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Abstract

The Hardware Integrated Controls and Avionics Testbed (HICAT') enables rapid
prototyping and testing of avionics and control algorithms for wing-mounted dis-
tributed electric propulsion (DEP) systems. Capabilities of the rig include vehicle-
like command-and-data-handling (C&DH) hardware, a high power capacity, and a
flight dynamics simulation environment based on wind tunnel and flight test data
to facilitate system-level testing. HICAT, modeled on a proposed DEP design for
a next-generation transport aircraft, can study component layout, wiring, C&DH
routines, and control strategies at motor and vehicle levels. To validate the DEP
array design concept, thrust response and velocity tracking metrics were gathered
using a flight dynamics simulation. The flight dynamics simulation communicates
with real propulsion hardware to evaluate the propulsion system performance as if
it were being used on a real aircraft. These results demonstrate the capability of
HICAT to rapidly transition conceptual designs to operational hardware prototypes
for high-power flight control systems.



Contents

List of Figures

Nomenclature

1 Introduction

2 Hardware Overview

3 Hardware Implementation
3.1 Controller Area Network Communications . . . . . . . . . o o v v v v v v v v v .
3.2 Board-based Circuits . . . . . . . . . .
3.3 Motor Controls . . . . . . . . . e
3.4 Power System . . . . ...

4 Aircraft Simulation
4.1 Equations of Motion . . . . . . . . . ...
4.2 Aerodynamic Model . . . . . . . . ...

5 Flight Control Algorithm and Implementation Overview

6 Case Study
6.1 Test Setup . . . . . o . o e
6.2 Results. . . . . . e

7 Conclusion

Acknowledgments

References

List of Figures

1

HICAT assembly with body coordinate system and four EDF Control Units. The
power system and VMC are located to the left out of view. . . . .. ... ... ...
EDF-Control Unit diagram. The thrust vectoring mechanisms are not included on
HICAT, the motors for those mechanisms are included to add electrical and control
detail to the rig. . . . . . . . . .
VMC to ECU communication diagram for propulsion and thrust vectoring control
through the DCU using CAN messaging. . . . . . . . . . . .. . ...
Diagram of the DCU, a custom circuit board used for motor control and CAN mes-
sage handling. . . . . . . . . . e
Isolated RPM to PWM data taken at 75 V and 125 A with polynomial fit lines. . . .
HICAT rig power diagram for ECUs based on DC power supplies. . . . . ... ...
Simulation flowchart connecting the flight control algorithm, lookup tables, and
propulsion hardware. . . . . . . . . ... L
Reference trajectory for wper. . . .« . o L oL
Velocity tracking across fan configurations. . . . . . . . .. .. ... ... ... ...

13
13
14

14

15
15
16

18

19

19



10 Velocity tracking errors across fan configurations. . . . . . . .. .. ... ... ... 17

11 Thrusts for each fan configuration. . . . . . . .. .. ... L 18
12 Fan speeds for each fan configuration. . . . ... ... ... ... ... ........ 18
Nomenclature
Symbols
b wing span, ft
c mean aerodynamic chord, ft
C aerodynamic rolling moment coefficient
Cnm aerodynamic pitching moment coefficient
Ch aerodynamic yawing moment coefficient
Cx aerodynamic longitudinal force coeflicient
Cy aerodynamic lateral force coefficient
Cy aerodynamic vertical force coefficient
g acceleration due to gravity, ft/s?
I, 1y, 1, 1, moments of inertia, slug-ft?
K gain matrix
Nfan number of fans
D, q,T body-axis angular velocity components, rad/s or deg/s
D, G, T nondimensional roll rate (pb/2V'), pitch rate (¢¢/2V), and yaw rate (rb/2V)
q dynamic pressure (pV2/2), 1bf/ft?
Q,R weighting matrices
S wing area, ft?
T thrust, 1bf
u system input
U, v, W body-axis translational velocity components, ft/s
Vi true airspeed, ft/s
X system state
TR, YE, ZE Earth-fixed position, ft
Q angle of attack, deg or rad
15} sideslip angle, deg or rad
O aileron deflection angle, deg or rad
e elevator deflection angle, deg or rad
oy flap deflection angle, deg or rad
O rudder deflection angle, deg or rad
P air density, slug/ft>
¢, 0,1 Euler roll, pitch, and yaw angles, rad or deg
Superscripts
time derivative
Subscripts
“act actual variable



