Fapplied,piezo
x(6) = Xpree —— L0 3)
s

This displacement of the piezo stacks is then amplified due to mass conservation

Awide

through the narrowing given below, where R = is the amplification ratio

narrow

based on the cross-sectional areas of the wide and narrow channels:

x()Awigze = Y () Anarrow 4)
Awi e
y(©) = == x(8) = Rx(0) 5)

The next component of the model is the calculation of the force applied to each
piezo stack (Fappiied piezo)- Assuming that the force is distributed equally across all
stacks, and using Newton’s third law for the wide cylinder (my,ige), Fappiied piezo



can be related to the pressure force applied to the wide cylinder (F,;4.) using the
number of stacks (ng¢4cks) With Equation 6:

wide (6)

_ mwidejé(t) + Fwide
Fapplied,piezo - (7)
Nstacks

mwidex(t) = nstacksFapplied,piezo

Next, the momentum equation for a narrowing in the fluid'® can be manipulated to
relate the force applied to the narrow piston (F,gprow) t0 Fiyige:

_ m? 1 1 + K m?
Pwide Pnarrow = Zp A%arrow Aa/ide loss ZpArzlarrow (8)
5(2
Pnarrow = Pwide T P 7 a- R* — KlossRZ) )
J.Cz
Fwide = RFnarrow + Awidep7 (RZ + KlossRZ - 1) (10)

In Equations 8-10, pyide and pnarrow represent the pressures in the wide and
narrow channels, respectively, while K;,¢s 1s a nondimensional loss factor due to
the constriction in the flow, and p is the density of the fluid. Notably, Equation 10
reduces to Pascal’s principle (pressure transmitted equally in fluid) when there is
no fluid movement. Conceptually, the loss of pressure due to fluid flow decreases
the capability of the actuator to counteract load at the output. Combining
Equations 1-5, 7, and 10 results in the Simulink model shown in Figure 3, where
the seal forces are also incorporated into F,;4. and F,;rrow-
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Figure 3.  Simulink of piezohydraulic actuator analytical model.

2.3 Simulations, Prototypes, and Experimental Testing

2.3.1 Hysteresis Parameter Estimation

Experimental voltage-displacement data was obtained by actuating a Thorlabs
PKGA7PI1 stack® with voltage sine waves of increasing frequency, which were
provided by a Thorlabs MDT693B open-loop piezo controller. The corresponding
displacement of the stack was measured by a Keyence LJ-V7300 laser sensor, while
the voltage was measured using a voltage divider circuit. The voltage and
displacement data were then acquired using an NI USB-6009 data acquisition
device. The experimental setup is shown in Figure 4. The corresponding hysteresis
loops are shown in Figure 5. The Bouc—Wen parameters for the PK4GA7P1 stack
were then determined using the Simulink Parameter Estimation app and are shown
in Table 1. A plot of the simulated versus experimental data is shown in Figure 6.



Figure 4.  Test setup for piezo stack hysteresis parameter estimation.
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FigureS.  Hysteresis loops of Thorlabs PKGA7P1 stack.

Table 1.  Estimated Bouc—Wen parameters based on experimental data.

Bouc—Wen Estimated
parameters values
a —2.23e-7
B 0.134
1) —5.46e-8
y 0.0755
n 1.14
dss 8.15e—7
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Figure 6.  Simulated and experimental Thorlabs piezoelectric stack displacement.

2.3.2 Example Full-Scale Actuator Simulation

The various parameters of a piezohydraulic actuator sized for a maximum free
deflection of 50 mm, with 10 high-power piezoelectric stacks (Physik Instrumente
[PI] 056.90), and a minimum 2.5 kN blocked force are shown in Table 2. An
experimental version of this configuration proved unrealistic to build due to the
high cost of the PI 056.90 stack of around $20,000.> Therefore, performance of this
actuator was estimated using numerical simulations (Simulink of Figure 3). It was
also assumed that the hysteresis parameters between the PI 056.90 and Thorlabs
PKGA7P1 were approximately equal for the simulations. The hinged control
surface attached at the tip to the actuator was assumed to have dimensions equal to
15 x 10 x 0.0625 inches with negligible rotational inertia and constant pressure
equal to 10 and 25 kPa, as consistent with the dynamic pressures for a glide-body
air vehicle cruising at Mach 10 at altitudes of 40 and 35 km, respectively (schematic
shown in Figure 7). The wide and narrow seals were assumed to generate 10 and
0.2 N friction forces, respectively. Example resulting open-loop simulations are
shown in Figure 8.

