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As aviation industry moves towards More Electric Aircraft technologies, electrification
of non-propulsive loads is becoming more common. Moreover, new designs for electrified
propulsive systems have been proposed in the literature, drawing attention from the aviation
sector. Amidst the proposed topologies, turboelectric architectures present a set of benefits,
becoming attractive for more electric powertrains. Given this context, this paper presents
Modelica as the means for developing models to assess the dynamic performance for the
different possible turboelectric architectures that can be adopted by industry in the next few
years. Individual components have their mathematical models presented along with their
respective Modelica implementation. Two different possible architectures are assembled using
the Modelica models and their dynamic performances over a 400-second sample flight mission
are assessed. The dynamic simulations provide insights for choosing system’s parameters,
controllers’ design and system sizing.

I. Nomenclature

MEA = More Electric Aircraft

EAP = Electrified Aircraft Propulsion

BLI = Boundary Layer Injection

PMSG = Permanent Magnet Synchronous Generator
FCSG = Field Controlled Synchronous Generator
PMSM = Permanent Magnet Synchronous Motor
AC = Alternating Current

DC = Direct Current

MSL = Modelica Standard Library

vsC = Voltage Source Converter

CSD = Constant Speed Drive
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VSI = Voltage Source Inverter

rpm = Rotations Per Minute

IGBT = Insulated-Gate Bipolar Transistor
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I1. Introduction

A. Background

NCREASING growth in global environmental concerns has made it evident that substantial cuts in Greenhouse Gas
Iemissions from the transportation sector are needed. In this context, the aviation industry, a contributor of roughly
2.1% of total human-induced CO2 emissions, has continuously developed advanced energy-efficient solutions to
diminish its environmental impact. In fact, important progress has been made during the past decades to move towards
More Electric Aircraft (MEA) designs [[1].

The main goal of moving into MEAs is to transform any non-propulsive load in an airplane to be fed by the electrical
power system of the aircraft. Increasing aircraft electrification is envisioned to bring in benefits such as higher efficiency,
controllability and reconfigurability to the aircraft’s components, while facilitating maintenance procedures [2]. This set
of advantages is easily translated into economic benefits.

In addition to electrification of non-propulsive loads, different architectures for Electrified Aircraft Propulsion (EAP)
systems have been proposed in the literature [3, 4]. Among the different proposed propulsion systems turboelectric
architectures have been drawing attention due to many factors. When alone, turboelectric propulsion systems are less
efficient than conventional configurations. However, they can be combined with Boundary Layer Ingestion (BLI) and
distributed propulsion systems in order to create highly energy efficient configurations [3]].

In the BLI design the jet and wake are located in the same axis, resulting in less noise and drag and, consequently,
increasing the aircraft’s energy efficiency [4]. Hence, a turboelectric architecture strikes a nice balance between fuel
burn reduction, power/energy density, and technological readiness level, hence becoming the most attractive topology
for more electric powertrains in the short term[6].

A potential turboelectric propulsion system configuration of an MEA is depicted in Figure [I] Note that the
structure allows for the generator to be indirectly connected to the motor, meaning that the two AC systems have certain
independent controls and resulting in increased operation flexibility overall. However, there are plenty different ways to
assemble the AC/DC/AC system, depending on many aspects of the AC/DC/AC system.
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Fig. 1 General architecture example for a full turboelectric propulsion system.

At the component level, for example, different types of components can be integrated to fulfill the functionality
of the electric propulsion branch: delivering electric propulsive power. For instance, AC power sources, such as a
Field Controlled Synchronous Generator (FCSG) or a Permanent Magnet Synchronous Generator (PMSG), can be
used as a generation unit. At the load side, synchronous reluctance machine, induction machine, or Permanent Magnet
Synchronous Motor (PMSM), etc. can be used. In this study, the electric motor is always considered to be the PMSM,
due to its higher efficiency and power density if compared to other alternatives such as induction motors [[1].

At the system level, the turboelectric architecture herein allows the generator to be indirectly connected to the
motor through controllable power electronics. However, there are other alternatives to assemble the AC-to-DC-to-AC
system depending on the type of power electronics used to perform AC/DC and DC/AC conversions. By investigating
different design options, guidelines to inform the system integration process could be established, helping engineers in
the design process of turboelectric propulsion systems. The turboelectric architecture depicted on Figure|[T] although
seemingly simple, offers a variety of design options. The goal of this paper is to explore specific design options within



the architecture and understanding their pros and cons. The different configurations together with some parameter values
were determined in a 0-D sizing procedure that is not detailed in this paper and will be subject of a future publication.

In the model-based design paradigm, the dynamics of Electric Power System (EPS) are modeled and simulated
for assessment of both steady state and transient behavior, and Modelica solutions are one of the main alternatives for
the modeling and simulation of MEA’s EPS [1}7]. Modelica is an acasual equation-based object-oriented language
that allows the representation of dynamic systems without requiring modelers to specify the direction for the flow of
computation, i.e. equations do not describe assignment statements (i.e. causality) but equality. The model, which
is decoupled from the simulation tool, is analyzed by the software’s transpiler, automatically generating C code that
discretizes the model with a numerical solver selected by the user, compiled and then executed by the computer [8]]. The
resultant causalized model has a relatively small amount of algebraic loops, allowing the systems to be simulated more
efficiently.

