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Abstract

In support of aviation fuel burn and emission reduction goals, NASA is pursuing high-payoff research
investments that promise to transform aviation. This includes investments in Electrified Aircraft Propulsion
(EAP). Multiple technology challenges must be addressed to unlock the full potential of EAP. This
includes addressing challenges related to propulsion controls, which will be vital for ensuring efficient
coordinated operation of EAP subsystems. This paper presents results from real-time hardware-in-the-
loop (HIL) testing of a control design for a single aisle partially-turboelectric aircraft propulsion concept
conducted at the NASA Electric Aircraft Testbed (NEAT) facility. The control system under test is
designed for a propulsion concept consisting of two wing-mounted turbofan engines that produce thrust
and generate electrical power to drive a boundary layer ingesting tailfan propulsor via an electrical motor.
An integrated control strategy is applied to ensure coordinated operation of the turbofan and tailfan
subsystems during steady-state and transient operation throughout the flight envelope. The NEAT test of
this integrated control design consists of a partially HIL, partially simulated configuration. A subscale
representation of the electrical system design is implemented in hardware and mechanically coupled to
electric machines that emulate turbomachinery and propulsor shaft dynamics. The hardware configuration
is then operated under the control of a real-time computer application that runs a simulation of the
propulsion system and the developed control logic. The NEAT facility test campaign includes a series of
experiments that subject the control design to throttle transients conducted throughout the flight envelope
and full-flight mission profiles. Testing under simulated performance degradation is also conducted to
evaluate control design robustness. This includes constant and abrupt changes in degradation levels.
Results from the HIL test are presented and shown to be in good agreement with pretest simulation
predictions demonstrating the efficacy of the integrated control design approach.

Nomenclature

Acronyms

ATF NASA Glenn Research Center Neil A. Armstrong Test Facility
CAN controller area network

DC direct current
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EAP Electrified Aircraft Propulsion

EoL end-of-life

EGT exhaust gas temperature

GUI graphical user interface

HIL hardware-in-the-loop

hp horsepower

HPC high-pressure compressor

kw kilowatt

LP low-pressure

LPC low-pressure compressor

MIMO multiple input multiple output

MW megawatt

NEAT NASA Electric Aircraft Testbed

NPSS Numerical Propulsion System Simulation
nm nautical mile

PLA power lever angle

PI proportional-integral

SISO single-input single-output

SLS sea-level-static

SMICS sliding mode impedance controller with scaling
STARC-ABL  Single-aisle Turboelectric AiRCraft with Aft Boundary Layer propulsor
T-MATS Toolbox for the Modeling and Analysis of Thermodynamic Systems
VAFN variable area fan nozzle

VBV variable bleed valve

Symbols

Nic turbofan corrected fan speed

S turbofan corrected fan speed acceleration
Nac turbofan corrected low pressure shaft speed
Nac turbofan corrected core speed

Nic tailfan corrected fan speed

Qcmd tailfan motor commanded torque

Wi fuel flow rate

Ws,emd turbofan commanded fuel flow rate

1.0 Introduction

Under the Sustainable Flight National Partnership, NASA is engaging with other federal agencies,
industry, and academia to accomplish the aviation community’s goal of net-zero carbon emissions by
2050 (Ref. 1). A major technology emphasis is Electrified Aircraft Propulsion (EAP), which relies on the
generation, storage, transmission, and/or use of electrical power for producing thrust (Refs. 2 to 4). EAP
enables the design of revolutionary propulsion architectures that hold great potential for supporting the
sustainable aviation goals of fuel burn and emissions reduction. This includes designs that combine gas
turbine engines with electrical system hardware. Multiple technology challenges must be addressed to
unlock the full potential of EAP. In particular, advances in propulsion controls will be vital for ensuring
coordinated efficient operation of the complex integrated subsystems that comprise EAP architectures.
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An example EAP concept is the Single-aisle Turboelectric AiRCraft with Aft Boundary Layer
propulsor (STARC-ABL) shown in Figure 1. The STARC-ABL is a partially-turboelectric concept
aircraft proposed by NASA (Refs. 5 and 6). It has two wing-mounted turbofan engines and an electric
motor-driven boundary layer ingestion tailfan propulsor. The turbofans serve the dual purpose of
generating thrust and supplying mechanical offtake power that is converted to electricity and delivered to
the tailfan motor over a high voltage direct current (DC) power bus. The STARC-ABL exhibits
electromechanical coupling between its turbofan and tailfan subsystems and requires an integrated control
strategy to ensure optimal efficiency and operability. Past NASA publications covering control design for
the STARC-ABL propulsion system are found in References 7 to 9. These efforts took the approach of
either designing separate closed-loop controllers for the turbofan and tailfan subsystems in an ad hoc
decentralized fashion (Refs. 7 and 8) or operating the tailfan under open-loop control (Ref. 9). Both
approaches have their limitations. The decentralized control approach requires a tedious design effort to
achieve coordinated subsystem operation during transients and is prone to operability concerns during
rapid throttle movements. The open-loop control approach sacrifices the ability to tightly control tailfan
thrust output. To address these shortcomings, Reference 10 introduces a new integrated control design
strategy for the STARC-ABL that directly accounts for the coupling between the turbofan and tailfan
subsystems. This approach promotes operability, enables tighter control of thrust, and has been found to
simplify the overall control design effort.

