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ABSTRACT

The increasing electrification of aircraft propulsion systems
is leading to new control architectures being developed to address
integration between electric machines and gas-based turbine en-
gines. For hybrid-electric propulsion systems, current concep-
tual architectures often couple electric machines with the shafts
of gas turbine engines and introduce energy storage. Leveraging
the electrical power system of hybridized engines, Turbine Elec-
trified Energy Management (TEEM) is a recent control approach
that improves transient operability in an effort to enable more
efficient and lighter weight turbomachinery. This study seeks
to expand TEEM’s application beyond traditional proportional-
integral (PI) control by presenting linear model predictive control
(MPC) schemes to execute the TEEM concept. Through con-
straint selection and cost function design, transient operability
goals for TEEM are considered with no external logic or sat-
uration. Unique to the designs are the use of a washout filter,
which simplifies transient detection and motor activation logic.
The proposed architectures are implemented with both central-
ized MPC and distributed MPC approaches, and comparisons
are drawn to a benchmark PI controller simulated on a nonlinear
turbofan engine model at one ground condition and one cruise
condition. Performance is evaluated using compressor maps,
stall margin performance, and two novel metrics: transient stack
usage and transient excursion integral. Results reveal the linear
MPC scheme performs comparably to the baseline controller and
can be implemented in at least two distinct configurations with
potential for further modifications, thus establishing the ground-
work for future investigations.

Keywords: model predictive control, linear control, turbo-
machinery
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Roman letters

A System state matrix.

AC  Alternating current.
Washout filter variable for exponential decay.
System input matrix.
System output matrix.
System feedforward matrix.

C  Direct current.

Open-loop cost function.

Stage cost function.

Motor torque.

Number of control inputs.

Shaft speed.

Number of states.

R Pressure ratio.

oo Q™.

SzI xS

~

(0] Output weight matrix.

r Number of outputs.

R Control weight matrix.
SM  Stall margin.

t Simulation time.

T Time horizon.

T Sampling time.

T, Time horizon for inputs.

TEI Transient excursion integral.
TSU Transient stack usage.

u System control input.

U System control constraint set.
VAFN Variable area fan nozzle.
VBV Variable bleed valve.

W, Corrected fuel flow.

Wr  Fuel flow variable.

X System states.

System state constraint set.
System outputs.

System output constraint set.
System terminal constraint set.

L
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Greek letters

Change between time steps.
System perturbation variable.
Augmented input vector.
Acceleration threshold value.
Time sequence over time horizon.

NS DS >

Superscripts and subscripts
* Denotes optimal solution.
Denotes error.

) Denotes initial variable value.

‘e Denotes belonging to engine subsystem.
°f Denotes relation to fuel.

‘fan  Denotes relation to fan variable.

-gps Denotes relation to high pressure shaft.
‘i Denotes index placeholder.

“Ib Denotes lower bound.

-Lps Denotes relation to low pressure shaft.
P Denotes belonging to power subsystem.

‘SS Denotes operation at engine steady-state.
-stall Denotes operation at engine stall.

-Teem  Denotes relation to TEEM implementation.
+rim  Denotes trim value.

“ub Denotes upper bound.

-washout Denotes relation to washout filter.

1. INTRODUCTION

According to NASA’s Aeronautics Research Mission Direc-
torate, the future of aeronautics research lies in developing and
implementing strategies that enable safe, affordable, efficient,
and autonomous aircraft [1]. This includes the development and
testing of technologies that enable the use of electrified aircraft
propulsion (EAP) systems as alternatives to solely gas-based air-
craft propulsion. Of the variety of EAP systems, hybrid-electric
architectures are of distinct focus. Here, there are efforts to exploit
electric system components to supplement traditional gas-based
propulsion for improving overall propulsion system and vehicle
efficiency. This involves the use of electrical components to
contribute additional propulsive and aerodynamic benefits while
adhering to thermal management constraints [2—6].