‘cemd
‘e
‘lat
‘lon
‘ref

‘trim
Acronyms

CAN
CAN HS
C&DH
CRM
DCU
DEP
EDF
EMI
ESC
HICAT
IC

D

1/0
ISO
LQR
PAI
PCB
PI

PS
PWM
SAE
SITL
SUSAN
T/W
UART
VAC
VDC
VMC

commanded variable

error variable
lateral-directional variable
longitudinal variable
reference variable

trim variable

Controller Area Network

High-Speed CAN

Command and Data Handling

Common Research Model

Distributed Control Unit

Distributed Electric Propulsion

Electric Ducted Fan

Electromagnetic Interference

Electronic Speed Controller

Hardware Integrated Controls and Avionics Testbed
Integrated Circuit

Identification Number

Input/Output

International Organization for Standardization
Linear Quadratic Regulator
Propulsion-Airframe Integration

Printed Circuit Board

Proportional Integral

Power Supply

Pulse-Width Modulation

Society of Automobile Engineers
Software-In-The-Loop

SUbsonic Single Aft-eNgine electrofan

Thrust to Weight Ratio

Universal Asynchronous Receiver /Transmitter
Voltage Alternating Current

Voltage Direct Current

Vehicle Management Computer



1 Introduction

Aircraft flight control systems often convert pilot inputs from the inceptors into electronic
command signals sent to control surfaces and propulsion units. Because aircraft subsystems are
complex electromechanical devices, they exhibit physical and computational constraints. Subsystem
characteristics influence flight control system performance, requiring algorithms to be tailored to
specific hardware. Consequently, engineers make use of ground-based “iron-bird” rigs (i.e., aircraft
system testbeds) to resolve subsystem-to-system nuances and validate control performance prior to
flight.

Subsystem prototypes can be tested with partial system-level interactions in the loop before
a complete iron-bird is built. This report documents the performance evaluation of a distributed
electric propulsion (DEP) array with certain important system integration effects in the loop. The
rig used for testing, termed the Hardware Integrated Controls and Avionics Testbed (HICAT),
consists of a vehicle management computer (VMC), and four electric ducted fans (EDF) arranged
in an array with preliminary components for a future thrust vectoring system on each fan. The
VMC hosts a flight dynamics simulation and a control algorithm, and connects to the EDFs and
thrust vectoring hardware. The EDFs and thrust vectoring hardware comprise a portion of the
overall DEP system, and are used to emulate the full system in the VMC-hosted simulation. The
system is designated as a “rapid” prototyping testbed to highlight the ability to iteratively develop
hardware and algorithms during testing.

This work contributes to research for NASA’s Subsonic Single Aft Engine (SUSAN) Electrofan
project, which studied a hybrid-electric commercial transport concept aircraft with DEP arrays
located under the wings near the trailing edge. Trade studies and computational fluid dynamics
simulations for SUSAN suggested that wing-mounted DEP arrays are advantageous for aerodynamic
performance and structural layout [1-3]. Subsequent computational refinements are described in
Refs. [4, 5]. Power architecture studies in Refs. [6-8] led to the selection of a hybrid-electric system
featuring an aft-mounted turbofan for thrust and power generation. The SUSAN project also began
development of a subscale flight research vehicle that resembled the full-scale concept aircraft [9, 10].
The flight research vehicle is similar to a quarter-scale model of a Boeing 737 with a wingspan around
30 ft. Beyond conceptual work, Ref. [11] documents a wind tunnel test campaign conducted to
characterize an EDF proposed for use on the DEP arrays on the subscale vehicle. The test measured
the EDF’s thrust and electrical performance independently of system integration effects. Another
wind tunnel test, documented in Ref. [12], examined propulsion-airframe integration (PAI) effects
and demonstrated that blowing airflow over lifting surfaces can augment lift. The work described
herein extends progress made by the SUSAN project by including preliminary thrust vectoring
hardware, flight-like embedded systems, a realistic component layout, a flight dynamics model, and
controls for closed-loop simulation.

The remainder of this report is organized as follows: Section 2 provides an overview of the inves-
tigated hardware, and is followed by a detailed description of specifications in Section 3. Simulation
setup and flight control are presented in Section 4 and Section 5, respectively. Verification results
are discussed in Section 6, and conclusions are summarized in Section 7. This report is a closeout
deliverable for the Agile Distributed Electric Propulsion Technologies (ADEPT) study that was
prematurely ended due to the Convergent Aeronautics Solutions (CAS) project being discontinued
in September 2025. Consequently, some of the material in this report is preliminary in nature and
could be expanded in future work.