Figure 1.—STARC-ABL Aircraft.
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This paper will present results from a real-time HIL test of the STARC-ABL integrated control design
introduced in Reference 10. The test was conducted at the NASA Electric Aircraft Testbed (NEAT), a
facility that enables testing of megawatt (MW)-level electric aircraft power systems (Ref. 11). The NEAT
test enabled the performance of the STARC-ABL integrated control design to be evaluated when
controlling actual electrical system hardware. This included evaluation of the control design’s robustness
to variations in throttle input, flight condition, and simulated turbomachinery performance degradation.

The remaining sections of this paper will discuss the development and NEAT facility testing of the
STARC-ABL integrated control design. Section 2.0 provides an overview of the STARC-ABL propulsion
system and the integrated control design developed for it. Section 3.0 discusses the test configuration of
the STARC-ABL electrical system implemented in the NEAT facility for the testing of the developed
control design. Sections 4.0 and 5.0 discuss the test matrix and test results, respectively. Conclusions are
presented in Section 6.0.

2.0 STARC-ABL Propulsion Architecture and Control Design

The STARC-ABL exhibits the electromechanical coupling between subsystems inherent in many
EAP designs making it a good candidate for conducting EAP integrated controls research. A depiction of
the STARC-ABL concept and its mechanical-electrical architecture is shown in Figure 2. Electric
generators are connected to the low-pressure (LP) shaft of each turbofan and are configured to supply
power to a constant voltage DC bus. Connected to this same DC bus is a 3500-horsepower (hp) electric
motor used to drive the tailfan. The STARC-ABL poses a multiple-input multiple-output (MIMO) control
design problem in the sense that there are multiple inputs (fuel flow rate and motor torques) used to
control multiple outputs (turbofan and tailfan corrected fan speeds). The overall system requires an
integrated control strategy to allow individual subsystems to transiently respond to changing throttle
commands in a coordinated fashion.

The original publications introducing the STARC-ABL concept (see Refs. 5 and 6) are system studies
focused on exploring the efficiency and design space offered by partially-turboelectric EAP architectures.
These references only consider operation of the STARC-ABL’s turbofan and tailfan subsystems from a
steady-state perspective, and do not explicitly specify a transient control concept of operations. There are
two primary options for controlling the transfer of electrical power in the STARC-ABL’s electrical
system while striving to hold a constant DC bus voltage. The first option is to command the generators to
deliver a specified amount of power to the bus while controlling the tailfan motor to consume power at
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STARC-ABL EAP Concept STARC-ABL Architecture
Figure 2—STARC-ABL Turboelectric Propulsion Concept and Architecture.
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the rate necessary to hold the bus voltage constant. This will result in a forward-to-aft coupling in the
electrical system where operation of the tailfan is dependent on the amount of generated power supplied
by the turbofans. A drawback of this option is that it forces the tailfan to be operated open-loop, which
sacrifices the ability to precisely control tailfan thrust output. The second option is to operate the tailfan
motor under closed-loop control while relying on the generators to act as the bus voltage regulators. This
results in an aft-to-forward coupling in the electrical system where any change in the tailfan motor power
demand will result in a corresponding change in the amount of power the generators must extract from the
turbofans to hold the bus voltage constant. The coupling option enables more precise control of vehicle
net thrust output. It allows direct control of tailfan thrust using motor torque inputs and as well as
turbofan thrust using fuel flow rate inputs. This aft-to-forward bus voltage regulation strategy is the
control approach taken in this effort.

In addition to the motor, generators, and turbofan fuel metering valves, additional STARC-ABL
control actuators include a variable bleed valve (VBV) and variable area fan nozzle (VAFN) installed on
each of the two geared turbofan engines, and an additional VAFN on the tailfan. The VBVs and VAFNs
operate under open-loop control schedules.