Turbine Electrified Energy Management (TEEM) is a con-
trol strategy for hybrid-electric systems that takes advantage of the
coupling between electric power system components and gas tur-
bine engine shafts to alleviate engine design constraints through
improved system operability [7]. Specifically, electric machines
(EMs) are used during acceleration and deceleration to inject
or extract power from engine shafts. As a result, during tran-
sients the engine operates closer to its steady-state behavior, thus
reducing excursions towards stall or surge. The feasibility and
effectiveness of the method was previously well demonstrated in
[7-12], where compressor susceptibility to stall and surge during
engine transients was successfully mitigated upon application of
TEEM. While effective, to date TEEM has only been applied with
simplified, decentralized control architectures, such as open-loop
schedule-based control or closed-loop scheduled proportional-
integral (PI) control [8, 13]. In decentralized control, multiple
local controllers address the control goals of individual subsys-
tems without knowledge or consideration of other subsystem in-
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terconnections and priorities. The natural drawbacks to these
designs include the need for additional limit logic to account for
system constraints, the inability to consider subsystem interac-
tions holistically, and the challenge of defining logic over a full
system operating envelope.

The shortcomings can be overcome with control designs that
account for multiple objectives, constraints, and system interac-
tions. These elements are features of model predictive control
(MPC), an advanced, optimal control technique that constructs an
optimal control effort over a time horizon for a system with respect
to state and input constraints [14]. Known for its capability to
control complex, multivariable systems with minimal conceptual
complexity, MPC has been increasingly used in a number of EAP
applications [15-19], where it demonstrates the ability to handle
various system objectives, exploit look-ahead information, and
effectively manage relations between turbomachinery and elec-
tric subsystems. Both centralized MPC (CMPC) and distributed
MPC (DMPC) architectures have been explored and have proven
effective [20-23]. In the centralized design, one MPC possesses
complete system knowledge and executes system-wide control
actions while in the distributed design two or more MPCs with
partial system knowledge collaborate to determine local control
actions.

In this paper, an application of TEEM is proposed using
CMPC. The goal of the design is to consolidate the decentralized
architecture into one controller, such that the drawbacks of the
traditional approaches are avoided. The constrained optimization
allows the goals of TEEM to be explicitly built into the MPC
cost function and removes the need for separate control logic,
including limit protection logic. The architecture uses a piece-
wise linear dynamic system to represent a nonlinear engine model,
allowing all subsystem interactions to be considered. Novel to the
design is the use of a time-domain washout filter that regulates
EM torques to zero during steady-state operation. Motivated by
findings in [22] and discussions in [24], a DMPC architecture
is developed alongside the CMPC to explore advantages and
disadvantages in MPC approaches. The proposed schemes are
simulated with a nonlinear engine model in two case studies
with and without TEEM implemented. The controllers are also
compared to a benchmark closed-loop, scheduled PI controller
developed in [8]. Performance is evaluated using stall margins,
low and high pressure compressor map data, and two numeric
metrics that will be described in Section 2.

The remainder of this paper is organized as follows: Sec-
tion 2 reviews the nonlinear engine model and its piece-wise
linear representation, followed by a review of the goals of TEEM.
Section 3 presents the proposed MPC control architectures and
Section 4 discusses the simulation results. Finally, the paper is
concluded in Section 5.

2. OVERVIEW OF ENGINE MODEL AND TEEM
2.1 AGTF30 Engine Model

The Advanced Geared Turbofan 30,0001bf (AGTF30) engine
is a conceptual turbofan engine able to produce 30klbf of thrust
at sea-level static conditions [25]. The engine is modeled in
MATLAB/Simulink using the Toolbox for Modeling and Analy-
sis of Thermodynamic Systems (T-MATS) [26]. An electrified

This material is declared a work of the U. S. Government and is not subject to copyright protection in the United States.
Approved for public release; distribution is unlimited.



Modeled Not Explicitly Modeled

With LPS EM
! Nips : H
1 M pe :
| Lrs LPS \ ACBus | oo | 1i
\ LPs €—— Electric . TEEM Electrical System
i Machi Controller
| Turbomachinery achine
U S Energy
pc-be | Storage &
————————————————————————————— Converter
1 HPS I Management
| Mpups 1:
1 i Motor H
! HPS €—— (Fllsils Controller [€7
ITurbomachlnery Machine .
Lo oo oo oo e e mm mm e e e e e e e e e e e e e e e e e e e I:
With HPS EM

FIGURE 1: TEEM ELECTRICAL SYSTEM ARCHITECTURE; REPRODUCED FROM [8].

version of the AGTF30 developed in [9] is used in this paper.
This model uses the Electrical Modeling and Thermal Analysis
Toolbox (EMTAT) [27] to mathematically represent the electric
motors/generators and associated power systems needed to ap-
ply TEEM, illustrated at a high-level in Fig. 1. For the control
design, the nonlinear dynamics of the AGTF30 are represented
by a piece-wise linear model with each linearization at specific
operating points denoted by combinations of altitude (Alt), Mach
number (MN), and power lever angle (PLA). The linear dynamic
system is represented as follows:

0x(1) = Adx(t) + Bou(t) (D
oy(t) = Cox(t) + Dou(t) 2)
where x(¢) € R" is the state vector, u(¢) € R™ is the input vector,
y(t) € R" is the output vector, and A, B, C and D are the dynamic

system state space matrices. The terms ox, du, and ¢y are defined
as:

Stall Line

Transient Stack

Steady State
Operating Line

Pressure Ratio (PR )

Constant Corrected
Speed Lines

A\ 4

Corrected Mass Flow Rate (17, )

FIGURE 2: ILLUSTRATION OF TEEM CONCEPT; REPRODUCED
FROM [28].

(5)6([) = x(t) - xtrim(t) (3a)
ou(t) = u(t) = urrim(1) (3b)
6y(t) = y(t) = Yerim (1) 3e) 2.2 Turbine Electrified Energy Management

where the subscript i, represents the value of the state, in-
put, or output vectors when the engine is at steady-state for a
given operating condition. The states, inputs, and outputs for the
electrified AGTF30 system in this study are:

The TEEM concept was developed as an operability tech-
nology and can be used to accomplish several goals: improving
transient stability margins, expanding engine operating range, re-
ducing engine design constraints, and eliminating stability bleeds
[8, 9]. This study only considers stability margin improvement,

T

X = [NLPS Nu PS] “) narrowing TEEM’s goal to managing transient operability, or the

U= [Wf Mips Myps VAFN V BV]T (5) susgeptibility of the engine compressors to stau. TEEM’s ef-
T fectiveness can be evaluated both graphically, using compressor

y=[Nfan Nups SMrpc SMupc]| (6) maps, and numerically, using three metrics: compressor stall mar-

Equation (4) denotes the speeds of the low and high pressure
shafts (LPS, HPS). Equation (5) denotes the fuel flow rate, low
and high pressure shaft motor torques, variable area fan nozzle
(VAFN) area, and variable bleed valve (VBV) setting. Finally,
Eq. (6) denotes the fan speed, high pressure shaft speed, and low
and high pressure compressor (LPC, HPC) stall margins (SMs).
Note that for the AGTF30 system, the fan shaft and LPS are
related by a gear ratio expressed as Nz ps = 3.1Nfqn. Also note
that while stall margin cannot be directly measured, the AGTF30
can approximate the value permitting its presence in the output
vector as a variable of interest. In this study, stall margin is used
solely for analysis rather than control purposes.

gin, transient stack usage (TSU), and transient excursion integral
(TEI). Engine compressor maps plot pressure ratio (PR) versus
corrected airflow and indicate engine operation between stall and
choke. Successful implementation of TEEM shifts the transient
running line, shown in Fig. 2, away from the stall line and towards
the steady-state operating line. This increases compressor stall
margin during transients and allows the engine to operate closer
to steady-state conditions. Both TSU and TEI, developed in [13]
and illustrated in Fig. 2, are performance measures defined as:

PR - PRss

TSU _max|—
(PRstall — PRgs

) x 100% @)
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FIGURE 3: DUAL-SPOOL TEEM CONFIGURATION.

TEI=I

where the subscript -5, represents operation at engine stall and
the subscript - g5 represents engine operation at steady-state. TSU
measures the maximum percent of the overall operability stack
used during a transient. As seen in Fig. 2, the overall operabil-
ity stack represents the space between the steady-state operating
line and the stall line. It encompasses both uncertainty stack,
which accounts for factors such as engine to engine variation and
engine degradation, and transient stack, which is the variation
experienced through engine transients. With this measure, TSU
indicates the closest the transient running line veered towards the
stall line by defining the ratio of transient stack to overall oper-
ability stack. TEI measures the deviation of the transient running
line from the steady-state operating line and is representative of
the area between both lines which are shown in Fig. 2. Suc-
cessful application of TEEM is expected to reduce the values of
TEI and TSU. Reference [8] outlined several control configura-
tions characterized by the existence and use of electric machines
on each of the engine spools for the benchmark TEEM-based PI
architecture. For the purposes of this study, only the dual-spool
TEEM configuration is used, as displayed in Fig. 3, in which
motors on both LPS and HPS are used for torque subtraction
and addition, respectively. In the TEEM-based PI, the transient
dynamic state is identified using additional control logic that de-
termines acceleration or deceleration based on the tracking error
of the active fuel flow controller or the acceleration of the fan
speed. The active fuel flow controller can represent a control
limit constraint related to temperature, pressure, or shaft speed.
This transient on/off logic allows TEEM to activate commands
to the HPS and LPS EMs during transients and to deactivate
those commands during steady-state operation. Contrary to the
studies in [8] where power requested by the EMs is absorbed or
supplied by the energy storage system, no energy storage capac-
ity regulation is considered in this paper. Figure 1 reflects this
consideration by indicating the explicitly modeled portions of the
TEEM electrical system for this work.