Table 2.  Parameters of full-scale piezohydraulic actuator.

Parameters Values
Piezoelectric stack stiffness (ks) 4.33e8 N/m
Amplification ratio (R) 277
Piezoelectric coefficient (d33) 1.8e-7 m/V
Maximum free displacement 50 mm
Blocked force 2.82 kN
Number of piezo stacks 10




Figure 7.  Schematic of control surface.

displacement [mm)

time [s]

7
T 100
E
z
8 o
£ U ]
2
3
2 -100
= 0 5 10 15
time [s]
1
E o5
™y
e o
" sl
-0.5 8
0 5 10 15
time [s]
a)
B e/ T i A
E: — simulation !
= = == reference F --
£20 \
3 e
&
T 0 .
0 5 10 15

linear velocity [mmv/s]
: 8
—

error [mm)]

time [s]

b)

Figure 8.  Simulations of large-scale prototype with dynamic pressure equal to a) 10 kPa
and b) 25 kPa.

2.3.3 Prototype Actuator Simulation

A small-scale prototype of the actuator was proposed with three of the Thorlabs
PK4GA7P2 stacks, which were used for the hysteresis model estimation. Properties
of this actuator are shown in Table 3. The wide and narrow seals were assumed to



generate 10 and 0.2 N friction forces, respectively. An open-loop simulation of the
actuator driven by sine waves of increasing frequency is shown in Figure 9.
Notably, the actuator cannot achieve its maximum theoretical displacement due to
losses associated with the fluid and seal friction.

Table 3.  Properties of small-scale piezohydraulic actuator.

Parameters Values
Piezoelectric stack stiffness (k) 1.96e7 N/m
Wide channel diameter 0.375 inches
Narrow channel diameter 3.750 inches
Amplification ratio (R) 106
Piezoelectric coefficient (ds3) 6.7e-7 m/V
Maximum theoretical free displacement 10 mm
Blocked force 58.8N
Number of piezo stacks 3

Hf 1
il il Hl MWW

Figure 9. Simulation of small-scale prototype.

2.3.4 Experimental Prototypes

Two iterations of experimental small-scale prototypes of the piezohydraulic
actuator were constructed. Both prototypes have the properties of Table 3 and
consist of three Thorlabs PK4GA7P1 piezoelectric stacks and custom 6061-T6
aluminum hydraulic stages, which comprise the wide and narrow channel pistons,
as well as the casing. ISO 15 hydraulic fluid was used in the experimental setup
due to the low viscosity of this oil at room temperature. The difference between the
prototypes was in the type of seals: spring-energized PTFE seals were used in the
first prototype, while standard SAE AS568 PTFE O-rings*® were implemented in



the second iteration for the purpose of replacing the seals quicker if the need arose.
Furthermore, a load attachment hole in the narrow piston and an air relief valve in
the input piston were added in the second prototype. The piezoelectric stacks were
attached to the wide cylinder using specially made bearings from Thorlabs. This
ensures that the force from the stacks is transmitted in the axial direction.
Components of both prototypes are shown in Figures 10—12.

Figure 10. Components of first piezohydraulic actuator prototype. (Top) from left: narrow
piston, casing, and wide piston (bottom).
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Figure 11. First piezohydraulic prototype assembly.

Figure 12. Components of second piezohydraulic actuator prototype. (Top) from left: wide
piston, casing, and narrow piston (bottom).