The advantages of Modelica and tools that support it make it ideal to study the different turboelectric propulsion
architectures in this paper. The component models that are used to assemble the different turboelectric architectures
are especially developed for this task. In addition, because EPS involves multiple time scales, which leads to heavy
computation in simulation validation, special care should be exerted during the development of system model and the
selection of simulation platform. In this study, the dg—frame modeling approach is adopted for simulation efficiency [2].

B. Goals and Objectives
Given this context, the present study serves a three-fold purpose:
1) to develop Modelica models and simulation packages to facilitate the analysis of turboelectric propulsion systems;
2) to assess the dynamic performance, also known as 1-D assessment, of different turboelectric propulsion
architectures using the developed Modelica models; and
3) toassess Modelica as a tool for analyzing different turboelectric architectures while presenting the implementation
of the component models.

C. Paper Organization

The remainder of this paper is organized as follows: Sections [l and [[V] present the mathematical formulation and
Modelica implementation of the different models representing machines and power electronic converters, respectively,
which are used to compose the studied turboelectric architectures. Section[V]presents the control strategies that are
used in the different systems assessed. Section|[VI|presents the modeling of the flight mission as a load curve to the
studied turboelectric propulsion system. Section [VII|depicts the different studied systems which are implemented in a
digital simulation environment, while Section [VIII| present relevant simulation results. Final discussion and concluding
remarks are presented in Section [IX]

II1. Modeling and Implementation of Electrical Machines
In this section, the mathematical models in dg—frame are described for the electromechanical components that are
needed for assembling the different architectures that are assessed in this paper. They are used to represent the electrical
generator and motor that are part of the turboelectric architecture as shown in Figure[I] In addition to the specific set of
differential equations that govern their dynamic behavior, the Modelica implementation is also shown.

A. Permanent Magnet Synchronous Motor
The terminal voltages v 440 in the Park reference frame for a surface-mounted PMSM are described in below [2]:

d
Va = Rsig —wedg + d—/ld,

vy =Rsig+weda+ E/lq’ (1

v = Rsipg + — Ao,

0 sto+ —2Ao
where R, represents the winding resistance, w, = 27 f, is the electrical angular speed, i440 are the dg0—currents flowing
into the machine, and 1440 are the flux linkages for dg0—axes, which are defined by Equation (2). Note that a variable
written as x40 represents a vector with three variables, [x4,xq, x| Whereas x4q is a vector with two variables |x4, x4].



Observe that mechanical speed and the electrical speed are proportional as in w, = pw,,, where w,, is the mechanical
speed and p is the number of pole pairs of the machine. Meanwhile, the flux linkages can be determined from

Adg = Lma+Lig)ig+ A, = Laig+ A,
Ag = (Limg + Lis) iqg = Lyig, 2
Ao = Lisip = Lo,

where A, is the magnetic flux coming from the permanent magnet, L,, 44 are the dg—axes magnetizing inductance
values and L; are the leakage inductance. In addition to that, the balance between electrical and mechanical torques is
defined by

J%wm =T, -Tp = %p [Amiq + (La = Lg)iaiq] - Tt 3)
where J is the total moment of inertia of the motor, 7, is the electrical torque, and 77, is the mechanical load torque. The
Modelica model of the PMSM can be separated into two parts: the electrical and the mechanical. The former can be
declared in form of equations as shown below. It is important to note that variables v_d, v_g, v_0 and ground are
physical ports representing the electrical nodes. For each node x, it should be possible to measure two properties, x. v
and x.1, representing voltage and current, respectively.

Listing 1 Modelica equations for the electrical part of the PMSM model.

equation

vd = v_d.v - ground.v "Measuring d-voltage";

vqg = v_q.v - ground.v "Measuring g-voltage";

vl = v_0.v - ground.v "Measuring 0O-voltage";

iq = v_q.i "Measuring g-current";

id = v_d.i "Measuring d-current";

i®@ = v_0.i "Measuring O-current";

ground.i = v_q.i + v_d.i + v_0.i "Connecting ground current";

vd = Rs*id - p*measured.w*Lambda_q + der(Lambda_d) "d-voltage equation";
vqg = Rs*iq + p*measured.w*Lambda_d + der(Lambda_q) "g-voltage equation";
v0 = Rs*i® + der(Lambda_0) "O-voltage equation";

Lambda_d = Ld*id + Lambda_m "d-flux linkage equation";

Lambda_q Lg*iq "g-flux linkage equation";

Lambda_0 = LO*i0® "O-flux linkage equation";

Te = (3/2)*p*(Lambda_m*iq + (Ld - Lqg)*id*iq) "Electrical torque";

The mechanical equations can be declared in the PMSM model by the use of rotational mechanical components
from the Modelica Standard Library (MSL). The electrical torque 7, acts in a rotational body with the motor’s moment
of inertia as it is shown in Figure[2} The connector named Flange A can then be connected to another mechanical device
that will produce the torque on the opposing direction, such as the Fan depicted in Figure|[T]
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Fig. 2 Modelica diagram for the mechanical equations of a PMSM.