2.1  STARC-ABL Integrated Control Design

For a detailed description of the STARC-ABL integrated control design developed under this effort,
readers are referred to Reference 10. A block diagram of the STARC-ABL and the developed control
system is shown in Figure 3. Each turbofan has a proportional integral (PI) fuel controller that produces a
fuel flow rate command, Ws,cmg, based on the error between commanded corrected fan speed, Nic,cmd, and
sensed corrected fan speed, Nic. The tailfan has a PI motor controller that produces a motor torque
command, Qcmg, based on the error between commanded corrected tailfan speed, Nic,cmd, and sensed
corrected tailfan speed, N«.. The commanded speed setpoints for the turbofans and tailfan are provided by
the power management schedule blocks shown in the figure. The power management schedules define the
commanded speed setpoints based on cockpit throttle position and flight condition. They are implemented
as multidimensional lookup tables that accept inputs of altitude, Mach number, and throttle angular
position (denoted as power lever angle (PLA)) and produce corrected speed setpoint outputs. Corrected

PLA Turbofan commanded speed STARC-ABL
from [Turbofan
aircraft| power | N1c,cmd + Turbofan2  |Wf,cmd | Fuel Wi .| Turbofan | Nic|
| mMgmt. '_ Fuel Controller “|actuator - i - Average
Schedule Nic
1 + Turbofan 1 Wf,cmd | Fuel Wf| Turbofan | N1c ‘calculation
Altitude > "
Fuel Controller actuator 1
and Mach - 7y
L
Altitude | Generator h [>| Generator |
and Mach Bus Voltage
Tailfan commanded speed
l If P Controller DC Bus
Tailfan
Power | Ntcemd Tailfan Motor | Q,cmd ] Ntc
> Motor Tailfan
Mgmt. A Controller |
Schedule
Tailfan “synthesized” PLA Tailfan “synthesized” |
PLA Lookup N

Figure 3.—STARC-ABL Integrated Control Architecture.
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fan speed, which closely correlates with net thrust, is commonly used as a proxy for thrust when
designing aircraft engine controls due to the challenge of accurately measuring thrust in-flight (Ref. 12).
The pilot has the ability to command the full-range STARC-ABL net thrust settings from idle to
maximum power through PLA adjustments. The bus voltage controller shown in Figure 3 induces the
coupling that tailfan electrical power demand places on the operation of the turbofans. This controller is
envisioned to be a closed-loop design where adjustments to commanded generator power output are made
to hold a target DC bus voltage. However, for the analysis performed in this study the effect of the bus
voltage controller is captured as a simple feedback parameter as opposed to implementing an actual
closed-loop control design with dynamics. This simplification is possible as the dynamics of this
electrical system controller are assumed to occur at a time scale significantly faster than turbomachinery
dynamics. Given this assumption, the coupling effect induced by the bus voltage controller is captured by
calculating the total instantaneous power consumed by the tailfan motor plus electrical system efficiency
and resistive losses, and then commanding each generator to deliver half of this amount of power. Under
most operating conditions, the thrust schedules result in the generators extracting approximately

28 percent of the total power delivered to the LP shaft of each turbofan by its low-pressure turbine. This
level of power extraction allows the steady-state operating line of the turbofans to reside near a region of
peak efficiency, particularly when operating at cruise conditions. The 28 percent power extraction level is
maintained at all operating conditions where the tailfan motor remains below its maximum 3500 hp limit.
However, high PLA settings at low to intermediate altitudes will result in the tailfan reaching the 3500 hp
limit. This will restrict tailfan speed and thrust output. Under such conditions, increasing PLA beyond the
point where the motor limit is encountered will cause an increase in turbofan speed and thrust output
while the tailfan motor speed and thrust remains “plateaued” at the limit.

A key aspect of the integrated control design approach is the implementation of a single PLA throttle
command from the aircraft (see Figure 3). This is a departure from conventional commercial aircraft
vehicle-propulsion interface designs where separate throttle inputs are available to independently control
the operation of each engine installed on the vehicle. The single throttle approach is implemented here to
guard against uncoordinated operation of the turbofan and tailfan subsystems. A notional illustration of
this concern is depicted in Figure 4(a). Shown are normalized fan speed responses for the turbofans and
the tailfan assuming that all subsystem controllers receive an identical PLA input consisting of a step

Turbofan | Turbofan
. Tailfan Tailfan
Tailfan
5 s;I)eed 5
ateaus . .
g P . L Coordinated tailfan
o : Tailfan @ and turbofan
¥ .
c : | c H
i eads
& H & : response on accel
= i turbofans | t,/and decel
I ondecel § { [
< / < / N\,
§ llllllllllll T | g ------------ £ Tezgssssmssx
(@] (@]
pd pd
Time Time
a) b)

Figure 4.—Notional Illustration of Turbofan and Tailfan Transient Operation. (a) Independent Tailfan PLA Input.
(b) Synthesized Tailfan PLA.
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increase followed by a step decrease. While tedious, it is possible to design separate turbofan and tailfan
controllers that provide an acceptable acceleration response. This results in the subsystems exhibiting
similar speed response during the initial portion of the acceleration transient followed by the turbofans
continuing to accelerate after the tailfan plateaus at its maximum motor power limit, as shown in