2 Hardware Overview

The HICAT rig consists of power distribution components, a VMC, four EDFs with motor
drivers, and two control motors with drivers for each EDF intended to be used for thrust vectoring.
The EDFs, thrust vectoring mechanism motors, motor drivers, and communication circuits form
an EDF Control Unit (ECU) seen in Fig. 1. The SUSAN subscale vehicle is proposed to use eight
ECUs in each DEP array mounted to the trailing edge, inboard section of each wing. This section
covers the HICAT design rationale, including power bus specifications and thrust requirements,
tied to the design of the flight research vehicle by introducing each component of the testbed. A
rendering of the four ECUs used on the HICAT layout can be seen in Fig. 1.

VMC &

Power o _
Supplies pre EDF Control Unit

Figure 1: HICAT assembly with body coordinate system and four EDF Control Units. The power
system and VMC are located to the left out of view.

A Speedgoat® real-time machine is the VMC for HICAT and the intended VMC for the sub-
scale SUSAN aircraft. Speedgoat systems support various input/output (I/O) protocols and are
programmed using MATLAB® / Simulink® . Block diagrams can be compiled and executed on the
Speedgoat real-time operating system, enabling rapid control algorithm development and deploy-
ment.

The propulsion system uses four Jetfan 130 Pro EDFs with TFL56104 550 kV brushless DC
inline motors. Wind tunnel testing documented in Ref. [11] demonstrated these EDFs can supply



sufficient thrust for cruise speed and altitude within power constraints for the subscale SUSAN
vehicle design. The subscale vehicle is estimated to weigh 1,850 1b, 35% of required thrust is
provided by the tail engine and 65% by the wing fans. Thus, each wing fan must deliver 23 1bf
to maintain a thrust-to-weight (T/W) ratio of 0.31. This T/W ratio is based on Boeing 737-800
data [13, 14].

The subscale SUSAN vehicle design set the EDF power bus at 75 V, compatible with the motors’
maximum settings of 91 V and 150 A. Electronic speed controllers (ESCs) drive the motors. The
ESCs communicate with the VMC to receive fan speed commands and send EDF and ESC data.
Commercial off the shelf Advanced Power Drives UHV205 ESCs were chosen based on the power
bus targets outlined in Ref. [11].

Each EDF is coupled with two brushed DC motors intended to be used for thrust vectoring
mechanisms. The ECUs are controlled by microcontroller based distributed control units (DCU).
The concept aircraft architecture provides a 24 V bus for the thrust vectoring motors, DCUs, and
Sensors.

The assembly, as seen in Fig. 1, is based on the proposed electric propulsion setup for the
subscale SUSAN vehicle, where the EDF array outlet aligns with the wing’s trailing edge. The rig
resembles half of the DEP array on the left wing where the VMC and power system sit within the
fuselage. On HICAT, the EDF's are fastened to an extruded aluminum T-slot framing rail clamped
to a shop table. Electronics attach to a baseboard cut to the dimensions of the wing planform
using screws. The ESCs, thrust vectoring motor motor drivers, DCUs, and wiring are arranged
to maximize reliability, minimize electromagnetic interference (EMI), simplify manufacturing, and
reduce weight for the subscale SUSAN vehicle. Each ECU has its own connection to the power
supply to minimize system implications from a single-unit power failure and to reduce EMI by
minimizing electrical noise coupling. To further mitigate EMI, power wires are braided, the ESCs
are oriented so that high-current wiring is routed clear of command and sensor lines, control signals
are routed perpendicularly to power lines, and the ESCs are placed near the EDFs to shorten the
wiring between the ESC and EDF which resembles AC power. Finally, components are packed in
close proximity so that proposed structure and heat management systems can be shared to keep
system weight lower. While the subscale SUSAN aircraft uses a battery-generator power system,
HICAT uses DC power supplies (PSs) for power. The HICAT VMC and PSs are located to the left
of the assembly in Fig. 1.

3 Hardware Implementation

Detailed hardware specifications for HICAT are critical to system-level engineering performance.
This section will expand on the hardware overview presented in the previous section by describing
component level characteristics of the testbed. Figure 2 displays one of the four ECUs controlled
by the VMC.