B. Permanent Magnet Synchronous Generator

The PMSG has a similar structure if compared to the PMSM. In fact, if the currents are considered to be entering the
generator’s terminal, then (I)) are the same in PMSG equations. The difference is that a generator takes the energy from
the shaft and transforms it into electrical energy. This energy flow results in the following electromechanical swing
equation

g49om g g 7, 3P (Agia — Aaiy) 4)
dt 2

where T is the torque applied in the shaft by the generator’s primary mover, such as turbofan engine. Therefore, the
Modelica model representing the electrical circuit is the same as the one shown in Listing[T] and the only difference
between the PMSG and the PMSM would be the implementation of the swing equation, resulting in a slightly different
diagram as the one shown in Figure 2] In fact, in the generator, instead of Te one would find -Te.

C. Field Controlled Synchronous Generator

The most common type of synchronous generator is one where the magnetic field is generated by the rotor’s field
winding that is powered by an external DC source (e.g. a rectifier). FCSG allows the magnetic excitation to be controlled.
The simplified circuits for both d and g axes, with their respective damping windings, can be drawn as shown in Figure
[3][2]. Note that the field circuit appears on the left-hand side of the d-axis circuit and, by controlling that voltage source,
the current i allows control over an excitation flux, enabling the regulation of terminal voltage v4, by control of d-axis
component of voltage.
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Fig.3 Diagram representation for the dg-axis’ electrical circuits of the FCSG model that is used in this study.

From Figure 3] if the d-axis circuit is divided into two loops it is possible to derive the differential set of equations
as follows

. d. d ... .
Vf =rflf+Lf—lf+Lde(ld+lf+lkd),

dt
Ag+rgig+ L d‘+L d('+' ) 5)
v =-w sl —1i — (I lkd)>
d elqg std ddt d mddl f kd
. d. d.
Vg T Wedg +Tsig+ anzq + Lmdalkd'

where L, = Lig + Lyyg and Ly = Lis + L,q. Meanwhile, the fluxes are determined by

(6)

Ag =Lgiq+ Lpna(iy +ika),
Ag = Lgig + Lingirg.

In addition to the circuit equations, the swing equation for the FCSG model is the same as the one shown in Equation
(). The only difference would be the fluxes A4 and A, that are calculated differently depending on the generator model
being analyzed. In order to show the versatility of the Modelica language, the FCSG model representation is built using
the electrical components available in the Modelica Standard Library (MSL), as depicted in Figure ] Complementing
the diagram in describing the FCSG model, it is also useful to present the equations that are written in the Text layer of



the model. As one can see in Listing[2} the electrical torque as well as the electromagnetic fluxes are all calculated in
that layer of the model.

Listing 2 Modelica equations for the FCSG model.
equation
v_0.v = 0 "voltage in 0-sequence"”;
we = p * measured.w "electrical frequency";

iq = v_q.i "Measuring g-current";
id = v_d.i "Measuring d-current";
ikqg = -damp_Lkq.i "Measuring damping g-current';
ikd = -damp_Lkd.i "Measuring damping d-current";

ifd = Efd_p.i "Measuring ifd current";

lambdaQ = Lg * iq + Lmq * ikq "Induced g-axis magnetic flux";

lambdaD = Ld * id + Lmd * (ifd + ikd) "Induced d-axis magnetic flux";
emf_g = lambdaQ * we "Induced g-axis volage";

emf_d = lambdaD * we "Induced d-axis volage";

Te =3 / 2 * p * (lambdaQ * id - lambdaD * iq) "Electrical torque";
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Fig. 4 Modelica diagram for the FCSG with damping windings.

IV. Modeling and Implementation of Power Electronic Converters
In this section, the Power Electronic Converters (PECs) that are used to interface the AC and DC systems are
presented together with their mathematical model and their respective Modelica implementation. Two converters are
modeled herein, the Voltage-Sourced Converter (VSC) and the 6-pulse diode bridge. The former can act as both rectifier



and inverter, while the latter can only be used as a three-phase rectifier. In addition, since all the machines are modeled
in the dg-frame, and control strategies for the converters can be more easily implemented when in the dg—frame [9], the
converters in this study are also modeled in that reference frame.

A. Voltage-Sourced Converters

One common architecture of a VSC is the two-level converter, which is composed of three half-bridge converters,
one for each phase [9]]. The converter’s switching device is a full-controllable bi-directional cell composed of an IGBT
connected in anti-parallel with a diode [9]. The full-switching model of a three-phase VSC can be averaged and then
converted to the dg—frame by Clarke-Park transformation, yielding Equations [9l], which describes the relationship
among the converter’s terminal voltages, the DC current, and the modulation indices. If the converter is connected using
the full-bridge architecture, i.e. there is no mid-point access in the DC bus, equations are slightly different and VDTC
would be replaced by Ypc

e
V() = 2Cmy (),
vra() =22 ma(0), )
Ipc(t) = e (vT.qiq + VT aia) = —% (mgiq +maia) .

where vr 44, maq and ig, are the converter’s terminal phase voltages, modulation indices and terminal phase currents
in dg coordinates, respectively. Moreover, Vpc and Ip¢ are the DC bus voltage and current respectively. Using all
these equations and assuming vy o = 0, it is possible to draw an implementation in Modelica that resembles Figure 3}
The heat port shown in red can be used to interface the converter’s heat flow with a thermal management system.
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(a) Diagram representing a three-phase VSC. (b) Averaged implementation of the dg VSC in Modelica.