The free response of the first small-scale prototype, which was measured using the
same Keyence laser displacement sensor, is shown in Figure 13. As predicted in
the simulation, the prototype could not reach the maximum theoretical
displacement of 10 mm; the simulation predicted around 7.5 mm, while the
maximum experimental value was approximately 7 mm. Additionally, the spring-
energized seals seemed to provide a significant amount of resistance, which meant

11



that the response was “stepped.” This was part of the motivation for replacing the
seal type in the second prototype. The first prototype also lacked a return
mechanism, which is why it had to be manually reset to its starting position.
Experimental testing of the second prototype is planned to be conducted soon.
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Figure 13. Free response of first actuator prototype to ramp actuation.
3. DC Motor Actuator

The main alternative to the piezohydraulic actuator is a linear brushless DC stepper
motor actuator manufactured by Ultra Motion (model AMCX8B-BOM1).%!
Essentially, this actuator works by converting the rotational motion of a DC electric
motor into linear motion using a lead screw. To facilitate high-quality simulations,
accurate modeling of the Ultra Motion actuator was required.

3.1 Physics-Based Model

Based on the description of the analytical model from the manufacturer, the actuator
plant could be split up into two components—a built-in 1.25-kHz proportional—
integral—derivative (PID) controller that takes in a reference position command and
regulates the current on the windings of the motor, and the actuator physics. The
actuator physics were assumed to be in the following form,?? where J is the rotor
inertia, k, is torque constant, A is the motor damping, w(t) is the angular velocity
of the rotor, [, = 2 mm is the known screw lead, i(t) is the current on the motor
(control variable), and v(t) is the linear velocity of the actuator:

12



Jo(t) + Aw(t) = k,i(t) (11)

v(t) = —;v(t) + l;;';f i(t) (12)

The coefficients in front of the state and control variables are ratios between
unknown parameters; therefore, Equation 12 can be rewritten using two new
identifiable parameters (c; and c;):

l
v() = () + 52 6i(t) (13)
2
Converting Equation 13 to discrete form,
e
vk + 1] = e“4t v[k] + — . c,ilk] (14)

The combined actuator plant model was then built-in in Simulink, as shown in
Figure 14, where the state-space block represents Equation 14. The default PID
gains were known from the actuator data sheet.

Figure 14. Physics-based model of Ultra Motion actuator in Simulink.

3.2 Parameter Estimation

Actuator response data was obtained by teams at North Carolina Agricultural and
Technical State University and the U.S. Army Combat Capabilities Development
Command (DEVCOM) Army Research Laboratory (ARL), and the parameter
estimation toolbox was used for identification of parameters c¢; and c,. The input
for the estimation was the reference position signal, while the output was the
externally measured position. The estimation was carried out based on the step
response shown in Figure 15 with further validation conducted using periodic
reference data as shown in Figure 16. The steady-state oscillations in Figure 15
were the result of sensor vibration, not due to the actuator physics. The values for
the c¢; and c, parameters were estimated to equal —25.5552 and 2987.02,
respectively. The simulation comes sufficiently close to the experimental data,
fulfilling the criteria for an accurate actuator model.
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4. Future Work

The work on the second small-scale prototype of the piezohydraulic actuator will
soon be completed. This will, hopefully, allow more rigorous experimental testing.
If sufficient resources are available, a full-scale (with high-power piezo stacks)
piezohydraulic actuator prototype should be constructed. In this way, an
experimental comparison to the Ultra Motion actuator could be completed.
Furthermore, testing of the Ultra Motion actuator with a representative control
surface and aerodynamic loading would validate use of the actuator in the given
application.

5. Conclusions

The presented work outlines two models of actuators that could potentially be used
for control surface actuation in a glide-body air vehicle. The developed
piezohydraulic actuator shows promise for this application, but further testing is
needed to validate its use. The construction of piezohydraulic prototypes has also
been nontrivial, which has slowed down its development. The DC motor linear
actuator, however, is readily available for use and the model presented can be used
for simulations or for tuning of the actuator built-in PID parameters to improve its
performance.
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