Figure 2: EDF-Control Unit diagram. The thrust vectoring mechanisms are not included on
HICAT, the motors for those mechanisms are included to add electrical and control detail to the

rig.

3.1 Controller Area Network Communications

The Controller Area Network (CAN) bus protocol serves as the physical communication in-
terface between subsystems and the VMC. CAN bus is defined by a series of standards from the
International Organization for Standardization (ISO) titled Road vehicles-Controller area network
(IS011898-1-3) [15-17]. An 10603 Speedgoat® card, which provides up to four high-speed CAN
(CAN HS) connections, drives the CAN bus from the VMC. The 10603 is linked to the CAN
network using a 9-pin D-sub connector with a screw terminal block. Benefits of CAN include EMI
resistance, ease of modification, and bus-wide node-to-node data access with message priorities
enforced via identifiable numeric tags (IDs). With all EDFs and thrust vectoring motors, the sub-
scale SUSAN vehicle is planned to use a total of sixty-four hardware nodes on the wing propulsion
system. A CAN layout, based on a two-wire main bus with a spoke topology, is much simpler than
a pulse-width modulation (PWM) equivalent for a large number of communication nodes.

The ESCs and thrust vectoring control motor drivers lack native CAN support, but are used
because they were used previously in SUSAN-related wind tunnel testing in Refs. [11, 12]. Specifi-
cally, the ESCs and motor drivers meet power specifications with a safety margin, while the EDFs
and thrust vectoring motors satisfy thrust and torque needs, respectively. A microcontroller-based
DCU translates CAN signaling to the protocols used by the components. A Teensy® 4.1 is used as
the main processing unit for the DCU for its flexible I/O, native CAN handling, and interrupt-pin
options. Encoders located on the thrust vectoring motors rely on the interrupt pins to send clocked
motor shaft position feedback. The Teensy® offers high speed, low weight, and a compact form
factor, but remains programmable with the Arduino development environment. The Teensy® in-
cludes an onboard CAN controller, but needs a separate CAN transceiver to drive signals on the
bus.

Custom software on the DCU and VMC is required to implement CAN messaging. Figure 3
shows a diagram of the communication system. Basic CAN 2.0 A messaging is used where messages
are filtered by ID. CAN messages contain up to eight bytes of data which can be allocated to two
four-byte, float data types that represent signed engineering data [18]. An interrupt service routine
on the Teensy® filters messages using conditional statements, packages them into byte arrays, and
converts them to a union type. Union types store data in memory such that the values can be
accessed and defined as multiple data types (e.g., a float or an array) simultaneously. This allows



control algorithms to use a float representation of a value while CAN communication can transmit
the same value as a byte array buffer. A First-In-First-Out buffer maintains incoming message
integrity. The FlexCANT4 library on the Teensy® handles inbound and outbound CAN messages.
To send messages, float-type engineering data from sensors is first cast as a union type. The data,
now stored as a union, is retrieved as a byte array and assigned to a buffer structure within a
CAN message object. The buffer is then sent on the bus. For Speedgoat® integration, Simulink®
blocks handle CAN configuration, as well as CAN message read, decode, write, and encode. A
CAN Decode block outputs a byte array that is unpacked into floating-point data (single values),
whereas a CAN Encode block packs float data back into bytes for transmission. The version of
CAN used (CAN HS), ID format (standard), and baud rate (500 kbps) are selected on the Teensy®
and Speedgoat® to configure the bus.
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Figure 3: VMC to ECU communication diagram for propulsion and thrust vectoring control through
the DCU using CAN messaging.

3.2 Board-based Circuits

The ESCs receive PWM command signals and send feedback data, such as RPM, temperature,
current, and duty cycle, over a universal asynchronous receiver /transmitter (UART) serial connec-
tion to the DCU. An optoisolator is added to the UART feedback line because the signal is not
isolated from the ESC control board. The DCU runs a buffer-handling script to translate the raw



UART byte stream into engineering units like temperature using formulas dependent on the sensors
gathering the raw data. A Fletcher checksum maintains incoming buffer integrity.

Brushed DC gear motors are used for the thrust vectoring mechanism motors, driven by motor
driver boards that accept two PWM signals from the DCU for throttle and direction. Encoders
mounted on the rear of the motor gearbox deliver output shaft position feedback at 9,600 counts
per revolution. Each encoder requires four connections to the DCU: two signal wires connected to
interrupt pins, and power and ground.

