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Abstract: Extensive efforts have been made to develop reliable and efficient onboard generation
systems for electric aircraft. Due to the inherited robustness, Switched Reluctance Machines (SRMs)
have attracted attention as a promising candidate for an integrated starter/generator in aerospace
applications. This paper presents two modes of operation: Constant Current (CC) and Constant
Voltage (CV). A Particle Swarm Optimization (PSO)-based tuning approach is employed to optimize
the controller of a Switched Reluctance Generator (SRG). The presented controller is evaluated using
a three-phase 6/4 SRG. The Control-Hardware-in-the-loop (CHiL) has been used to elucidate the
viability of the explored control concept practically.

Keywords: switched reluctance generator; particle swarm optimization; OPAL-RT simulator

1. Introduction

Electric aircrafts increase safety and reliability, impact the environment positively,
and enhance system efficiency. Extensive efforts have been made to develop reliable
and efficient onboard generation systems [1]. Typically, in aviation systems, the starting
(through the devoted motor) and generation (through the generator) functionalities are
decoupled, therefore increasing cost, size, weight, and complexity [2,3]. An integrated
starter/generator (ISG) has been introduced as a possible solution, either using a permanent
magnet machine or a switched reluctance machine [4,5]. While the first has high power
density and efficiency, the latter overcomes the issues relevant to flexibility and stability,
providing a simple structure, wide speed range, and reduced maintenance requirements.
A switched reluctance machine supporting starting and acting as a generator represents a
promising solution for electric aircraft (integrated starter/generator system) [6]. The ISG
has been extended to some types of unmanned aerial vehicles [2]. In this case, the SRM
acts as a motor to spin the engine (starting up) until the idle speed is reached. Then the
SRM enters the generation mode, acting as a prime mover to supply the onboard loads.

Although the switched reluctance machine (SRM) is not a new concept, commercial
versions have only been available recently. The SRM is an excellent choice for various
applications because of its multiple benefits, including the simple and durable structure,
high dependability, suitability for operation at high temperatures and speeds, and easy
winding design [7]. These motors are commonly proposed as a replacement for induction
machines and permanent magnet synchronous machines in a variety of situations when
these machines’ operating conditions are insufficient for the targeted applications, such
as aerospace, electric vehicles (EVs) [8-10], motorcycles, and oilfield equipment (such as
beam and vertical pumps). A body of research has been conducted on the motoring mode
of SRY, including enhancement performance, design, and control. Recently, scientists have
started investigating the generation mode of SRM in different applications.
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Switched Reluctance Generators (SRGs) are used in various industrial applications,
such as aviation power systems, electrical traction, battery charging, and wind power
generation. In addition, thanks to the absence of windings and/or permanent magnets
on the rotor, SRG offers several advantages over other generator types, including high
power density, superior performance over a wide speed range, low production cost, high
efficiency, and high fault tolerance [11-14]. The SRG works on the decreasing part of its
inductance profile [15,16]. The SRG drive system consists of the machine, the converter,
and the controller. Due to their attractive features, SRGs have been proposed for electric
vehicles, wind energy, and aircraft applications [6,17]. The generation mode of SRM is
enabled by exciting different phases during the negative slope of the inductance curve. The
drive circuit excites different phases at regular intervals, representing the excitation period
that extends between turn-on, 6,,, and turn-off, ¢ angles. The generation period is the
interval between turn-off, ¢, and when the phase current ceases and reaches zero [18].

Several control strategies for SRG over a wide speed range at constant output voltage
have been provided in [19,20]. Various studies dealing with turn-on/-off angles to improve
machine efficiency have also been introduced [21-24], while the angle control for maximum
output power is achieved in [25]. Detecting the turn-on/off angles to deliver maximum
power was used in [23,26]. A fuzzy logic controller has been employed to control the output
power by regulating the turn-on angle while keeping a constant turn-off angle [27-30].
The Proportional-Integral-Derivative controller, PID, is commonly used in industrial
applications [21,31,32], increasing system responsiveness, reducing steady-state error, and
enhancing system stability.

