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Previous research by the authors proposed a control and scaling approach for emulating
dynamic sub-scale torque loads. This approach produced an emulation controller that
successfully regulated the dynamic behavior of a sub-scale electro-mechanical system intended
to be a dynamical representation of the sub-scale turboelectric powertrain of a single-aisle
commercial aircraft. The sub-scale system provides an environment without turbomachinery
or rotors for the initial testing of electrified aircraft propulsion (EAP) control algorithms
as they would be applied to a full-scale EAP system. The sub-scale turbomachinery/rotor
torque loads were produced by electric machines (EMs) driven by the control and scaling
approach, a full-scale turboelectric powertrain model, and an advanced EAP control algorithm.
Although successfully tested, this approach produces an emulation controller that does not
guarantee asymptotic stability. Modifying the original control law and integrating adaptive
control techniques into the emulation controller allows the designer to guarantee asymptotic
stability. This paper introduces the idea behind the emulation controller modifications, derives
the controller, proves asymptotic stability, describes the implementation of the controller on a
sub-scale electro-mechanical system intended to represent a parallel hybrid-electric turbofan
engine, and describes the testing of a full-scale advanced EAP control algorithm. The turbofan
engine and emulation controller performance are compared to results obtained using the
previous, non-adaptive control and scaling approach.

I. Nomenclature

a = speed scalar

B = torque scalar

B = angular viscous damping coefficient, Ibf-ft-s
i = sample number

J = angular inertia, Ibf-ft-s or slugs-ft>

Kp = proportional gain

K; = integral gain

Kp = derivative gain

n = switching gain

(o) = boundary layer gain

N = total number of samples
w = angular speed, rad/s

RE = relative error, %

RMSRE = root-mean-squared relative error, %

s = sliding function, 1bf-ft-s

T = torque, Ibf-ft

Ueg = nominal or equivalent portion of control input, 1bf-ft

*AST, Control Systems, Intelligent Control and Autonomy Branch, 21000 Brookpark Rd. Cleveland, Ohio 44135, USA, and AIAA Member.
TAST, Control Systems, Intelligent Control and Autonomy Branch, 21000 Brookpark Rd. Cleveland, Ohio 44135, USA.
¥NASA Postdoctoral Program Fellow, Intelligent Control and Autonomy Branch, 21000 Brookpark Rd. Cleveland, Ohio 44135, USA.



Vv = Lyapunov function

X = general variable

Yy = learning rate

) = time derivative

= estimated parameter
error parameter

~

max() = maximum

sat() = saturation function

sign() = signum function

Subscripts

ASMICS = adaptive sliding mode impedance controller with scaling
E = turbomachinery model

G = electric machine mechanically coupled to spool in model
HIL = hardware-in-the-loop

M = emulation electric machine

P = rig shaft

SIL = software-in-the-loop

SMICS = sliding mode impedance controller with scaling

s = scaled

I1. Introduction

HE electrification of propulsion systems is a primary goal of the transportation industry into the near future [1} 2].

Initiated by automobile manufacturers, electrification aims to increase the efficiency, operability, and performance of
propulsion systems while decreasing industry’s reliance on fossil fuels as the primary energy source. In this paper, the
scope of electrification is defined as the integration of high-power electrical systems with existing mechanical systems.
The purpose is to augment the operation of the existing fossil fuel-powered propulsion system, distribute propulsive
power, and optimize propulsion system operation. The interest in electrification extends to all segments of the the
aviation industry [3} 4], where large research efforts between the private sector, government, and academia exist to
explore the electrification of gas turbine engines or the replacement of the fossil fuel-powered propulsion systems
entirely [5].