Figure 4(a). However, a potential problem arises on the PLA step decrease. Here, the tailfan leads the
turbofans in the deceleration due to its lower plateauing speed starting point. This results in the rapid
unloading of the turbofan LP shaft through reduced power extraction. This poses an elevated risk of
potential turbofan compressor stalls. The solution applied to address this transient mismatch concern is to
calculate and supply a “synthesized” PLA command input signal to the tailfan power management
schedule. The synthesized PLA command is a function of the average sensed N of the two turbofans and
equates to the PLA setting that would produce that same Nic under steady-state conditions. Applying the
tailfan synthesized PLA promotes better synchronized operation of the turbofan and tailfan subsystems as
shown in Figure 4(b). Here, the tailfan and turbofan subsystems exhibit coordinated responses during
both acceleration and deceleration transients.

An acknowledged limitation of the single PLA approach is that it does not permit the STARC-ABL’s
two turbofan engines to be controlled in an independent fashion. Although not analyzed as part of this
study, an alternative vehicle-propulsion interface that includes separate PLA inputs for the left and right
turbofan should be possible. Such an approach would require a more complex control strategy accounting
for asymmetric operation of the turbofans and their generator power offtake levels. This is an area
recommended for potential follow-on research and evaluation.

Implementation of the “synthesized” tailfan PLA results in direct coupling of the dynamic operation
of the STARC-ABL tailfan and turbofan subsystems. As detailed in Reference 10, this enables derivation
of the linear transfer function given in Equation (1).

Nic (8) _ Ke(s+2) 1)
Wi (s) [(s+nr)(s+1r)—H(s)]
This single-input single-output (SISO) transfer function relates turbofan fuel flow rate input, Ws, to
turbofan Ni. output. The Ke(s+2) portion of Equation (1) is equivalent to the open-loop transfer
[(s+r)(s+r)]

function of a two-spool turbofan engine with poles r; and r,, zero zi, and transfer function gain, Ke

(Ref. 12). The H(s) transfer function in the denominator captures the tailfan motor-induced generator
power extraction dynamics placed on the LP shaft of the turbofans. H(s) is a function of both tailfan and
turbofan dynamics as well as tailfan motor PI control gains.

P1 setpoint controllers are designed for the tailfan and turbofans at operating points spanning a range
of altitudes, Mach numbers, and power levels covering the STARC-ABL flight envelope. At each
operating point, control design occurs in a two-step process. First, Pl gains for the tailfan motor controller
are chosen to produce a desired tailfan closed-loop response. The resulting tailfan control gains are then
combined with linear model parameters to produce Equation (1) and PI gain selection for the turbofan
fuel controller proceeds. This second step of selecting turbofan fuel control gains based on Equation (1)
has been found to simplify the overall control design process compared to previous approaches presented
in References 7 and 8. Previous approaches required more back-and-forth iteration between tailfan and
turbofan control gain selection to produce an acceptable control response. Use of Equation (1) reduces the
need for such design iterations and enables direct application of classical linear control design analysis
techniques such as bode diagrams or pole-zero maps (Refs. 10 and 12). In addition to the Pl setpoint
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controllers, acceleration and deceleration control schedules based on turbofan corrected fan speed
acceleration, Ny, are also developed along with limit logic designed to limit maximum tailfan motor

power and minimum turbofan high pressure compressor exit pressure. The resulting control designs at
each operating point are combined in a piecewise linear schedule. Switching between control modes is
performed by conventional maximum-minimum mode selection logic, which selects the active control
regulator at any instant in time (Ref. 12). This forms a full-flight envelope controller for the STARC-ABL
propulsion system that provides the desired synchronized operation of the turbofans and the tailfan during
any PLA command including rapid PLA transients.

2.2  Pretest Simulation Analysis

Controls development was performed using a nonlinear transient model of the STARC-ABL
propulsion system. This model was derived from a steady-state model coded in the Numerical Propulsion
System Simulation (NPSS) environment (Ref. 13). The NPSS model was converted to the MATLAB®
Simulink® (MathWorks, Natick, MA) environment using the NASA-developed Toolbox for the Modeling
and Analysis of Thermodynamic Systems (T-MATS) (Ref. 14) and a power flow modeling approach
(Ref. 15). T-MATS is applied to model the turbomachinery components and the power flow modeling
approach is used to model electrical system components at turbomachinery time-scales. Shaft dynamics
and a transient solver are also included to enable simulation of transient operation. The resulting model
supports the generation of linear state-space models for control design purposes. The completed control
design paired with the nonlinear model yields a full-flight envelope closed-loop model.