PR — PRss

aw,
PRss

(®)

3. CONTROLLER DESIGN

This section describes the proposed MPC architectures,
which are shown integrated at a high level in Fig. 4. The energy
storage sub-system is listed but not considered in the controller
design. Both the DMPC and CMPC architectures can be sub-
stituted into the controller block depending on the configuration.

4

Considering Eqs. (1)-(2), a linear MPC optimal control problem
can be stated as:

Problem 1 (General Optimal Control Problem)

min J(dy,d0u) = JHT 1(6y(T),o0u(r))dt (9a)
u t

subjectto  5y(t) = 5yg (9b)

0x(t) = Aéx(t) + Béu(t), (9c)

oy(t) = Céx(7) + Déu(r), (9d)

0x(7) € X = Xerim, (9e)

ou(t) € U — urrim, (%)

6y(7) € Y = Yirim, (98)

oy(t+T) € Yr = Yerims (9h)

TE[t,t+T]

where T is the length of the time horizon, 7 is the time variable
along the horizon, yy is the initial condition of the output variable,
and X, U, Y and Y are the respective state, input, output, and
terminal constraint sets. The term /(-) is the quadratic stage cost
represented generically by || - ||1%[, which is the Euclidean norm
weighted by a symmetric, positive-definite matrix I1. Note that
although a terminal cost is omitted in Problem 1, the presence of
the terminal constraint in Eq. (9h) is enough to ensure closed-loop
stability [14]. The output of Eq. (9) is the optimal open-loop input
sequence over the horizon u* (), of which only the first instance
is applied to the closed-loop system.

The main control goal of TEEM is tracking the steady-state
reference points xgs during transients. These reference points
are determined by the steady-state performance of the AGTF30
at operating conditions designated by altitude, Mach number,
and the fuel flow rate command. Additionally, tracking of xgg is
supplemented by the activation of EMs during transients. Thus,
the on/off logic described in Section 2.2 is used in two ways in
the TEEM-based PI: (1) to cue steady-state reference tracking and
(2) to cue motor activation. In this study, a primary design goal
is to permit the MPC flexibility in determining when to activate
the motors i.e. to remove the on/off logic to cue motor activation.
This limits the use of transient detection logic to tracking xss,
which is translated into the following piece-wise logic:

Npps = Nipsss  if Nean <—¢

S (10)
Nups — Nups,ss if Nfan > ¢

YTEEM = {

where ~ represents an error, Nfan is the acceleration of the fan,
and ¢ is a user-defined acceleration threshold value. It is clear
from Eq. (10), that based on the value of ¢, only one of the
steady-state setpoints is represented in yrggeas at a time. Note
that these goals are not activated during steady-state. The MPC
architecture circumvents transient indication for the motors by
using a washout filter. A washout filter is a type of high-pass
frequency filter that aids in penalizing DC gain and removing
actuator drift [29]. The filter is converted to the time domain and
its dynamics inverted to yield the following:
(_ ae” ) -1

(1)
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FIGURE 4: PROPOSED CONTROLLER ARCHITECTURE.

where a > 0 and is selected to control the exponential decay of
the function. Multiplying Eq. (11) by the motor inputs yields:
" ay

—aty-1
Uwashout = (_ae at) [Mrps Mups

Equation (12) keeps the EM torques near zero at steady-state and

allows the user to determine via a how quickly the motors return

to zero. Incorporating Eq. (12) as a quadratic cost in the stage
cost /(-) produces:

2

||uwash0ut||R (13)

washout

where the values of Ry,,sn0u: are tuned to influence the magnitude
of the motor response. For the TEEM-based MPC, Egs. (10)
and (12) represent the desired transient response denoted by the
transient on/off logic in the TEEM-based PI of [8]. While both
architectures require an indicator to track steady-state setpoints,
the PI requires an indicator for motor activation where the MPC
does not as a result of implementing the washout filter. In this
study, both centralized and distributed MPCs are constructed for
use with TEEM. In the MPCs, both VAFN and VBV are externally
scheduled rather than decision variables. This is done to provide
a fair comparison with the baseline PI scheme. The PI scheme
uses individual PIs to determine Wy, My ps, and Mg ps and open-
loop schedules for VAFN and VBV. As a result, the control vector
isreduced tou = [Wy Mrps Mpups]T. The optimal control
problem for CMPC is similar to Problem 1:

Problem 2 (Centralized MPC Optimal Control Problem)

min J(dy, éu) (14a)
subject to 6y(t) = 8yg (14b)
0x(1) = Adx (1) + B6Q(1), (14c)

6y(t) = Céx(1) + D6Q(1), (14d)

5

6x(1) € X = Xtrim> (14e)
0Q(1) € U — usrim, (14f)
oy(7) € Y = Yirim, (14g)
Sy(t+T) € Y = Yerims (14h)
Te[t,t+T]

where the open-loop cost function is:
t+T

J(6y,ou) = J 1(67(T1))dT

' 15)

t+T,,
+ J L(Au(7), Suwashou (T))dT
t

In (15), the variable T,, < T is a shortened time horizon for the
control inputs and the stage costs are:

1(65(7)) = |I63115,

(Au(T), Suwashour (1)) = ||A“||%e + ”(Suwashout”%e

(16)
a7)

washout

where the tracking erroris § = [Nran — Nranrer YTEEM]T and
where Au = 6u(t) — du(t — Ty) with sampling time 7. To avoid
restructuring the state-space model to account for the reduced
control vector u = [Wy Mpps Mg ps]T, an augmented input
vector Q is introduced. The term  is a vector made up of
the decision variables (fuel flow and EM torques) as well as the
scheduled inputs (VBV and VAFN) described as:

Q(7) = [Wr(r) Mrps(t) Mups(t) VAFN(t) VBV(1)]

(18)
The augmented input allows the CMPC to maintain complete
system knowledge to make its decisions, eliminating potential in-
formation loss that would have resulted from reducing the state-
space model to a three input system. During execution, the deci-
sion variable inputs (7) are minimized over the horizon, while
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the remaining inputs €(7) are values from the initial time instant
held constant over the horizon. For the case of Problem 2, only
the externally scheduled variables are required to be held con-
stant. This “constant-hold” approach is not uncommon in MPC
applications and was deemed acceptable at small timescales, as
information loss is minimal.

In the DMPC approach, two MPCs are employed, responsible
for controlling the engine (W) and power (M ps, Mg ps) control
inputs respectively. The DMPC optimal control problem is stated
as:

Problem 3 (Distributed MPC Optimal Control Problem)

min - J;(6y;, u;) (19a)
subjectto  5y(t) = 5yg (19b)
0x(7t) = Adx(1) + B6Q; (1), (19¢)

oy(1) = Céx(7) + D6Q; (1), (19d)

6x(1) € X = X¢rim, (19e)

0Qi(7) € Ui — Usrim,i» (19f)

oy(t) € Y = Yirim. (19g)

oy(t+T) € oyf = Vtrim» (19h)

TE[t,t+T]

where the subscript i € e, p indicates variables belonging to the
engine or power subsystem and the augmented input vector for
the subsystems are:

Q. (1) = [Wp(1) Mrps(t) Mgps(t) VAFN(t) VBV(1)]

(20
Qp(7) = [Wr(1) Mpps(t) Mups(t) VAFN(1) VBV(1)]
(2D
Specifically, the engine and power cost functions are:
t+T
Je(0yestue) = | oo (ends
t
22)
+ J [(Auc(7))dt
t
t+T
Jp(‘syp, 6”1)) = J l((Sfp(T))dT
' (23)

t+Ty,
+ J I(AMP(T)’ SUwashout (T))dT
t

where J. = Vn;,,, Aue = Auw,, §p = YreEEm, and Au;, =

[Aupg, ps Aungyps]”. The stage costs for the engine and power
MPCs are:
1(65(7)) = 1165115, (24)
1(Aue(1)) = || Auell, (25)
165, (1)) = 165,15, (26)
H(Atty (7). Stwashou (7)) = |Aup % + 16uwashou k...,
27