The introduction of a high-power electrical system into the propulsion system introduces a number of challenges
along with the desired benefits. The introduction of an electrical system increases the complexity of the powertrain. The
complexity introduced by the expanded propulsion system includes the addition of actuators, primarily in the form of
electric machines (EMs), which can be leveraged through control to better manage system operability and performance.
More actuators capable of affecting the propulsion system means that a control system can have a greater influence on
its operation. However, increased control authority necessitates the use of advanced, sophisticated control systems to
manage the propulsion system operation. As with other propulsion subsystems, the control system is developed and
thoroughly tested in incremental phases starting with reduced order models and advancing toward hardware-in-the-loop
tests and eventually product deployment. This process is visually described in Fig. Il The process typically begins
with modeling and simulation in a software-in-the-loop environment. Partial hardware-in-the-loop tests follow that
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Fig.1 General example of a control system verification process.
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Fig.2 Example of EAP controller implementation on a hybrid-electric gas turbine engine with and without
turbomachinery present.

incrementally and systematically replace previously modeled and simulated subsystems with physical hardware. In
the current work, the electrical power system is implemented in hardware, while the turbomachinery is emulated with
EMs driven by a real-time model and controller. Two noteworthy testbeds exist at the National Aeronautics and Space
Administration (NASA) where similar work has been conducted [[6-8]. The NASA Electric Aircraft Testbed (NEAT)
aims to test both sub- and full-scale electrical system components at altitude [9] and the Hybrid Propulsion Emulation
Rig (HyPER) aims to test advanced control systems in a sub-scale reconfigurable environment without turbomachinery
or rotors/propellers present [[L0]. The research presented in this paper was conducted in the latter testbed.

Creating an environment for the testing of electrified aircraft propulsion (EAP) controllers without the inclusion of
turbomachinery/rotors involves replacing those systems with EMs. A closed-loop control and scaling algorithm, named
the Sliding Mode Impedance Controller with Scaling (SMICS) is used in conjunction with a full-scale model to emulate
scaled turbomachinery shaft dynamics. An example of this concept is shown in Fig. 2] Prior work by the authors has
shown that it is possible to reproduce the sub-scale dynamic behavior of turbomachinery/rotors using EMs [[L1]]. It was
also shown that the model used to drive the closed-loop electro-mechanical system under emulation control behaves as
it would in a simulation of the full-scale hybrid powertrain [8]. However, the approach used in these applications has
limitations that affect the closed-loop dynamical characteristics and thus emulation performance.

The focus of this paper is to alleviate or eliminate the limitations of the SMICS approach by modifying the
algorithm and integrating adaptive control into its framework. The updated controller, named the Adaptive Sliding Mode
Impedance Controller with Scaling (ASMICS)), is tested on the HyPER with the task of emulating the dynamic sub-scale
torque loads of the low- and high-pressure turbomachinery shafts of a parallel hybrid-electric version of the Advanced
Geared TurboFan 30,000 (AGTF30) [12]. Regulating the operation of the AGTF30 model and the electro-mechanical
system is the Turbine Electrified Energy Management (TEEM) control algorithm [[13]. This algorithm is tasked with
improving turbomachinery operability during transients by utilizing EMs coupled to the low- and high-pressure shafts
to modify the turbomachinery operation [14].

The remainder of the paper is organized as follows. Section [[IIf outlines the SMICS approach and explains its
drawbacks. The benefits of modifying the existing algorithm and integrating adaptive control techniques are also
highlighted. Section [[V|mathematically derives the integration of adaptive control into the SMICS algorithm to form
the ASMICS and proves asymptotic stability. Section|V|details the hardware-in-the-loop test environment and setup as



well as the actuation strategy. Section [VI|presents the test results using both the SMICS and ASMICS. The turbofan
model and emulation controller operation, in both cases, are compared. Additional results are compared showing the
performance of the emulation controllers under high and low plant parameter uncertainty conditions. Finally, section
V1| concludes the paper.