The closed-loop STARC-ABL model played a key role in preparing for the NEAT facility test. All
test scenarios planned for evaluation during the test campaign underwent a pretest simulation analysis
using the model. This enabled evaluation and refinement of the control design to ensure that desired
system performance and operability was maintained over all planned test scenarios.

3.0 NEAT Facility Configuration

To evaluate the performance of the STARC-ABL control design when exposed to actual electric
system hardware and noise levels, a real-time HIL test was conducted at the NEAT facility located at the
NASA Glenn Research Center Neil A. Armstrong Test Facility (ATF). NEAT is a reconfigurable testbed
used to design, develop, assemble, and test MW-level electric aircraft power systems (Ref. 11).
Photographs of the NEAT facility, electrical system hardware, and the control room are shown in
Figure 5. Figure 6 provides a diagram showing the NEAT STARC-ABL test configuration, which
consists of both actual hardware and simulated components.

Figure 5.—NEAT Facility Exterior, Electrical System Hardware, and Control Room.
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Figure 6.—NEAT STARC-ABL Controls Test Configuration.

3.1 NEAT Electrical System Hardware Configuration

Electrical system hardware, which is shown in the bottom half of Figure 6, is configured to represent
a subscale version of the STARC-ABL electrical system and the turbofan and propulsor shaft dynamics.
This includes eight 250 kilowatt (kW) electric machines, each equipped with an inverter. The motors and
inverters are liquid cooled by a facility chiller system. The electric machines are mechanically coupled to
represent three separate rotating shafts: turbofan 1 LP shaft, turbofan 2 LP shaft, and the tailfan shaft. The
two turbofan LP shaft representations consist of electric machine pairs, where one electric machine
emulates turbofan LP shaft dynamics and the second electric machine operates as a generator that would
be interfaced with the LP shaft. The third shaft consists of four electric machines where two of the electric
machines operate in tandem to emulate tailfan shaft dynamics while the remaining two electric machines
operate in tandem to represent the tailfan motor. The 250 kW electric machines used at the NEAT facility
are smaller than those required for the full-scale STARC-ABL propulsion system. Because of this, a
subscale version of the electrical system hardware is implemented at NEAT that operates at
approximately 9 percent of the 2.7 MW full-scale power level of the STARC-ABL. The experimental
configuration at the NEAT facility includes two DC electrical power buses, both supplied by
unidirectional DC power supplies. Electric machines that represent subscale versions of the STARC-ABL
motor and generators are connected to the research bus (shown in red in Figure 6) while electric machines
used to emulate turbomachinery and propulsor shaft dynamics are connected to the emulation bus (shown
in blue in Figure 6). Adjustable load banks are also included on each bus to guard against reverse power
flow during the test. After assembly of the NEAT STARC-ABL controls test configuration,
measurements were taken to ensure proper bonding and grounding of the system before commencing the
test campaign. The system also includes an array of circuit breaker, ground fault monitoring hardware,
and facility instrumentation that was monitored during the test.

3.2  NEAT Software Configuration

Remaining elements of the STARC-ABL propulsion system model and the integrated control design
are implemented in software as shown in the top half of Figure 6. To test the control design at NEAT
without modification, several differences between the full-scale STARC-ABL and subscale NEAT

NASA/TM-20230010194 9



electrical systems are addressed. This includes differences in rated power levels, speeds, and torques of
the electric machine as well as differences in rotational shaft inertia and viscous damping. To address
these inconsistencies, an innovative sliding mode impedance controller with scaling (SMICS) approach is
applied (Ref. 16). SMICS provides two enabling features. First, it directs operation of the electric
machines by scaling torque commands supplied to the motor inverters and unscaling speed feedback
measurements passed back to the STARC-ABL model. This allows NEAT electric machines to operate
within their torque and speed operating limits. Second, SMICS applies a nonlinear discontinuous closed-
loop control strategy to direct operation of the electric machines tasked with emulating turbomachinery
shafts. This allows the emulation electric machines to robustly mimic a subscale representation of the
shaft dynamics as prescribed by the model.

While SMICS provides power scaling and shaft dynamics emulation functionality, it does not account
for efficiency differences between the NEAT motor/inverter hardware versus that of STARC-ABL. This
is significant as the overall control design is developed assuming that the efficiencies specified for the
STARC-ABL concept in References 5 and 6 are correct. If the generators are operating to hold a constant
DC bus voltage, these efficiency differences will result in an “off-schedule” amount of power extracted
from the turbofans. This will cause the turbofan models and their controllers to operate in a manner
inconsistent with their designs, which poses concerns regarding turbofan operability and the numerical
stability of the models. To address this issue, the generators are not operated as bus voltage controllers.
Instead, the software “power calculation” block shown in the top half of Figure 6 is applied. Based on the
operating speed and torque of the tailfan motor, the power calculation block calculates the corresponding
amount of power that the generators should extract from the turbofans based on the efficiencies in
References 5 and 6. This calculated power signal along with generator speeds is provided as input to the
“generator torque calculation” blocks, which calculate the appropriate torque commands supplied to the
generators. In combination, the SMICS algorithm and the power calculation block allow the full-scale
STARC-ABL integrated control design to undergo testing without modification or the inclusion of
physical gas turbine hardware. Due to the software solution applied to address the mismatch in electrical
system efficiencies, the amount of DC bus power produced by the generators will not exactly match the
power consumed by the tailfan motor. This potential excess or deficit in bus power consumption is
addressed through the inclusion of the load banks, which guard against reverse power flow into the power
supplies.