The DCU design, seen in Fig. 4, uses a custom printed circuit board (PCB) to simplify assembly,
strengthen wired communication interfaces, and mitigate EMI. The PCB provides a mount for the
Teensy®, and screw terminals for secure connections to the ESC, motor drivers, encoders, and CAN
bus. The board includes CAN transceiver and optoisolator integrated circuits (IC) to consolidate
functionality. Specifically, the MCP2562 transceiver and TLP2770 optoisolator are used. Using a
CAN IC mounted to a PCB benefits reliability and functional testing by exposing the termination
resistor required by CAN. The placement of the termination resistor is designed to be easily tested
with a multimeter.
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Figure 4: Diagram of the DCU, a custom circuit board used for motor control and CAN message
handling.

3.3 Motor Controls

While the ESC and thrust vectoring mechanism motor drivers accept throttle-like inputs (PWM
signals), the VMC’s commands are best expressed using real-world engineering units (e.g., EDF
rotational speed in RPM). The primary method of computing PWM commands from a desired RPM
is based on the data shown in Fig. 5. The data are approximated using a continuous piecewise
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polynomial function with two separate polynomials mapping RPM to PWM. The lower PWM-RPM
regime (1150-1350 ps) uses a third order polynomial map, while the upper regime (1350-1950 us)
uses a first order polynomial. RPM behavior differences between the two PWM regimes arise from
electric and mechanical characteristics of the ESC-EDF system. The battery-generator powered
subscale SUSAN vehicle may experience voltage drop through flight as power capacity is used, but
the data in Fig. 5 is based on a constant supply voltage of 75 V from DC PSs.
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Figure 5: Isolated RPM to PWM data taken at 75 V and 125 A with polynomial fit lines.

A feedback controller is used to track RPM in the upper PWM-RPM regime. The controller
changes PWM commands based on error between the target RPM and RPM feedback measured by
the ESC. The controller is a proportional-integral (PI) feedback algorithm where gains were tuned
using step-response tests to meet desired transient responses. The lower PWM values generate
negligible thrust, so there is no operational need to stabilize those commands with a feedback
controller. The ESCs accept a limited range of PWM signals (1150-1950 wus), so PWM limits
(saturation) are applied before commands are issued. Testing revealed a heuristic anti-windup
method should be used to avoid undesired cumulative error growth due to commands being issued
in the upper PWM-RPM range while power to the EDFs is turned off. To resolve undesired error
growth, the cumulative error in the upper PWM regime controller is reset to zero whenever the
lower range controller is active.

A realistic operating mode for the thrust vectoring mechanism (only the motors of which are
included in HICAT) would involve commanding a desired mechanism deflection. Each control
surface deflection would map to a rotational position of the mechanism motor shaft. This motor
position command functionality is implemented using a PI algorithm to track shaft rotational
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position. Analog throttle signals are changed by subtracting shaft position feedback measured by
the onboard encoder from a desired position command then applying PI gains.

3.4 Power System

Power wiring and distribution blocks were sized using Society of Automobile Engineers (SAE)
standards, primarily Wiring Aerospace Vehicles (SAE AS50881H) [19]. Wire gauges were estimated
with two methods: a lookup table from SAE AS50881H and a plot-based formula from Fundamen-
tals in Wire Selection and Sizing for Aerospace Applications (SAE AIR6540D) [20]. Additional
standards used include Aircraft Electric Power Characteristics (MIL-STD-704F) [21], General Spec-
ification for Terminals (SAE AS7928) [22], and Terminal Board Assembly (SAE AS27212D) [23],
which informed maximum allowable voltage drop, appropriate terminal connections, and selection
of terminal blocks, respectively. The 24 V bus wiring and terminal blocks are over-specified to
accommodate growth in the thrust vectoring mechanism motor current ratings. Figure 6 illustrates
the power system flow, starting from 110, 208, and 480 V AC (VAC) wall outlets. Three EDFs
share a multi-PS system described in Ref. [12], while the fourth EDF is powered by an individual
PS, and the 24 V bus is powered by a fifth PS. The fourth EDF is powered by a separate PS
because the multi-PS unit only has capacity to fully power three EDFs. The power supplies on the
high power bus are set to 75 V DC (VDC), and 125 A. The multi-PS system is expandable, as the
units can communicate between one another to pool current when connected in parallel [12].
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Figure 6: HICAT rig power diagram for ECUs based on DC power supplies.