III. Sliding Mode Impedance Controller with Scaling (SMICS)
This section presents the SMICS design and discusses its limitations. Consider the following scalar, mechanical,
dynamic system of a rotating shaft with two EMs mechanically coupled to either side shown in Eq. [I}

@p =Jp' [Ty + TG, — Brwp] (1

In this system, wp is the angular speed, & p is the angular acceleration, Jp > 0 is the angular inertia, Ty, is the emulation
EM torque, T, is the research EM torque, and Bp > 0 is the angular viscous damping coefficient. Sub-scale equivalent
variables, denoted with subscript s, are defined as:

Tg, = BTE 2
TIg, = BTG 3
Jg, =a 'BIE 4)
WE, = QWE = Wp Q)]
WE, = QWE = W, (6)

where @ > 0 and 8 > 0 are the speed and torque scalar coefficients, Tg is the model net turbomachinery torque, 7¢ is
the model EM torque, wg is the model turbofan shaft angular speed, «g is the model turbofan shaft angular acceleration,
and Jg is the model turbofan shaft angular inertia. The SMICS control law proposed in [11] is:

TM = ]PJéj I:TEg' + TGS + nsat(s, ¢) + KPS + K] J[S]dl + KDS} + Bpwp - TG,; (7)

where 7 > 0 is a scalar gain, and the terms Kp > 0, K; > 0, and Kp > 0 are proportional, integral, and derivative scalar
gains. The sliding surface, s, is defined as:

s = J [TES + TGS] dt — JESa)p (8)
and the saturation function, sat(), is:
5 s|<
sat(s,p) = { ¢ Isl< ¢ 9
sign(s) [s|> ¢

where ¢ > 0 is the boundary layer thickness. In accordance with sliding mode control theory, Eq. [7]can be broken down
into its reaching law, §, and equivalent control, u.,, components, denoted as:

$ = JpJg: [nsat(s, )+ Kps+Kj I[s]dt+KDs' (10)

Ueg = JPJE": [TES + TGS] + Bpwp — TGS (11)

Equation [I0] was designed to contain integral and derivative components. These components contribute to the first
limitation of SMICS, which is no guarantee of asymptotic stability. Subsequent Lyapunov stability analysis of Eq.
produces the following Lyapunov derivative:

V(s)=s [—nsat(s, ¢)— Kps — K; I[s]dt - KDS'] (12)

By inspection, Eq. [2]is shown not to satisfy Lyapunov asymptotic stability criteria [15] due to the presence of the
integral and derivative terms. Indeed, one can see that when s > 0, the derivative and integral terms can be positive,



thus not satisfying the necessary negative-definite or negative semi-definite property of V(s). The second limitation of
SMICS is its susceptibility to parametric uncertainty, resulting from discrepancies between the assumed and nominal
system parameters. Equation [7|requires estimates of Jp and Bp, which can be inaccurate and change with time or system
operating point. A result of poor system knowledge is an increase in control effort from the reaching law portion of the
control design, which is known to cause significant chatter in sliding mode control. Chatter is undesirable high-frequency
fluctuations in the control input signal. Indeed, to combat system uncertainty in SMICS, the gains 1, Kp, K7, and Kp
would require tuning that could lead to chatter. The following section proposes a controller to overcome both limitations
i.e. to reduce the contribution of the reaching law in the control input signal and to guarantee asymptotic stability.

IV. Adaptive Sliding Mode Impedance Controller with Scaling (ASMICS)
In this study, we introduce adaptivity to SMICS to overcome parametric uncertainty and to ensure controller stability.
Removing the K; and Kp terms from the reaching law and re-deriving the control law results in:

Ty = Jp‘lggl (TES + TGS - BESU.)p) - TGS + Bpwp —nsat(s, ) — Kps (13)
Equation[T3]includes the full-scale turbofan shaft angular viscous damping coefficient, B, where B, is defined as:
Br, =a”'BBE (14)

BE is included in the adaptive controller in a case where the effect of viscous damping on a turbomachinery or rotor
shaft needs to be emulated. Selecting Jp and Bp as adaptive parameters and substituting their estimates, Jp and Bp,
into Eq. [13] produces:

Ty = fp‘]gsl (TES + TGS - BESCL)P) - TGS + épa)p — nsat(s, ¢) — Kps (15)

Equation [T5]is referred to as the Adaptive SMICS (ASMICS), where the reaching law and equivalent control are now
defined as:

$§ = —nsat(s, p) — Kps (16)

Ueq = JpJg! (Tg, + T, — Be,wp) — Tg, + Bpwp (17)
To show that Eq. [T5] guarantees closed-loop stability, the following Lyapunov function, V, is proposed:
V=Vs+V, +Vp, (18)

Equation[I8]is composed of three components: the sliding mode control portion, Vs, and adaptive parameter portions,
Vjp and Vp,,, defined as:

1
Vg = EJIEIJPSZ (19)
1 _
Vip = 35, 0p (20)
1 -
Vg, = EyB;Bi, 21)

where y;, > 0and yg, > 0 denote the learning rate gains of Jp and Bp. The error terms Jp and Bp describe the
difference between the estimated and true value of the adaptive parameters, represented by:

Jp=Jp—Jp (22)
Bp =Bp - Bp (23)

To obtain the Lyapunov function derivative, V, differentiate Eqgs.

Vs = Jg'Jpss (24)
Vi, = YJ;JNPJAP (25)
Vg, = Yé;EPBP (26)



Substituting the derivative of Eq. into Eq. multiplying by ‘}I’;—g, substituting Eq. , and simplifying yields:
VS =5 [Jisljp (TES +TG, — BESCUP) + Bpa)p — nsat(s, ¢) — KPS] 27

Selecting the following adaptation laws:

Ip = =yspsg! (Tg, + To, - Be,wp) 29

-

P = ~YBpSWpP (29)
substituting Eqs. 27}{29]into the derivative of Eq. [T8] and simplifying produces:
V = —s [nsat(s, ¢) + Kps] (30)

Since V < 0 when s # 0 and V = 0 when s = 0, the closed-loop system is asymptotically stable in the sense of Lyapunov.

V. Implementation

The SMICS and ASMICS algorithms were implemented on the NASA Hybrid Propulsion Emulation Rig (HyPER),
which is a sub-scale electro-mechanical system built to verify EAP control concepts and algorithms on sub-scale hardware
representations of EAP powertrains [10]. Figure 3| provides several views of HyPER. This 100 kW electro-mechanical
system incorporates four EMs, four inverter/motor controllers, one direct current to direct current (DC-DC) converter,
and a supercapacitor bank consisting of three supercapacitors in series. The EMs in this system are permanent magnet
synchronous machines (PMSMs). These PMSMs are configured into two pairs with the units in each pair connected
mechanically by a shaft. pairs of PMSMs are mechanically connected by a shaft. All PMSMs are electrically coupled to
an inverter/motor controller. One PMSM from each pair emulates the engine shaft dynamic load, while the other is part
of the experimental scaled electric powertrain. Two electrical buses are present: one representing the scaled electrical
powertrain bus, and the other supplying/sourcing power to/from the emulation PMSMs. A bi-directional power supply
is present on each bus. The power supply connected to the former bus is not used in this testing. The experimental bus
includes a super-capacitor bank coupled to a DC-DC converter. The electro-mechanical system architecture is included
in the HyPER representation shown in Fig. ]