Fig. 5 A comparison between the three-phase VSC diagram in abc-frame and its dg-frame implementation in
Modelica

Because of the full controllability feature of this converter it can be used with permanent magnet machines in order
to allow for the regulation of important variables. When performing DC-to-AC conversion, this converter can be use to
control the electric motor’s torque and speed, for example. On the other hand, when performing AC-to-DC conversion,
this converter can be used with the PMSG, regulating the reactive power on the generator at the same time that DC bus
voltage level is controlled.

B. Six-Pulse Diode Bridge Rectifier
The six-pulse bridge, when assembled using diodes as its building blocks, is an uncontrollable rectifier, meaning
that its output DC bus voltage is a direct consequence of the voltage waves’ amplitude on its AC terminal. This is due to



the fact that the diode is an uncontrollable semiconductor device, meaning that the current flowing through it, ip and
the voltage over it, v 4, cannot be controlled by an external device. In fact, these two variables have their behavior
completely determined by the polarity of its current and voltage [[10].

Given this fact, the relationship between AC voltage amplitude and the DC bus voltage output can be simplified
to a simple gain constant. Since the AC terminal is modeled using dg-frame coordinates and assuming that a
invariant-amplitude Park transformation is used [9], then it is possible to write Equation @) [1]):

3vV3
Voe = 2V 2z, ®)
T

where v 4, are the dg-frame components of the voltage waves in the rectifier’s AC terminal. Moreover, the AC currents
resulting from this transformation would be in-phase with respective AC voltages, meaning that the Park reference-frame
transformation angle, 64, used in voltage variables would also be used in the current variable. In addition, it is
necessary to find the peak wave amplitude, in order to calculate the resulting dg-frame values for the current. This is
done by simple multiplication as shown in Equation () [T1].

2V3
ig= T\/_IDC sin 644,

2V3
ig= iIDC co8byy-
n

©))

where Ipc is the magnitude of the stationary current flowing in the DC terminal of the converter. This set of equations
can be implemented in Modelica following what is shown on Listing 3]

Listing 3 Modelica equations for the a Park frame six-pulse diode bridge rectifier.

equation
vqg = v_q.v - v_0.v "measuring g-axis voltage";
vd = v_d.v - v_0.v "measuring d-axis voltage";
Vdc = dc_p.v - dc_n.v "measuring dc-bus voltage";
dc_n.v = 0 "setting voltage reference";

vdg = sqrt(vd » 2 + vqg *» 2) "voltage magnitude";
theta = asin(vd/vdq) "Park frame transformation angle";
Idc = dc_p.i "measuring dc-bus current";

iq = v_q.i "stating g-axis current";
id = v_d.i "stating d-axis current";
i®@ = v_0.i "stating 0O-axis current";

Vdc = 3*sqrt(3)/Modelica.Constants.pi*vdgq "calculating vdc";

id = -sqrt(3)*2/(Modelica.Constants.pi)*sin(theta)*Idc "d-axis current";
ig = -sqrt(3)*2/(Modelica.Constants.pi)*cos(theta)*Idc "d-axis current";
i@ = 0 "0O-axis current";

Because this converter is not controllable, it means that the voltage regulation on its DC terminal can be indirectly
controlled by the AC terminal’s voltage amplitude. Therefore, if a constant DC-bus voltage is desirable, the six-pulse
diode bridge should be associated with FCSG, which should have its own terminal voltage regulation. Then, this
excitation system can be used control the DC bus voltage.

V. Modeling and Implementation of Controllers

A. Motor Control

A VSC is connected to the PMSM in order to control its speed. Considering that the PMSM is surface-mounted, i.e.
Lg = Ly = L, and considering that all states can be properly measured or estimated, it is possible to use a state feedback
law for control. The controller’s inputs of this model are the modulation indices of the VSC actuating as an inverter and
are defined as in Equation (T0).

K . . . .
my = W [Rszd —Lpwmiq — KaL(ia - Id)] ,
(10)
mg = [Rig + Lpwmia + pwmdm — KqL(ig — I,)] .
DC



where K, is the control gain in dq coordinates, I;q is the reference current for dg—axes and k = 2 if the converter is

half-bridge or x = V3 if the converter is full-bridge. Furthermore, if Equation (TO) is replaced in (7) and the terminal
of the VSC is connected to the PMSM’s terminal, that is, vr 44 = Va4, it is possible to simplify the motor’s dynamic
equations into the set presented in Equation (LT).

di

4= Kalia - 15,

ng (11)
E Z—Kq(l'q—lz;).