Available motor data from NEAT facility testing conducted prior to the STARC-ABL controls test
indicated that the motor speed feedback measurements exhibited a significant amount of measurement
noise. To account for this, first order low-pass filtering of all speed feedback measurements is applied.
The dynamics of this filtering is accounted for in the STARC-ABL integrated control design process.

3.3  Real-time Software Application and Computer System

The STARC-ABL propulsion system and the integrated control design software are coded as a real-
time application and implemented in a dSPACE SCALEXIO real-time computing system. The real-time
application, which directs the operation of the electric motors, is employed to meet the strict time
constraints required by the hardware-in-the-loop control test. This application is built using dSPACE
ConfigurationDesk, which compiles the MATLAB and Simulink code related to the engine model,
controller, and the command and data handling system. A graphical user interface (GUI), developed using
dSPACE ControlDesk, allows the operator to send commands to the application, edit test-specific
settings, check the status of faults and alarms, view telemetry from the test hardware, and display data
from Simulink models processed in real-time.
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A high-level state machine diagram illustrating the behavior of the real-time application during test
operations is shown in Figure 7. The application consists of three main states including “Stop,” “Run,”
and “Fault.” During startup, the application begins in the “Stop” state. An entry into this state will trigger
the inverters to immediately disable. When the operator selects the appropriate button from the GUI, the
application will transition from the “Stop” state to the “Run” state. Three user-selected modes are
available in the “Run” state: manual mode, scripted mode, and automated mode. In manual mode the
operator can directly command the motor mode of operation (torque control mode or speed control
mode), the torque/speed commanded setpoint, and the inverter state (enabled or disabled). Scripted mode
allows the operator to run a pre-programmed time-history sequence of motor commands. The manual and
scripted operating modes were used during initial verification of system software and communication.
The automated mode, was the mode primarily used during the NEAT STARC-ABL controls test
campaign. In automated mode, the STARC-ABL propulsion system model and integrated controller
compute the torque commands that are supplied to the motors. The user can select a test profile which
contains controller settings along with time-varying values of PLA, Mach number, altitude, and ambient
temperature. The final potential state of the machine is the “Fault” state. When an inverter hardware or
communication fault occurs, a transition to the “Fault” state occurs and takes precedence over any state
transition. An entry into this state triggers the inverters to be disabled, and thus halts any test in progress
while stopping any motor from spinning. The faults must be acknowledged and cleared before
transitioning out of the “Fault” state. The state of the machine is implemented using Simulink Stateflow.

Communication between the dSPACE SCALEXIO real-time application and the motor inverter
hardware occurs over controller area network (CAN) bus interfaces. The inverters are configured to
receive torque commands and supply motor speed feedback signals in addition to other motor and inverter
feedback parameters. During NEAT testing, the dSPACE SCALEXIO system performs data acquisition
and is responsible for archiving the STARC-ABL simulation parameters as well as inverter parameters
provided over CAN bus communication.

Start
App

_.[ sro }

RUN

{ManuaI][ScriptedJE&utomated] T
—{ FAULT ]1— -

State Transition Allowed if No Faults

—————— Hardware or Communication Fault

Figure 7.—High-level State Machine Diagram.
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4.0 Test Matrix

The test matrix for the NEAT STARC-ABL controls test consists of the following test card types:
throttle profile test cards, mission profile test cards, and simulated abrupt performance degradation test
cards. Each of these test card types and their associated test results are further discussed in the subsections
below.

4.1 Throttle Profile Test Cards

Throttle profile test cards are conducted at simulated constant altitude and Mach number flight
conditions spanning the STARC-ABL flight envelope. These throttle profile test cards were
approximately six minutes in duration and subjected the system to PLA time histories consisting of
gradual up and down ramps, stair steps up and down, and a single step up and down, all between idle and
full power PLA settings. The purpose of these test cards is to verify that the developed control system can
maintain desired system response and operability as the dynamics of the STARC-ABL changes
throughout the operating envelope. In addition to executing the throttle profile test cards under nominal
(undegraded) health conditions, these same test cards were also executed under 50 percent (midlife) and
100 percent (end-of-life (EoL)) simulated degradation conditions to assess the robustness of the control
design. This is performed by adjusting health parameter inputs supplied to the STARC-ABL T-MATS
model that simulates degradation of the efficiency and flow capacity of the turbomachinery components
of the turbofans and tailfan.