A unique feature of HyPER is the absence of large
rotating aircraft propulsion components such as turbo-
machinery or rotors/propellers. Torque loads of these
components are emulated using EMs that receive com-
mands from either the SMICS or ASMICS. The SMICS
and ASMICS algorithms enable HyPER to have sub-scale
mechanical dynamical characteristics of the component of
choice. When commanded using a full-scale component
model and its controller, HyPER behaves with sub-scale
shaft speed dynamic responses that are linearly scalable to
the component model scale. In other words, the SMICS
and ASMICS algorithms provide the interface between
the sub-scale electro-mechanical system hardware and
the full-scale propulsion system models and reconcile
the dynamic differences between the two. This concept
is illustrated graphically in the control implementation
diagram in Fig. [5] From the point of view of the EAP
control system under test, it is actuating a full-scale EAP
system with full-scale dynamical characteristics. In real-
ity, it is actuating a sub-scale electro-mechanical system
representation of the propulsion system without turboma-
chinery. In this study, HyPER is configured to represent
the hybrid-electric propulsion system of the AGTF30
with the TEEM concept and control approach. The con-
figuration is represented in Fig. ] The two EMs and  Fig.3 Hybrid Propulsion Emulation Rig (HyPER)
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inverter/motor controllers contained in the green boxes

on the left side of the diagram emulate the sub-scale low spool (LS) and high spool (HS) turbomachinery torques of
the AGTF30. The electro-mechanical system contained in the green box on the right represents the sub-scale parallel
hybrid-electric electro-mechanical system architecture of the AGTF30.

Full-Scale LS Speed Sub-Scale LS Speed

*____.r____i\:!':.q—_____.l
: h 4 Net LS I Software
e VBV s T”Ek_’c" = = Communication Signal
Position machinery Inverter = DCLine
S _Tc&que L l=nd=y == AC Line
Fuel N Inverter =
Flow Full-Scale LS LS Emulation Torﬂge_.
Ra_tf" EM Torque Sub-Scale LS EM Torque
» Full-Scale|™ == == e o e o o mm mm =- - N
PLA [ TeEM [ yaen sMics Conc uper
= Plcontroller] 4 AGTF30 |Fyll-Scale HS| or | converter [ S2PASItOT
|22 | Model | EM Torque [AsMics [sub-Scale HS EM Torque Bank
e — e e e T = = -
HS EM Net HS : | |
Toraue et HS Emulation Torque
L q_ Turbo- o = = =y I
LS EM machinery r Inverter |— I
Torque Torque /)
e | e — Inverter |= I
ASPACE ASPACE
|
f‘____i___— 4——————' Supercapacitor
Full-Scale HS Speed P | Sub-Scale HS Speed Voltage |

Fig.5 Control diagram of AGTF30 implementation in HyPER.

Three separate tests were conducted using different control structures. The tests are the following:
(a) A software-in-the-loop (SIL) test, where the parallel hybrid electrical system model and TEEM control actuates
full-scale models of the AGTF30 low- and high-pressure shafts.
(b) A hardware in the loop (HIL) test where the full-scale AGTF30 model with TEEM control actuates HyPER
hardware in closed loop with the SMICS.
(c) A hardware in the loop (HIL) test identical to (b) except with the SMICS replaced by the ASMICS.
The descriptions of the tests in the above list are illustrated in Fig. [6] The SMICS and ASMICS controllers were
tested by commanding an idle to full throttle and followed by a full throttle to idle power lever angle (PLA) change
to the AGTF30 model at sea-level-static conditions (altitude of O ft, Mach number of 0, and no change in the defined
ambient temperature at the altitude and Mach number conditions), shown in Fig. m Both the SMICS and ASMICS, the
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Fig. 6 Control diagrams representing the three types Fig.7 Power lever angle (PLA) command to AGTF30
of tests to be compared. model.

AGTF30 turbofan model, and the TEEM controller are implemented in the MATLAB®/Simulink® environment. The
implementation was ran in real-time using a dSSPACE® SCALEXIO® real-time computer system with a time step of
15 milliseconds. To mitigate parameter drift, the ASMICS controller features a deadzone, a commonly implemented
solution for this phenomenon in adaptive control [16].