6

TABLE 1: SYSTEM PARAMETERS

Shared Parameters

Parameter Value
1) 0.025
a 1
Centralized MPC Parameters
Parameter Value
Rggmmd diag(1.09 x 10 0.01 0.01)
RY ... diag(6.80x 10° 0.01 0.01)
R2§(>und diag(1.00x 106 0.01 0.01)
RE . . diag(9.85x 10° 0.01 0.01)
Ryashout,grouna  diag(1.50 X 1076 4.09 x 1079)
Ruashout cruise  diag(4.09x 1076 2.67 x 1079)
0 diag(1 0.001 0.001)

Distributed MPC Parameters

Parameter Value
R ound 1.14 x 106
R, uise 6.80 x 10°
R ound 2.00 x 10°
R ise 1.35 x 107
R, diag(1 5)
Ruashout.ground ~ diag(3.09x 1075 1.56 x 107%)
Ruashout cruise  diag(1.09x 1075 1.56 x 1074)
Qe 1
Op diag(l 0.5)

where the weighting matrices Q, R are now subscripted to indi-
cated subsystems. Problems 2 and 3 represent two distinct imple-
mentations of a TEEM-based MPC. Both use a full state space
model to avoid losing system information. The full state space
model helps to explicitly account for constraints and transient
operability goals in their optimal control problems. For the re-
mainder of the paper, unless otherwise specified, the architectures
described by Problems 2 and 3 are referred to as TEEM-CMPC
and TEEM-DMPC respectively. When TEEM is not applied,
Yreem and Uyashour are removed from the cost functions and
the prefix is dropped from the controllers. Similarly, TEEM-PI
and PI refer to the benchmark PI architecture with and without
TEEM implemented.
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4. CASE STUDIES

The proposed MPC architectures are verified on a simulated
burst-chop transient from low power to full power, represented in
the AGTF30 system as the PLA change 48° to 80° to 48°. This
is done at two environmental conditions: Ground (Alt = 5kft,
MN = 0), with the burst starting at # = 10s and the chop starting
at t = 25s; and Cruise (Alt = 40kft, MN = 0.8), with the burst
starting at + = 30s and the chop starting at t = 80s. TEEM-MPC
and MPC architectures are vetted against benchmark TEEM-PI
and PI controllers. Note that the nominal acceleration and de-
celeration limiter schedules defined in [8] for the TEEM-PI and
PI controllers are disabled in this study. Doing so provides a
more accurate comparison to the MPC architectures. Weighting
values and system parameters are presented in Table 1. MPC
weights are manually tuned for an engine with TEEM applied.
Weights for ground condition are tuned for a five-second rise time
while weights for cruise condition are tuned to minimize Nfqp
trajectory error with respect to the burst throttle speed command.
Note that the fuel flow component of the control weight matrix,
R(1,1) or R,, is dependent on PLA and environmental condi-
tions, leading to multiple gain values denoted as Rgﬁ;‘l‘.mnmem
in Table 1. The gain schedule for the TEEM-PI motor con-
trollers of [8] was designed with MATLAB’s pidtune to reduce
the stall margin overshoot during transients. The gains and sched-
ule of the baseline fuel flow rate controller, discussed in [25], are
tuned to provide desired thrust responsiveness and phase margin.
Simulations are implemented in MATLAB using direct multiple
shooting with CasADi, which includes the nonlinear optimiza-
tion library iPOPT [30]. The sampling time is set to Ty = 0.02s
and the time horizons are 7 = 0.1s and 7;, = 0.04s. Closed-loop
performance is evaluated using minimum SM, compressor map
data, TSU, and TEI. Note that zero is the lowest possible value
for the TSU metric as PR and PRss should be identical at the
beginning and end of a transient. As a result, negative TSUs
with a magnitude less than 0.1% were reported as zero in the data
tables as values on this scale can be attributed to numerical errors
in extracting the steady-state operating line for the environmental
conditions. The MPC and TEEM-MPC constraint sets are:

X = {Orpm < Npps < 7130rpm, Orpm < Nyps < 22500rpm}
Y =Y = {Orpm < Nygpn < 2300rpm,

Orpm < Nyps < 22500rpm,

|[SMppc| < £inf, [SMypc| < +inf}

U = {Wr i (1)pps < Wy < Wy up (1) pps,
— 600ft-1bf < M; ps < Oft-1bf,
Oft-1bf < Myps < 200ft-1bf}

where the subscripts -, -, indicate lower and upper bounds.
The time-varying fuel flow rate constraints are determined by the
control limit constraints associated with shaft speed, pressure, or
temperature at each time instant as defined in the AGTF30 model.
The constraint + inf indicates an unconstrained parameter. Note
the EM constraints are defined to restrict the LPS EM to power
extraction and the HPS EM to power injection in accordance with
the dual-spool strategy [8].