Particle swarm optimization (PSO) [33] is an effective optimization method. In ad-
dition to its simplicity of implementation, PSO can address optimization problems with
multiple local optima. PSO is a bio-inspired algorithm that is simple in searching for an
optimal solution in the solutions space. PSO has an inherent guidance strategy that allows
PSO solutions to obtain essential data from improved solutions for further enhancement.
The objective function is independent of the gradient of the objective with reduced hy-
perparameters, allowing for faster convergence. PSO in electric drive systems has been
explored extensively in the literature. To estimate the electrical and mechanical properties
of PMSMs, the PSO algorithm is used along with learning techniques [34]. Based on the
PSO method, a rapid and systematic approach for estimating the mechanical parameters
of SRM has been proposed [35]. Using the PSO approach, maximum power extraction
from an SRG-based wind power-producing system was achieved [36]. The PID controller
generally increases system responsiveness, steady-state error, and system stability. In
addition, the PID parameters are affected by system characteristics. As a result, optimum
PID settings are required to achieve the intended performance. PID settings may be fine-
tuned in two ways: Traditionally and intelligently. Particle Swarm Optimization (PSO),
Ant Colony Optimization (ACO) [37], Whale Optimization Algorithm (WOA) [38], Artifi-
cial Bee Colony (ABC) [39], Firefly Algorithm (FA) [40], Differential Evolution (DE) [41],
Gravitational Search Algorithm (GSA) [42], Bat Algorithm (BA), Pattern Search Algorithm
(PSA), and Genetic Algorithm (GA) are examples of heuristic optimization methods that
can be employed to tune the PID controller parameters [43,44]. The PSO technique has
been used for tuning the PID controller in several applications [45-51]. For instance, the
PSO technique has been used for tuning the PID controller of an SRG employed in wind
energy applications [45]. Using the PSO approach, the optimal firing angle for SRG in the
current-controlled mode has been examined, balancing the energy efficiency maximization
and torque ripple minimization. The major goal of [46] was to improve the SRG's efficiency,
hence, a tracking algorithm was created and integrated with the PID controller. This algo-
rithm aims to follow the SRG's highest efficiency point, regardless of the setpoint or the
generator’s rotor speed. Combining the PID controller with the MEPT algorithm increases
SRG efficiency, making the machine more appealing for wind generation systems.

In [49], PSO has been employed for digitally tuning a PID controller for a CAN-based
dc motor. In [50], PID controller tuning using PSO has been addressed considering the
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system robustness. In [51], PSO has been explored for tuning a PID controller using
AVR systems.

This paper presents two modes of operation, namely Constant Current (CC) and Con-
stant Voltage (CV) modes, for SRG as an ISG in aerospace applications. A Particle Swarm
Optimization (PSO)-based tuning approach is employed to optimize the PID controller of
an SRG. The proposed controller optimally adjusts both the turn-on and turn-off angles
under possible load types (CV and CC loads). The paper structure is as follows. Section 1
addresses the operation and mathematical modeling of a 6/4 SRG employed in this study.
Section 2 provides the PSO-based algorithm for fine-tuning the PID. In Section 3, the em-
ployed Simulink/MATLAB model with the suggested control system is given. Section 4
provides the proposed controller under different schemes, namely, controlled turn-off angle,
controlled turn-on angle, and controlled both turn-on and off angles. Furthermore, the
controller generates the needed turn-off angle while the turn-on is fixed and generates
the required turn-on angle while the turn-off is fixed. The OPAL-RT platform is used for
experimental validation given in Section 5. Finally, the main conclusions are summarized
in Section 6.

2. Research Significance
The contributions of this paper are as follows:

Applying the PSO algorithm for fine-tuning the PID parameters of a current-controlled SRG.
The ability of the proposed controller to generate the required turn-off or turn-on angles
for constant output voltage or constant output current loads in aerospace applications.
e The proposed controller system can effectively limit the maximum value of output
voltage or output current in the electric aircraft system as a safety precaution.
e  The trade-off between the turn-on angle and turn-off angle control performance
is investigated.

3. A 3 Phase 6/4 SRM Mathematical Model and Operation

The layout of a three-phase machine with six poles on the stator and four poles on
the rotor is shown in Figure 1. The stator is equipped with concentrated winding, while
the rotor has no winding or magnets. The SRG properties are determined by the machine
structure and magnetization characteristics of the laminations, as well as the converter
architecture and controller methods.

Figure 1. Three-phase 6/4 SRM layout’s construction.
The voltage equation of each motor phase is given by

dA(i,0)
dt

V =Ri+ )
i is the phase stator current in A, R is the phase resistance in (), and A is the stator flux per
phase in Wb, where

A(G,6) = L(i,0)-i 2)
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The phase inductance L(i,0) in H depends on the rotor position, maximum at the
aligned position, and minimum at the unaligned position. Using (1) and (2) leads to the
general excitation voltage equation for SRM (3).

di ~ .dL(i,0)df

®)

where the last term is the induced emf in V. In SRG, the excitation is applied at the position
of maximum inductance, which is the turn-on angle 6,5, and the turn-off angle 6, at the
negative slope of the inductance profile

1,dL(8,i)
Te=3" @

The electromagnetic torque T, is seen to be dependent on the rate of change of phase
inductance due to rotor position and the square of phase current. As a result, the drive
system applies the current pulses when (% > 0) under motoring operation, and when
(‘;—é < 0) under generating mode. The asymmetric half-bridge (AHB) converter is the
most commonly used converter in such drive systems. SRG operates during the excitation
period and generation period, where the excitation period is defined during the turn-on
and turn-off angle of the AHB [46]. The inductance profile and the current waveform for
one phase of SRG are illustrated in Figure 2.