VI. Results
A performance comparison between the SMICS and ASMICS is conducted from the point of view of the AGTF30
engine model, and tests (b) and (c) are compared to (a). The root-mean-squared relative error (RMSRE), defined in Eq.
(1), is used to evaluate performance between SIL and HIL results. The RMSRE metric compares the relative error
between the HIL and SIL results for the chosen variable, x. The HIL and SIL results are denoted with subscripts HIL
and STL, respectively. The sample number and total number of samples are denoted as i and N, respectively.

1 (xprr —xsi
RMSRE = 1004| — _ 31
N 2 (max(|x51L|>) GD

The conventional relative error equation contains only xs;7, in the denominator. The max(|xsyz|) term is used instead
to ensure the denominator magnitude is non-zero. The metric for comparing the difference between the RMSRE
percentages for the SMICS vs. SIL and ASMICS vs. SIL comparison results is the relative error (RE). The RE used for
this purpose is defined in Eq. (32)). The subscripts SMICS and ASMICS denote variables relating to the results using
the SMICS and ASMICS controllers, respectively.

RMSREpsmics — RMSREgmics

RE = 100 (32)

Table[T]displays the resultant RMSRESs and REs for selected key AGTF30 actuator, sensor, engine performance, and
solver performance variables.

Insignificant increases and decreases in the RE of the various parameters relative to the magnitude of the RMSRE
percentages are observed. Variables with large RMSRE percentages and large RE percentages are considered significant.
Significant variables are the HS EM torque and the iteration count, which had a 51.2% and 31.5% reduction, respectively.
Figure ] shows the HS EM torque and iteration count variables. Note that the plots in Fig. [8]and subsequent figures
display the responses from 100-150 seconds. Prior to 100 seconds is a startup period where the electric machines are
driven to initial speeds and torques that are compatible with the initial state of the turbofan model. Control is then
handed to the turbofan model. Although the SMICS or ASMICS is enabled during this period, it is not considered
in the analyses. From Fig. [8] it is evident that significantly large RE in the HS EM torque is due to the difference in
the torque application during the acceleration. This is shown in the magnified inset of the HS EM Torque in Fig. [§]
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Fig. 8 HS EM torque and iteration count.

where the SMICS torque oscillates around the SIL torque as compared to the ASMICS torque which more closely
aligns with the SIL data. This phenomenon is likely caused by the inability of SMICS to achieve the nominal dynamic
characteristics due to its reliance on parameter certainty. This results in the AGTF30 TEEM controller actuating the
HS EM in an undesirable manner, impacting the HS EM torque. It is noteworthy to state that both the average and
peak iteration counts throughout the test decreased significantly. Lessening the number of average iterations and peak
iteration counts reduces the likelihood of non-convergences in the numerical solution of the AGTF30 engine model and
mitigates violation of real-time calculation constraints.

Figure [0] displays the resultant controller trajectories for the high and low spools, where the sliding surface, s,
reaching law, §, equivalent control, u.,, the angular inertia estimate, Jp, and the angular viscous damping coefficient
estimate, Bp, are plotted. The parameters Jp and Bp were initialized at 0.0594 Ibf-ft-s? and 0.04 Ibf-ft-s, respectively,
for both the high and low spools. Both controllers maintain similar magnitudes around the sliding surface, with brief
excursions occurring with SMICS between 100-110s on the high spool. However, the § and u,, components highlight
the difference in the controllers. Because SMICS operates with assumed constant estimated values for Jp and Bp,
which may differ from the true system values, high levels of torque are commanded in the equivalent control portion
of the control signal. This demand causes the reaching law component, §, to also command a large control effort of
nearly opposite magnitude to counteract the parametric discrepancy. As previously mentioned, high control demand in
the reaching law can lead to increased chatter in the control signal and should be avoided. Comparatively, ASMICS
maintains low control effort in the reaching law and equivalent control components. Because the controller can adapt
Jp and Bp, it uses a more accurate system model, leading to the equivalent control demanding less torque. In response,
the reaching law does not counteract ., but rather maintains a near zero torque for the duration of the experiment. This
response holds across both spools, where the parameter adaptation profiles appear to be similar for Jp and slightly
different for Bp. Indeed, the viscous damping coeflicient seems sensitive to changes in Uegq, as seen on the high spool
where Bp increases suddenly shortly after 100s as the equivalent control decreases suddenly in the same timeframe.
Further investigation into the sensitivity of the parameters to control action is warranted.