Figures 5 and 6 present the resultant LPC and HPC stall
margins over time for the Ground scenario. Upon application of
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TEEM, the minimum stall margins are increased across each con-
troller. The results presented in Table 2 confirm this observation,
with all controllers increasing SMy pc by ~2% and SMypc by
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FIGURE 7: LPC AND HPC COMPRESSOR MAP DATA ACROSS CONTROLLERS FOR GROUND (LEFT) AND CRUISE (RIGHT) CONDITIONS.
DECELERATION SHOWN FOR LPC AND ACCELERATION SHOWN FOR HPC.

TABLE 2: RESULTS FOR GROUND CONDITION

Min SM (%) TEI TSU (%)
Controller LPC HPC LPC HPC LPC HPC
PI 100 177 0.721 237 931 26.9
CMPC 998 188 0.695 2.19 948 25.6
DMPC 10.0 19.1 0.697 214 9.38 25.6
TEEM-PI 122 198 0485 0.861 0.153 13.7
TEEM-CMPC 122 20.1 0478 1.17 0.0929 16.1
TEEM-DMPC 122 203 0547 152 1.12 17.9

~1-2%. Figures 5 and 6 along with the data from Table 2 illus-
trate that the MPC and TEEM-MPC controllers maintain similar
or larger minimum stall margins relative to the PI and TEEM-PI
controls across both compressors. The HPC stall margin best
demonstrates this, where the CMPC and DMPC maintain larger
minimum SMg pc values by ~1-2% compared to the PI. Figure 7
illustrates this result by presenting the resultant compressor map
trajectories during deceleration for the LPC and during acceler-
ation for the HPC. As seen in Fig. 7a, the TEEM-MPC HPC
trajectories are pushed closer to the steady-state line than the
TEEM-PI HPC trajectory. However, as indicated by the data, all
controllers make similar gains from no TEEM to TEEM applica-
tion, successfully shifting the transient running lines closer to or
below the steady-state operating line. TEI and TSU results are
also alike across controllers, decreasing in value when TEEM is
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TABLE 3: RESULTS FOR CRUISE CONDITION

Min SM (%) TEI TSU (%)
Controller LPC HPC LPC HPC LPC HPC
PI 6.79 109 232 3.83 313 469
CMPC 879 112 130 372 140 46.1
DMPC 9.21 112 0929 372 9.73 46.1
TEEM-PI 139  9.67 160 0.867 0.00 31.2
TEEM-CMPC 926 10.7 206 0.734 6.73 33.7
TEEM-DMPC 10.2 10.0 1.80 1.12  0.00 29.1

implemented. Although the TEEM-PI outperforms the TEEM-
CMPC and TEEM-DMPC in HPC TEI and TSU reductions, the
remaining data demonstrate comparable closed-loop controller
performance both with and without TEEM. Figure 8 reveals the
capabilities of the washout filter, which is able to activate and
deactivate the motor torques in accordance with the system tran-
sient in a manner similar to the TEEM-PI. This demonstrates the
advantage of the TEEM-MPC cost function, where desired con-
trol outcomes can be accounted for explicitly in one mathematical
expression, thus simplifying the control design process.

The Cruise scenario controller performances are more di-
verse than the Ground scenario. Primarily, these results seem to
reverse trends identified in the Ground condition. The data in
Table 3 and the trajectories in Figs. 9 and 10 illustrate that, like
the Ground scenario, all controllers have comparable transient
stall margin trajectories and minimum stall margins. However,
the outcome from applying TEEM is no longer consistently im-
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proved. For example, Fig. 10 shows that while SM} pc improves
when TEEM is applied, SMypc does not, reducing minimum

This material is declared a work of the U. S. Government and is not subject to copyright protection in the United States.
Approved for public release; distribution is unlimited.