4.2 Mission Profile Test Cards

Mission profile test cards are approximately 70 min in duration and subject the STARC-ABL control
design to the altitude, Mach number, and PLA variations of full-flight profiles. This includes a
900 nautical mile (nm) reference mission and a mission profile based on actual flight data. The 900 nm
reference mission is a shorter “economic” mission profile that was used in addition to a longer 3500 hm
design reference mission in Reference 5 to assess the overall efficiency of the STARC-ABL. The actual
mission profile consists of altitude, Mach number, and PLA profiles based on actual data from a 70-min
flight acquired from the NASA Ames DASHLink website (Ref. 17). Mission profiles are run under both
nominal and degraded conditions.

4.3  Simulated Abrupt Performance Degradation Test Cards

The simulated abrupt performance degradation test cards introduced individual step changes in the
health condition of the two turbofans and the tailfan (i.e., nominal to midlife, midlife to end-of-life, and
nominal to end-of-life step changes). The purpose of these test cards is two-fold. First, it allows the
robustness of the control design to abrupt performance changes to be assessed. Additionally, it enables the
acquisition of data for assessing subsystem interrelationships inherent within the STARC-ABL propulsion
system architecture. Furthermore, it facilitates the development of health monitoring strategies for
diagnosing the occurrence of events impacting STARC-ABL subsystem performance (Ref. 18).
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5.0 Test Results

Testing of the STARC-ABL control design occurred at the NEAT facility in the summer of 2022.
Select results from this testing are presented in the subsections below.

5.1 Throttle Profile Test Results

An illustration of the throttle profile test results for the sea-level-static (SLS) condition and a cruise
condition set at 39,000 ft and a Mach number of 0.785 are shown in Figure 8 and Figure 9. The
STARC-ABL’s two geared turbofans operate symmetrically and thus only results from turbofan 1 are
provided. Parameters shown include full-scale (unscaled) rotor speeds, stall margins, net thrust, fuel flow
rate, motor torque, and generator torque. Each figure shows actual full-scale experimental results obtained
during NEAT testing (thick cyan lines) compared against pretest simulation predictions (thin red lines).
The tailfan and turbofan LP speeds shown in the figures are filtered values obtained via the low-pass filter
mentioned in Section 3.2. At the SLS condition, the system produces more net thrust and consumes more
fuel compared to the cruise flight condition, which is expected. At SLS the 3500 hp maximum power
limit of the tailfan motor is encountered at a PLA setting of approximately 67 degrees. This results in
tailfan speed, net thrust, motor torque, and stall margin all plateauing at fixed values while turbofan
parameters continue to change with increasing PLA as shown in Figure 8. For the 39,000 ft 0.785 Mach
data shown in Figure 9, the 3500 hp tailfan motor limit is not encountered given that less power is
required to drive the tailfan at higher altitudes. In this case, both the tailfan and turbofan parameters
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Figure 8.—Throttle Profile Test Results—Sea-Level-Static Conditions.
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Figure 9.—Throttle Profile Test Results—39,000 ft, 0.785 Mach.

continue to change with increasing PLA. Another difference between the SLS and cruise conditions is the
dynamic response of the closed-loop system to PLA changes. At cruise, the control system is designed to
respond more slowly to PLA changes. This is necessary to ensure adequate compressor stall margin is
maintained during transients at higher altitude where there is less mass flow available to accelerate or
decelerate the engine. In both figures, the agreement between experimental and pretest predictions is very
good.

Figure 10 shows a comparison of nominal and degraded EoL results at the 39,000 ft 0.785 Mach
condition. Here, only the ascending portion of the PLA stairstep profile test cards is shown. Since the
control system is designed to hold a target turbofan LP shaft speed and tailfan speed, those parameters are
nearly identical for the nominal and EoL conditions. Net thrust produced by the turbofans and tailfan is
also very similar for the two conditions. Noticeable differences are that the EoL condition results in
increased turbofan core speed and fuel flow rate along with a reduction in low-pressure compressor (LPC)
and high-pressure compressor (HPC) stall margin. EoL degradation also results in an increase in the
required amount of tailfan motor torque and a slight increase in tailfan stall margin. Once again, the
experimental test results are found to be in good agreement with pretest simulation predictions. PLA
profile test cards under midlife and EoL degradation conditions were run at a range of altitude and Mach
flight conditions spanning the STARC-ABL flight envelope. In all cases, system operability was
maintained and no compressor stall events occurred, thus demonstrating the robustness of the developed
control system to function under both nominal health conditions as well as these representative levels of
turbomachinery degradation.
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Figure 10.—Throttle Ascending Stair Step Results—39,000 ft, 0.785 Mach (Nominal and EoL Degradation).