Note that K; and K, became the eigenvalues for iy and i , respectively. In addition, if 27, T; and wy, are the nominal
values for the d—axis magnetic flux, load torque and mechanical speed, respectively, it is possible to write that

A=A
I = dTm’ (12)
I’ = 2 |7} = KowpJ (0m —w;,)] - (13)
q 3p/lm L m

If K4 is appropriately larger than K, the g—axis controller is able to track the reference value I such that 7, ~ 77 .
Hence, it is possible to consider that the swing equation for the controlled model becomes (I4). Therefore, all three
states from the PMSM can be controlled via the the terminal voltages of the inverter.

d 3/1m % TL *
Ewm = qu - E =Ko (wm - wm) : (14)
The value for the gains used in this study are K; = K; = 100 while K, = 10. Meaning that the current control loop is
set to be approximately 10 times faster than the speed control loop.

B. DC-Bus Voltage Control via Voltage-Sourced Rectifier

If a VSC is used to perform the interface between a PMSG and the DC bus, the converter is connected to the
permanent magnet machine through a filter. This filter is, usually, an LCL filter but, if the capacitor is selected adequately,
its dynamic behavior can be approximated to an RL branch [9]]. Given this approximation, considering that reference
currents flow out of VSC terminals, and that the system is in dg—frame, it is possible to write that [9} [12]]:

. diq .
VT,q — Vs,q = Rig + L— + Lwig,
3 1)
VT.d — Vs,d = Rig + LE - La)iq,

where vy g4, Vs 4 are the voltages of the PMSG, R is the resistance and L is the inductance of the RL filter. If the reference
currents flow from the PMSG into the VSC terminals, then the dynamics are given by

Ldiq Ri. — Lei

— =—Rig — Lwig+Vs 4 — VT g,

do . "
LE =—Rig+ Lwig+Vvsq—VT.,a-

As far as the control design is concerned, assume that all signals involved in the equation, i.e. iy, iy, Va,s, Vg,s, @,
are measured or estimated. Then, the VSC’s terminal voltages can be designed to regulate i to i;, and i, to i(*{. In fact,
letting the terminal voltages be given by

VT q :—Riq —Lwid+vs,q+KqL(iq —I:;), (17)
vr.a=—Rig+Lwig+vsag+KqL(ig - 12),
then, Equations (T6)) can be re-written as
dig , . . . .
L? =—Rigz — Lwig+vs 4 — [—th —Lwig+vs g +KyL(iy - Ij;)] ,
; (18)
L% = —Rig + Lwig +vs.q — [~Rig + Lwig + vs a + KqL(iq = I3)] ,



which, similar to Equation (TT)), can be further simplified into

di S
4= Kalia - 1),
& (19)
E = —Kq(iq - I;;)

Meanwhile, the modulation corresponding to the terminal voltages in Equation (17)) are given by

_ VTgq

m KVT’d (20)
d=Kg—
Vbce

Reference currents /;; and I, can be calculated in an outer dynamic loop that can be designed for the control of
voltage magnitude and DC capacitor voltage. In this system, consider that no control over the AC terminal voltage of the
PMSG is applied, hence, IZ = 0. In addition, the g-axis current reference can be calculated for controlling the DC bus
voltage by using

2
I = 3—K [Inc —= KvCpc (vpe = Vi)l - @D
mg

This last equation can be used by the outer loop to control the DC link voltage if some conditions are met. For
example, the speed of the current loop should be much faster than the time constant governing the DC voltage dynamics.
Hence, if K, K4 >> K, it is possible to write the following dynamics for the capacitor voltage

d 3mgiqy  3myiy 3mgly
Cpc— =———-——+Ipc=- +Ipc,
DC dtVDC P P DC DC
3mg 2k
=———|Ipc -K,C -V; +Ipc, 22
2 3m, [Ipc pe (vpe = Vie)| +Ince (22)
which would result in the first order dynamics presented in Equation @3).
d *
EVDC = _KV (VDC - VDC) . (23)

For this control system, K; = K, = 250 while K,, = 50, meaning that the current control loop is set to be
approximately 5 times faster the DC bus control loop.

C. FCSG Terminal Voltage Control

The terminal voltage control of the FCSG is carried out by controlling the current that flows through the excitation
field [[13]]. This is done indirectly, by controlling the voltage over the field circuit. In this study, the terminal voltage is
compared to a reference value, that should be calculated in a way it ensures that the DC voltage output of the six-pulse
diode bridge is kept constant in the desired value for a normal operation of the entire turboelectric system.