Master PS

4 Aircraft Simulation

A flight dynamics simulation is run on the VMC and communicates with a portion of the real
propulsion system. The simulation is run on the VMC, alongside the flight control algorithm, for

12



ease of integration with DEP hardware. The simulation was developed to evaluate the performance
of the DEP array with system-level implications, and for control design tasks. Although the subscale
SUSAN vehicle informed electronics details, the flight dynamics simulation is based on wind tunnel
data from a separate airframe: the commercial transport Common Research Model (CRM). CRM
wind tunnel data was used instead of SUSAN data for its availability; a SUSAN airframe was
never tested experimentally. The simulation is composed of the aircraft equations of motion and
an aerodynamic model implemented in MATLAB® /Simulink®. Associated trim and linearization
routines were adapted from the F-16 simulation available in the System I[Dentification Programs
for AirCraft software toolbox [24, 25].

4.1 Equations of Motion

A nonlinear aircraft simulation routine was developed using the kinematic and dynamic aircraft
equations of motion under standard assumptions [25-27]. The CRM vehicle is modeled as a single
six-degree-of-freedom rigid body subjected to gravitational force, thrust force, and aerodynamic
forces and moments. The 12 simulation states are the body-axis translational velocity components
(u,v,w), body-axis angular velocity components (p,q,r), Euler angles (¢,6,v), and earth-fixed
position (zg,yg, zg). Thrust T is assumed to be aligned with the aircraft longitudinal axis, and
rotational effects from the aircraft propulsion system are neglected. The translational kinematics
equations are:

Tp = ucosfcost + v(sinf cos 1 sin ¢ — sin cos @) + w(sin @ cos Y cos ¢ + sin 1) sin @) (1)
Yp = ucosfsiniy + v(sin O sin v sin ¢ + cos ¥ cos ¢) + w(sin @ sin 1) cos ¢ — cos 1 sin @) (2)
Zp = —usinf + v cos O sin ¢ + w cos O cos ¢ (3)

The rotational kinematics equations are:

¢ =p+ (gsing + rcos¢)tan b (4)
6 = qcosd— rsing (5)
Y = (gsin ¢ + rcos @) sec (6)

The translational dynamics equations are:

U=rv—qw—gsind +gSCx/m+T/m (7)
0 =pw —ru+ gcosfsing + gSCy/m (8)
W= qu—pv+gcosfcosp+ gSCyz/m 9)

The rotational dynamics equations are:

Lp — Lot = G@SbCy 4 (I, — I)qr + L..pq (10)
LG = qScCr + (I — IL)pr + Lnz(r? — p?) (11)
L# — Ip.p = gSOCy, + (I, — I))pq — Lp.qr (12)

The aircraft-specific acrodynamics are captured in the force coefficients (Cx, Cy, Cyz) and moment
coefficients (Cy, Cyy,, Cy,) included in the translational and rotational dynamics equations.
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4.2 Aerodynamic Model

The CRM aerodynamic model was developed using static and forced oscillation wind tunnel
tests performed in the NASA Langley 12-Foot Low-Speed Tunnel [28]. The wind tunnel model
was a 2.4% scale version of the original CRM configuration [29] with the ONERA vertical tail
design [30, 31]. The model did not include engine nacelles, pylons, or control surfaces. Testing was
conducted with and without including the horizontal and vertical tail surfaces.

The longitudinal aerodynamic model equations have the form

C; =C;, (a) + Ciq ()G + Ciée ()de + Cigf 5f (13)
where “7” is used to represent the X, Z, and m subscripts in Cx, Cz, and C,,. The C;, («) and
Ci, (o) parameters vary as a function of a in the form of polynomial equations identified using CRM
static and forced oscillation wind-tunnel data [28], respectively. Because control surfaces were not
integrated on the wind-tunnel model, control surface effects were approximated using data from
the NASA T-2 aircraft. The Cj; (o) parameter was derived from the T-2 model given in Ref. [32],
and the C’iéf parameter was from estimates of the flap effectiveness presented in Ref. [33].

The lateral-directional aerodynamic model equations have the form

Ci = Ciz()B + Ci, ()p + C;, (a) + Cis, 00 + Ciy Or (14)

where “7”

is used to represent Y, [, and n subscripts for Cy, C, and Cy,. The C; (a) parameter is a
polynomial equation identified from static wind-tunnel data; the C;,(«) and Cj, () parameters are
polynomial equations developed from forced oscillation wind-tunnel testing. The lateral-directional
control surface effectiveness, Cj;, and Cj; , was approximated from the T-2 model given in Ref. [32].