To investigate the impact of parametric uncertainty on the controllers, HIL tests were conducted at both low and
high parameter uncertainty conditions with both SMICS and ASMICS. At low uncertainty (LU), the parameters Jp
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and Bp were selected to be as close to the known plant parameters as possible, initialized at the previously defined
initial conditions for Jp and Bp. At high uncertainty (HU), the parameters Jp and Bp were selected to be twice their
low uncertainty value, resulting in the values 0.1189 Ibf-ft-s> and 0.08 1bf-ft-s, respectively. The results are plotted
for the low and high spool emulation controllers in Figs. [[0a]and [I0b} where the emulation EM torque, the sliding
surface, the reaching law, and the equivalent control are displayed. Note that all signals have noticeable levels of
noise present in their response. As previously seen, SMICS is susceptible to parameter discrepancy, leading to high
magnitude equivalent control and reaching law components that sum to the total T, signal. The results in Fig. [T0a]
show high susceptibility to increased uncertainty, as the magnitude of the control law components increases with greater
uncertainty, where the demand at high uncertainty is seen to be approximately three times larger than the low uncertainty
case. As previously mentioned, high control demand in the reaching law can lead to increased chatter in the control
signal. While the noise in the data makes it challenging to identify chatter, the Tjs response seems to highlight this
outcome. The magnified inset shows how as the uncertainty grows from low to high, the fluctuations in the control
signal broaden. Assuming the noise is constant across each HIL test, then this outcome is most likely due to increased
chatter in SMICS due to increased § contribution. ASMICS does not exhibit the same susceptibility to parametric
uncertainty as SMICS. As the uncertainty increases from low to high, ASMICS exhibits the same magnitude § and u.,
response. As shown in the T), response in Fig. [I0b} although the ASMICS control response spreads across a larger
magnitude than the SMICS response, it does not increase as the uncertainty increases. This response is very beneficial
and implies that in the presence of incomplete system knowledge, the controller can avoid exciting high frequency
dynamics to maintain system performance at the price of minimally higher overall control effort. By adapting for the Jp
and Bp terms, ASMICS can avoid inducing chatter, thus avoiding a pitfall of SMICS.
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Fig. 10 Emulation machine torque (Ty,), sliding surface (s), reaching law (s), and equivalent control (u.,)
responses with SMICS (left) and ASMICS (right) applied to the low spool.

VII. Conclusion

An extension to a control and scaling approach used to enable the verification of EAP control algorithms using a
sub-scale electro-mechanical system without turbomachinery is presented. SMICS, the original approach, replaces the
low and high spools of a turbofan with a full-scale model of a turbofan, an emulation controller, and EMs to represent
its dynamical loading on a sub-scale parallel hybrid electro-mechanical system. ASMICS, the extension, integrates
adaptive control to guarantee asymptotic stability and reduce the effects of parameter uncertainty on the emulation
controller performance. The original and extended controller were tested using a novel hybrid-electric propulsion
system controller, a turbofan model, and a sub-scale electro-mechanical system representing a parallel hybrid-electric
turbofan architecture. Performance comparisons found the extended controller able to increase the accuracy of key
performance variables within the turbofan model compared to a theoretical baseline. This result highlights that adding
adaptivity to the original design is beneficial, permitting the extended controller to actuate with a more accurate system
model under test conditions. Subsequent robustness analysis demonstrated that in the face of up to 100% parameter
degradation in the assumed plant parameters, the extended controller functioned with minimal performance change
unlike its original counterpart.
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