The basic dynamics behind the terminal voltage regulation are shown in the diagram depicted in Figure[6a] There,
the reference terminal voltage is calculated via a simple gain applied to the DC bus voltage reference value. The resulting
voltage is then compared with the measured machine’s terminal voltage, and the error is applied to the regulator’s
control system. The resulting field voltage is the input to the field circuit that has the field current as output, affecting
the terminal voltage through the generator equations [[13|[14]. The excitation system highlighted in green in Figure [6a]
can be represented, for example, as a simplification of the IEEE Type ST2A [15] without the load compensation branch
or the inductance saturation effects. This system represents a static excitation system with a PEC that directly acts on the
excitation field [[13]]. This excitation system is often employed in generators with large power ratings that need to comply
with standard metrics for performance [16]. Hence, the system can represented by the diagram presented in Figure [6b]

The control system is implemented in Modelica using the diagram layer shown in Figure[/| Note that comparing the
Modelica implementation and the diagrams displayed in Figure[6] there is one additional component that contributes to
the variable e, representing the error between the reference and measured values. This is due to the fact that exciters
usually work with an amplification of the error, meaning that, in steady state, vy = Ilg—ge. Although K4 is usually very

10
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Fig. 6 Excitation effect over the terminal voltage of the FCSG and its control system diagram.
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Fig.7 Modelica implemntation of the excitation control system for the FCSG.

<]

large, meaning that the error is indeed very small, some additional component compensates for such steady state error,
making it zero during initial conditions. Another important observation that should be made is that excitation systems
are often tuned using per unit values and, therefore, it is necessary to divide by the voltage base before the input e and
then multiply by it after v ¢ .

In this study, the parameters used in terminal voltage control for the FCSG are summarized in Table|T]

VI. Flight Mission Profile Modeling
The flight mission profile is implemented in this study by the use of reference curves for speed, in the turbine side,
and for speed and torque at the fan’s side. The profile considers an example flight mission of 400 seconds and the
reference curves are shown in Figure|[§]
First, let us look at the turbine side, i.e. the dark solid curve in Figure[8| At = 0 s., the generator is assumed to be
spinning at its lowest nominal value of 5400 rpm or 360 Hz in the electrical frequency. At ¢t = 2 s., the turbine is set to
increase its speed, leading the electrical generator to increase its frequency to 800 Hz as in preparation for take-off. This
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Table 1 Synchronous Generator Excitation System Parameters

Parameter Description Value Unit
Tm Measurement time constant 0.5 ms
Ka Regulator gain 200 V/V
Ta Regulator time constant 0.02 s
Ky Stabilizer compensator derivative gain  0.001 s
Ty Stabilizer compensator time constant 0.82 s
K. Exciter constant 1 vV
T. Exciter time constant 0.021 s

= Generator Speed [rad/s]
1600+ == = \otor Speed [rad/s]
] m Fan Tongue [Nm)
1200 T
800+
400+
o
T T T T T T T T T T T T T T T T T T T
0 40 80 120 160 200 240 280 320 360 400
Time [s]

Fig. 8 Flight mission load profile for the electrical motor in terms of torque and speed, and for the electrical
generator in terms of speed.

ramp-up procedure takes 13 seconds. After that, the generator’s speed is maintained constant until # = 375 s. After the
flight mission is completed, the generator’s speed reference decreases to 5400 rpm, taking 13 s., and remaining at that
value until the end of the simulation.

Now, looking at the fan side, there are two different curves, speed and torque in Figure[8] The curve in dashed blue
is the motor’s speed reference and it starts to increase at ¢ = 20 seconds until it reaches the nominal speed of 5400 rpm.
This process takes 14 s. and is used to represent the take-off. After that, during climb and cruise, the speed is maintained
constant at 5400 rpm. Finally, at # = 330 s., the descent and landing part begins and the speed is reduced until it reaches
0, at = 380 seconds. The fan torque curve, in solid red, also starts increasing at ¢ = 20 s. until it reaches its maximum
value of 1035 Nm, representing the take-off and taking 14 s. For the climb period, the torque remains at its maximum
value for 40 s. After that, the torque diminishes until it reaches 65% of its maximum value, which is the torque needed
for cruise. It remains at this value for 240 s., until it reaches ¢ = 330 seconds, when the descent and landing part begins,
reducing the torque to zero and taking 50 s.

VIL. Studied Turboelectric Architectures

Two different examples of turboelectric systems are analyzed in this paper and their differences arise from the
distinctive adoption of “Electrical Generator” and “AC/DC Converter”, from Figure[I] The turbine and the fan (load)
are all represented by sources of torque in Modelica, being directly influenced by the flight mission profile described in
the previous section. However, it is important to notice that the developed models allow these torque sources to be
replaced by detailed models of actual aircraft engines [17]. In all four cases, the generator is assumed to be connected to
the turbine via a gearbox with a fixed ratio, instead of a Constant Speed Drive (CSD), to reduce the complexity of the
mechanical system, following the practice adopted in the latest aircraft models like the Boeing 787 and the Airbus 380
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[18]. Therefore, in all four cases, the generator operates under a Variable Speed Variable Frequency (VSVF) regime,
meaning that the system’s frequency changes proportionally to the engine’s speed [1].

A. DC Link, Inverter and Motor

This sub-system is similar in both studied architectures and, therefore, it is described first. The DC link is composed
by a capacitor with C = 47 uF and a resistor rpc = 10 mQ used to represent cable thermal losses. The voltage value
over the DC capacitor is different in each architecture depending on the adopted AC/DC converters and therefore, it
will be specified in their own dedicated subsections. The VSI uses the control system and the parameters described in
Subsection|[V-A]and the parameters for the PMSM used in both architectures are described in Table 2}

Table 2 Permanent Magnet Synchronous Motor Parameters.