Sets of aerodynamic model equations with and without the tail surfaces were implemented into
the CRM simulation. This was done to allow investigation of using thrust vectoring engines to
replace one or both of the tail surfaces with the goal of drag reduction. Although this has not been

completed, the simulation allows assessment of these effects in future work.

5 Flight Control Algorithm and Implementation Overview

To verify rapid controls prototyping capability, a linear quadratic regulator (LQR) controller
was designed for closed-loop control on the CRM model. LQR is an optimal control approach that
produces an optimal gains K based on selected weighing matrices ), R as a solution of a quadratic
cost function. This technique is used in aircraft control due to its inherent robustness and stability
guarantees and its ability to easily handle multi-input, multi-output systems [26]. An LQR scheme
was designed for the CRM using linearized longitudinal and lateral state space matrices. These
state space matrices consider the following states and inputs:

x:[uvaqrng@D]T

u=I[7 6 6, 6]
The longitudinal states are Xjo, = [u w ¢ 6]7 with longitudinal inputs of thrust and elevator
(T, 6.), whereas the lateral-directional states are xj,c = [v p 7 ¢]7 with lateral inputs aileron and
rudder (dq,6,). The gains @) and R are selected based on desired performance goals (i.e. tracking
and input regulation). Following selection of @@ and R, LQR gains for each axis are determined
using the 1gr () function in MATLAB®. The flying qualities were verified for the closed-loop
linear system. The control system performance was assessed using MIL-STD-1797A flying qualities
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specifications for cargo aircraft. Level 1 flying qualities were required for the acceptance of the
gain K. After producing and evaluating K for the longitudinal and lateral-direction response, the
gains are combined into one matrix for control of the nonlinear system such that the total control
actuation is:

u—-—Kx

To accommodate steady state error, an integrator term can be incorporated to regulate tracking
error. In this study, the forward velocity error is regulated to assist with tracking and a gain Q. is
used to tune the integrator gain. The weighing matrices used to produce the LQR gains K, K, were
selected to be scaled appropriately to their respective signal units and then adjusted accordingly
for desired performance.

Hardware implementation is completed using Simulink® Real Time® to interface with the hard-
ware described in Sections 2 and 3. Because the SUSAN concept vehicle uses sixteen EDF's, and
HICAT uses up to four EDFs, the simulation environment duplicates RPM feedback from the real
hardware to emulate sixteen EDFs. 1-Fan, 2-Fan, and 4-Fan HICAT configurations were tested,
but all of those real configurations emulate a sixteen-EDF vehicle. To implement the duplication
functionality, real RPM feedback signals are split into 16 /ny.;,, such that each fan represents a frac-
tion of the total number of fans (e.g., in the 4-Fan case, each real EDF represents four simulated
EDFs). A flowchart of the process is displayed in Fig. 7. For the present work, uniform allocation
is assumed such that the thrust command, 7¢,.4, is divided by sixteen prior to being commanded.
After determining T¢p,q, the value is sent to a lookup table, based on data from Ref. [11], to convert
the thrust to an RPM command. The RPM command is sent from the VMC to the fans via the
DCU-CAN messaging system. The returning signal, RPM,, is the fan rotational speed measured
by the ESCs. The RPM feedback signal is duplicated into sixteen fan speeds, sent to another lookup
table based on data from Ref. [11] to convert RPM to single fan actual thrust, and then summed
to create a total actual thrust, T,.;. The total thrust from all fans is then applied to the CRM
flight dynamics simulation. Although only uniform thrust was commanded for the work described
in this report, a capability to test control allocation methods to distribute thrust non-uniformally
is included in the simulation architecture.

Tema | 1 Thrust-RPM | RPMcma [ cAN/Speedgoat RPMgct1.16 RPM ~Thrust | Tact1..16 Tace
| 16 Messaging Lookup Z

Figure 7: Simulation flowchart connecting the flight control algorithm, lookup tables, and propul-
sion hardware.