5.2 Mission Profile Test Results

Mission profile results for the 900 nm reference mission and the actual flight data mission are shown
in Figure 11 and Figure 12, respectively. The 900 nm reference mission exhibits relatively limited PLA
changes. Conversely, the Figure 12 profile is based on actual aircraft flight data and exhibits considerably
more variability in PLA, particularly during the descent phase of the flight profile. In both cases NEAT
experimental results and pretest simulation predictions are found to exhibit good agreement. In addition to
running the mission profile test cards under nominal health conditions as shown in Figure 11 and
Figure 12, these same test cards were repeated under EoL degradation conditions. Although not shown in
this paper, experimental results and pretest simulation predictions for those degraded cases exhibit good
agreement as well. In all mission profile cases, including nominal and EoL health conditions, the
STARC-ABL system controller performed as intended without issue. These results are very encouraging
as they further demonstrate the robust performance of the control design when subjected to realistic
variations in flight condition, PLA movements, and degradation.

5.3  Simulated Abrupt Performance Degradation Test Results

The simulated abrupt performance degradation test cards introduce turbomachinery subsystem
degradation changes in accordance with the time history profile shown in Figure 13. Over the
approximately 8-min profile, step changes from nominal to midlife, midlife to EoL, and nominal to EoL
levels of degradation are introduced and removed from each subsystem in isolation starting first in the
tailfan, then turbofan 1, and finally turbofan 2. These abrupt step increases in degradation levels are
simulated by simultaneously changing all health parameter settings within an individual subsystem. Such
changes may be considered representative of events causing abrupt performance shifts in the system.
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Figure 14.—Simulated Abrupt Performance Degradation Test Results—20 k ft, 0.6 Mach Flight Condition.

Abrupt performance degradation test card results for the 20 k ft 0.6 Mach flight condition are shown
in Figure 14. Degradation changes within the individual turbofans are readily apparent in core speed, fuel
flow rate and exhaust gas temperature (EGT) parameters. Tailfan degradation results in changes in tailfan
exhaust temperature and the amount of motor torque required to hold tailfan speed at its setpoint. Of
particular noteworthiness is the effect tailfan degradation has on the operation of the two turbofans. This
is illustrated in the 25 to 145 s portion of each plot. Here, notable increases in generator torque occurs,
which results in increased turbofan core speed, fuel flow rate and EGT. This is due to the aft-to-forward
coupling in the STARC-ABL architecture where tailfan degradation causes an increase in tailfan motor
torque/power demand, which in turn requires additional turbofan generator power extraction to hold bus
voltage constant.
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The simulated abrupt performance degradation test results demonstrate the robust nature of the
integrated control design in dealing with performance related shifts of this magnitude. The baseline
control is found to maintain suitable system operability without the need for modification. More severe
failure events, such as the complete failure of an individual subsystem, would pose more serious
consequences. For severe events, reversionary control modes will be necessary to allow continued
operation of the propulsion system in the presence of the failure. Some past reversionary control studies
have been performed for the STARC-ABL propulsion system (Refs. 19 and 20). Follow-on reversionary
control development work incorporating the integrated control design strategy is recommended.

54  Summary of Test Cards Completed

During the NEAT STARC-ABL controls test campaign, a total of 140 test cards were executed and
approximately 15 hr of test data were collected. To maintain a reasonable page length, only a portion of
the NEAT STARC-ABL controls test results are included in this conference paper. A high-level summary
of the test cards performed is provided in Figure 15 where the various test card runs are plotted against
the altitude versus Mach flight envelope of the STARC-ABL. This testing verified that the developed
control strategy was able to maintain system operability throughout the flight envelope when subjected to
PLA input transients under both nominal and degraded operating conditions.

6.0 Conclusions

The NEAT STARC-ABL controls test demonstrated the successful implementation of an integrated
control strategy for coordinating the operation of distributed partial turboelectric subsystems during
transients throughout the flight envelope. The applied control strategy allowed the turbofan control design
problem to be transformed into a single-input single-output problem; a form that readily lends itself to
classical linear control design and analysis techniques. A similar coupled control design strategy may also
be useful for other distributed electrified aircraft propulsion architectures that exhibit coupling between
subsystems. During hardware-in-the-loop testing at the NEAT facility, the STARC-ABL control system
performed as expected and no control system or turbomachinery operability issues were encountered.
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This included testing under both nominal health turbomachinery and simulated turbomachinery
degradation, which demonstrated the robustness of the technique. Follow-on work to allow the control
technique to function in the presence of subsystem failures is recommended, including the development
of reversionary control modes to assist in the mitigations of such failures.
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