stall margins by ~1% across controllers. Additionally, the LPC
TEI values for the TEEM-MPC controllers reported in Table 3
increase rather than decrease relative to the MPC controllers.
This is in contrast to the TEEM-PI values which reduce in accor-
dance with the TEEM concept. This phenomenon is explained
through further investigation of the transient running lines dis-
played in Fig. 7b. Notice in Fig. 7b that the TEEM-MPCs’
LPC trajectories move further below the steady-state operating
line than the TEEM-PI. Recalling from Eq. (8) that TEI is an
integral measure, this means that the further the distance of the
transient running line from the steady-state operating line, the
larger the TEI value. Thus, for example, when the HPC running
lines are shifted very close to the steady-state line using TEEM,
this results in the reduced values given in Table 3, matching the
Ground condition trend. Further, when the LPC running lines
are shifted far below the steady-state line using TEEM, this could
result in values larger than the original amount without TEEM,
which occurs in the TEI results for both MPCs and their TEEM
counterparts. Therefore, although the TEI values increased with
TEEM application, based on compressor stall line distance, the
TEEM-MPC controllers are improving the transient operability
akin to the TEEM-PI despite the degradation in TEI. Further
improvements from applying TEEM are illustrated by the TSU
values. For example, the resulting LPC and HPC TSUs show that
each TEEM controller reduces the transient stack of the system,
a desired TEEM outcome. TSU is reduced because the LPC
and HPC transient running lines across controllers are pushed to-
wards the steady-state operating line and thus away from the stall
line, as shown in Fig. 7b. Thus, although the Cruise scenario
results seem inconsistent with earlier trends, further investigation
reveals that applying TEEM still achieves the desired transient
operability improvements.

Torque trajectories (Fig. 11) at Cruise show that the washout
filter correctly activates and deactivates the motors in accordance
with the burst and chop, settling the motors once the system tra-
jectories approach steady-state. However, Fig. 11 also highlights
a potential disadvantage of the approach, apparent at ~30s where
My ps briefly activates during the burst for the TEEM-DMPC
(magnified in the figure). Because the TEEM-MPC controllers
lack a transient indicator mechanism to manage the motor re-
sponse, the controllers can command the motors at unexpected
times. However, because this response occurs with TEEM-
DMPC and not with TEEM-CMPC, it is possible this is a point
of difference between the centralized and distributed approaches.
The discrepancy should be further explored to determine if the
difference is due to MPC architecture or poor gain selection for
the TEEM-DMPC. The responses of the My ps trajectories high-
light a potential advantage to using the washout filter in lieu of
transient detection logic. The Benchmark TEEM-PI reactivates
My ps at ~90s during deceleration, caused by an oscillation in
the fan speed response as it attempts to resettle. The oscillations
triggered the transient detection logic to mistakenly assume ac-
celeration when the engine should be approaching steady-state.
Oscillations could be prevented with improved tuning for the
TEEM-PI, thus eliminating motor reactivation. The Myps re-
sponses of the TEEM-PI and TEEM-MPCs at ~90s suggest the
washout filter is an advantageous alternative to detection logic.
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This is because fan speed oscillations do not trigger false transient
identification, thus avoiding an undesired motor response.

5. CONCLUSIONS

This paper presented two applications of MPC to the TEEM
control problem for hybrid-electric propulsion systems. Both ap-
proaches addressed set-point tracking, operating limits, and EM
constraints within their cost functions, removing the need for ad-
ditional control logic or schedules to account for various limiting
conditions. By applying a constant-hold technique to handle con-
trol inputs, the MPCs were able to employ a full, linear state space
model to thoroughly accommodate subsystem interactions. Ad-
ditionally, a washout filter was used in the MPC design to penalize
continuous use of the EMs. This allowed the MPCs to mimic the
functionality of the transient on/off logic in the traditional closed-
loop PI without an indicator function. Case studies highlighted
that the MPCs increase minimum stall margin and reduce TEI and
TSU to similar levels as the PI with and without the application
of TEEM. While the TEI pattern seemed challenged in the Cruise
case study, further analysis of the compressor maps revealed the
MPCs achieved the desired transient operability outcome despite
an increase in this metric. More significantly, results also high-
lighted that the washout filter was an effective replacement for
transient detection logic, able to successfully activate and deac-
tivate the motors in accordance with system transients and avoid
false transient activation. Potential directions for future work
include adding the VBV and VAFN as MPC control variables,
incorporating energy storage components, testing other TEEM
configurations, and executing hardware-in-the-loop testing.
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