6 Case Study

6.1 Test Setup

The proposed controller is simulated using the CRM dynamic model, with tail surfaces, scaled to
the size of the subscale SUSAN vehicle at sea level static environmental conditions. The simulation
considers a cruise scenario depicted with a reference forward velocity profile (uef) where u is used
as a proxy for total airspeed V;. A velocity tracking example was selected to test the propulsion
array. The reference profile is designed to mimic a cruise condition with a series of ramp inputs,
which permits a trajectory that smoothly ascends or descends towards a new setpoint. The profile,
illustrated in Fig. 8, is composed of deviations from u,in, starting to simulate cruise velocity changes.
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Tests were run for a total of 240 s with a time step of 0.01 s. Each test includes an initialization
period during which the fans are ramped up to a baseline of 10,000 RPM. The target tracking profile
is then enabled and runs through 210 s, at which point the fans are ramped down to 10,000 RPM.
Consequently, the figures shown focus on the period when the target profile is active. Three fan
configurations were considered in testing: 1-Fan, 2-Fan, and 4-Fan. Multiple tests were performed to
ensure repeatability of results, however only one run of each configuration is plotted as the authors
found negligible variation between each run. As the primary purpose of testing concerns operation
and usability of the HICAT setup, closed-loop performance is evaluated only with resultant thrusts,
corresponding fan-speeds, and tracking performance. Tracking performance is collected to illustrate
the efficacy of the control law to command a thrust, 7', and to track the desired trajectory given
the fan configurations. Thrust and RPM results are collected to demonstrate commanded versus
actuated responses, and to identify potential response differences in the hardware for each fan
configuration.

6.2 Results

Figure 9 compares the forward velocity response for a “direct thrust” simulation without DEP
hardware and simulations with each fan configuration in the loop to the reference forward velocity
trajectory. All configurations follow the reference trajectory reasonably well and exhibit minor
steady-state errors during the plateau segments. Figure 10 shows the forward velocity tracking
error for each simulation, where similar levels of tracking error (u. < 7 ft/s) is observed for each
simulation.
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Figure 10: Velocity tracking errors across fan configurations.
Figures 11 and 12 show the thrust and measured individual fan speeds, respectively, for each
configuration. Figure 12 provides the measured rotational speed data from EDF hardware used to

control the velocity shown in Fig. 9; Fig. 11 shows the corresponding predicted thrust. To improve
readability, a low-pass filter was applied to the data to attenuate high-frequency noise.
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Figure 11: Thrusts for each fan configuration. Figure 12: Fan speeds for each fan configuration.

Overall, the commanded thrust, which remains near the thrust trim value of 170.8 Ibf, is tracked
closely, with minimal discrepancy between T¢,q and Tyet. Figure 12 illustrates each fan appropri-
ately tracks the commanded RPM, and only minor differences exist in the actuated response. The
results demonstrate the efficacy of the motor controller described in Section 3, while also confirming
the utility of the HICAT setup for rapid flight controls prototyping.

7 Conclusion

HICAT is a rapid controls prototyping testbed developed to advance distributed electric propul-
sion technology. The SUSAN effort, which initiated development of a DEP-enabled flight research
vehicle, informed HICAT’s high-level design criteria, including VMC selection, thrust requirements,
power-bus specifications, and component layout. To adequately reflect system-level integration ef-
fects, HICAT uses flight-like avionics and a representative DEP array layout. Low-level details
on the C&DH hardware, motor-driver selection, and motor-control algorithms were refined amidst
testing of the DEP hardware. A nonlinear flight dynamics simulation based on wind-tunnel and
flight-test data was developed to support propulsion system performance evaluation. The simu-
lation is connected to the propulsion hardware enabling the DEP array to be evaluated as if it
were deployed on a flying aircraft. A controller was designed to maintain simulated vehicle for-
ward velocity via a communication link between the simulation and the real propulsion hardware.
A commanded velocity profile was successfully maintained in simulation by the real propulsion
system showcasing HICAT has a capability for rapid prototyping of controls and avionics.

The work described in this report resulted in substantial progress towards creating a more
flight-realistic DEP array testbed. The HICAT setup provides an accurate component layout, a
connection between a flight dynamics simulation and hardware, and a high power capacity test
capability. HICAT can serve as a general platform for testing high-power avionics with system-
integration challenges alongside realistic flight-dynamic modeling. Future enhancements could in-
clude incorporating additional subsystems (e.g., control surfaces and sensors), refining the aero-
dynamics models with new wind-tunnel and flight test data, and investigating alternative control
allocation and control law design approaches.
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