Parameter Description Value Unit
s Stator resistance 0.051 Q
L, Quadrature axis inductance 0.5 mH
Ly Direct axis inductance 0.5 mH
Ly Zero axis inductance 0.5 mH
Am Permanent magnet flux 0.46 Wb
Im Motor’s moment of inertia 2.88 Kg-m?
Wy Nominal speed 360 — 800 Hz
p Number of pairs of poles 4 —

B. Studied Architecture 1: PMSG and VSC

The first configuration has a PMSG as its electrical generator and a VSC acting as a rectifier. The reason behind this
choice lies in the fact that PMSG has high efficiency and power density, therefore becoming advantageous to consider
in such turboelectric architectures [, [19]. The VSC is chosen due to its capability for DC bus voltage control by
regulation of the modulation indices, as shown in Subsection|[V.B] These two components are interconnected via an
RL filter, used to smooth the currents into almost-sinusoidal waves and, therefore, avoid jeopardizing the generator’s
expected performance due to harmonics. The Modelica diagram for this configuration is presented in Figure[0] where
the electrical system together with its controllers and torque sources are all represented.
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DC bus Control Motor Contro

—
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I i ~ I i |
I ! !
o feedl || ~d — _hed L
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ground b— DirGain
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f W

K=generator p

Fig. 9 Modelica implementation of the studied turboelectric systems with PMSG and VSC as rectifier.

The RL filter that is used to interface the PMSG and the VSC acting as a rectifier has resistance r = 0.1 mQ and
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inductor L = 0.1 mH. Besides that, the voltage over the DC link capacitor is 6 kV, which is much higher than the
current practices. However, these values were chosen to accommodate a much higher power demand. This may be
necessary in future turboelectric architectures to take advantage of higher efficiency at high power levels [6} 20, 21]]. The
VSC is connected in a full-bridge topology (i.e. k = V3) and is controlled using the strategy presented in Subsection
[VB] using the K4 = K, = 250 and K, = 50. The PMSG parameters are summarized in Table 3]

Table3 Permanent Magnet Synchronous Generator Parameters

Parameter Description Value Unit
Ry Stator resistance 0.076 Q
L, Quadrature axis inductance 0.8 mH
Ly Direct axis inductance 0.8 mH
Ly Zero axis inductance 0.8 mH
Am Permanent magnet flux 0.56 Wb
JG Generator’s moment of inertia 2.68 Kg-m?
Wy Nominal speed 360 — 800 Hz
p Number of pairs of poles 4 —

C. Studied Architecture 2: FCSG and Diode Bridge

In the second architecture, the PMSG is replaced by the FCSG, which has its field current being controlled in order
to guarantee that the terminal voltage is kept at its nominal value. Therefore, the FCSG is composed by a three stage
machine [2] and the field current control system. Because the terminal voltage is controlled, the DC voltage is not
expected to present large variations when a 6-pulse diode bridge is used as a rectifier. The diagram for this architecture
is presented in Figure @ Note that, in this case, because the diode rectifier is used, the nominal voltage for the DC bus
is 3kV.

Motor Control

Diode

—
~POLL R — - === Rectifier
urDin e iy !

I
|

I

Turbine I -
I "1 . D]
Euclt‘o_rw 5_ :_T i Cure.. : {;.+E |
I ~=="
- T g |
| fixedl :

Permanent Magnet
DirGain Synchronous Generato

Field Controlled
Synchronous Generator

n

Fig. 10 Modelica implementation of the studied turboelectric systems with FCSG and diode bridge as rectifier.

The terminal voltage control is performed using the circuits and the parameters present in Subsection [V.C] The
parameters for the FCSG are summarized on Table 4]

VIII. Simulation Results
The simulation results presented in this section correspond to a 400—second simulation in Dymola®2021x running
on a Ubuntu 20.04 machine with an Intel i7 processor with 8 cores @ 2.9 MHz and 16 GB of RAM. Simulation is done
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Table 4 Field Controlled Synchronous Generator Parameters

Parameter Description Value Unit
ry Field circuit resistance 0.076 Q
Ly Field circuit inductance 45 mH

s Stator resistance 0.076 Q
Ly Stator inductance 0.3 mH
Ly Quadrature axis magnetizing inductance 0.5 mH
Lya Direct axis magnetizing inductance 0.5 mH
T'kdg D and Q axes damping resistance 0.5 mQ
Liaq D and Q axes damping inductance 0.15 mH
Je Generator’s moment of inertia 2.68 Kg-m?
Wy Nominal speed 360 — 800 Hz
Vi Generator’s terminal voltage (nominal) 2220 \%4
p Number of pairs of poles 4 -

using the variable time-step DASSL solver [22]], with tolerance equal to 10~ and displaying 50 thousand points for
each output curve. Architecture 1 has 565 DAE equations and unknowns and its simulation took 7.81 seconds, while
Architecture 2 is compiled with 518 DAE unknowns and equations and it took 2.23 seconds to simulate. This is because
the latter allows larger time steps during simulation, accelerating the numerical solution procedure.

A. Architecture 1:PMSG and VSC
The results for the variables related to the PMSG are depicted in Figure[[T} Note that, since the control acting on the
VSC aims to keep the d—axis current equal to zero and the DC-link voltage constant, the generator’s terminal voltage,

ie. 4 ,"31 + vfl, actually increases when the generator’s speed increases. Recall that there is no excitation field control in
a permanent-magnet-type machine. The lack of control for the generator’s terminal voltage makes it difficult for other
devices to be connected in the AC bus close to the generator, however, note that adequate reference values for d—axis
current could ensure the generator’s terminal voltage to be constant.
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— = - g-axis d-axis
1 —— d-axis 4004 — — - g-axis
S 3000 —— z L
@ AN Sy A A i A \ 2 a0 -=n
g ! | g : \
o 2000 3 I ]
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5 1000 $ 1004 I \
=4 e 1 1Y
@ [} h N
04
. T . T . T . -100 . . . : . T .
0 100 200 300 400 0 100 200 300 400
Time [s] Time [s]
(a) Terminal voltages on PMSG. (b) Terminal currents on PMSG.

Fig. 11 Resulting PMSG terminal dg—frame currents and voltages.

The DC bus voltage is controlled by the g—axis current from the VSI and, as it is presented in Figure [[24] this task
can be properly performed during the simulated flight mission. Note that the DC bus voltage varies less than 1% during
the entire simulation. In addition, the motor currents are depicted in Figure[I2b|and it is possible to note similarities
between g—axis currents from Figure [ITbl This is because both AC systems are coupled in terms of active power,
which could be controlled by g—axis current. However, the different behavior observed on d—axis current shows the
decoupling between the two AC systems allowed by the AC/DC/AC configuration of the turboelectric architecture
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studied here.
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Fig. 12 DC bus voltage and terminal currents of PMSM for Architecture 1.

B. Architecture 2: FCSG and Diode Bridge

The results for the FCSG variables are presented in Figure @ Note that, in this case, the d—axis current is not
controlled to be zero and, therefore, it varies differently from what is presented in Figure[TTb] Note also that the voltage
over the field circuit varies in order to keep the generator’s terminal voltage constant throughout the flight mission,
therefore, while changing the DC bus voltage to provide the require terminal voltage.
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(a) Field circuit voltage on FCSG.
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(b) Terminal currents on FCSG.

Resulting FCSG field circuit voltage and terminal dg—frame currents.

400

The DC-bus voltage resulting from the simulation of the second architecture is presented in Figure[T4al Note that
the voltage varies ~ 4% in the worst case scenario and, therefore, the terminal voltage control can be considered to
be successful. Note also that the dynamic response depicted here is slower than the dynamic response observed in
Figure[I2a] This is because the FCSG regulates the DC bus voltage through a terminal voltage controller acting on its
field winding, while the on the PMSG case, this control is executed by an IGBT-based power electronic converter. It
is also important to highlight that different controllers can be additionally designed in order to improve this dynamic
performance. The motor currents for this architecture are depicted in Figure[I4bland it is possible to note that they are
very similar to the results presented in Figure[I2b] showing once again that, if variables are properly controlled, the
performance of one side of the architecture does not affect the other. In this case, it is shown how the motor performance
is almost independent from the type of generator and its controller as long as the DC bus voltage is properly controlled.

IX. Conclusion
This paper provides the dynamical models of various electrical devices, from synchronous machines to power
electronic converters, in dg—frame, along with different controllers that are used to regulate these devices” dynamic
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Fig. 14 DC bus voltage and terminal currents for permanent magnet motor for Architecture 2.

behavior and their implementation in the Modelica language. The choice for the dg—frame allows fast dynamic
simulation and analysis of relatively complex turboelectric propulsion architectures to be made. In addition, other
simplifications can be exploited when the dg—frame is adopted, such as in the case of control design. In the results, it
was shown that even the simulation of 400—second flight mission took, at most, 7.81 seconds to be simulated. The
current paper illustrates how Modelica can be suitable for the study turboelectric architectures that are necessary for the
development of more electric aircraft.

This study has also shown that transient stability performance must be taken into account when sizing the system
and defining its parameters. For example, different DC voltages had to be used in the different turboelectric architectures
due to the converter type chosen. Furthermore, it is possible to highlight challenges and strengths from studied each
architecture. For instance, configurations with PMSG are lighter than the FCSG case, although they require a more
complex power electronics converter to regulate DC bus voltage. On the other hand FCSG architectures allow the
regulation of the generator’s terminal voltage and DC bus voltage at their desired values with a simpler rectifier, however,
the terminal voltage control might be more challenging and, if poorly designed, the controllers can lead the entire system
to instability.

Future works include the analysis of better control strategies for different architectures, including more realistic
models for the aircraft’s engine [[17] and fan. Furthermore, it is also important to study the impact of noise when applied
to the flight mission profile and its effects over the architectures’ dynamic performance.
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