—Inductance Excitation Generation
——Current Laligned
Lunahgned
Oon Oof
-45 -35 25 -15 5 5 15 25 35 as

Position (Deg)
Figure 2. SRM inductance profile.

4. Particle Swarm Optimization (PSO)

In 1995, Kennedy and Eberhart introduced Particle Swarm Optimization. Birds’ social
behavior inspired the fundamental concept [33]. This method effectively tackles a wide
range of complex optimization issues. The PSO approach begins by evaluating a swarm
of solutions, or a population of solutions. This swarm comprises particles, each of which
proposes an iteration solution until the optimal value for the objective function is found.
These particles seek space and adjust their velocities to find the best answer.

The PSO algorithm is made up of ‘n” particles. The case of each particle changes
depending on the best optimization of the particle’s location, and the swarm'’s position
should be optimized as much as possible, where:

k
Vi( +1) _ wV¥ 4+ Cyrand; (pbest — Sf‘) + Cyrand, (ghest — Sf‘) 5)

S;ﬁLl — Si( + ‘/ikJrl (6)

W = Wmax —
Iterax

Iter )

where V; and S; are the particle velocity and position, respectively; C; and C, are cognitive
and social learning factors; w is the inertia weight; w,,;, and wyqy are the minimum and
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maximum inertia weight; rand; and rand, are two random variables; and Iter is the number
of iterations. According to (5)—(7), Each particle is updated on each iteration by using two
“best” values. The first is the position vector of this particle’s best position found thus far,
which is called “pbest”. Another “best” position that the particle swarm optimizer keeps
track of is the best position that each particle in the population has achieved so far. This best
position is known as the current global best “gbest”. After that, the position and velocity of
the particles are updated after determining the two optimum values. The objective function
is needed for PID tuning using PSO, an integral square of the error metric [47].

5. SRM Simulation Model

The implemented control system of the SRG model in Simulink® is shown in Figure 3,
where the model includes the SRG, position sensor, AHB converter, controller, and load.
Simulations and analyses are carried out on the assumption of a constant rated speed. The
output of the load is compared with the reference signal. The error signal is the primary
input to the PID and fitness function of PSO. PSO optimizes the required PID parameters.
The output of the PID could be a turn-on angle or turn-off angle, which depends on the
required action. The SRG parameters are listed in Table 1, where the magnetization flux
linkage/current curve at different positions is shown in Figure 4.

Gate
Signals AHB
Reference Input Current
Ga
e Or
Or SN e Wag l I Gc SRQG
90" —t | Wrn on e
Turn off
9017‘ Position Sensor Hy;teresis
and
Load "
Limiter . T
PID
| ] - ke Measurement
kyp + -/ kas Error (¢) . value
Reference value
Figure 3. Block diagram of the proposed control strategy.
Table 1. Simulated SRG parameters.
Parameter Value Unit
number of phases 3
number of stator poles 6
number of rotor poles 4
stator resistance 0.05 (@)
machine inertia 0.05 N m s?/rad
friction 0.02 N m s/rad
unaligned Inductance 0.67 x 1073 H
aligned Inductance 23.6 x 1073 H
maximum Current 450 A
maximum Flux Linkage 0.486 Vs

rated Speed 3000 RPM
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Figure 4. Magnetization curve for SRG model.

6. Methodology

The SRG output is generally employed in alternating current conversion systems, such
as wind energy systems, starters in aerospace applications, and regenerative braking in
transportation systems. The generator output voltage and current must often be controlled
to suit these conversion systems. In this research, there are two cases applied for the loads:
case (1): Constant output voltage and case (2): Constant output current [48], shown in
Figure 5a. In case one, the PID controls the output voltage by the turn-on angle, turn-off
angle, or both. In case two, PID is also used to control the current by turn-on or turn-off
angles, where its input is the current error. The PSO algorithm is developed to tune the PID
parameters. The controller block diagram is shown in Figure 5b. A Simulink model is used
to simulate the whole system, including the PID controller, SRG, and load. A MATLAB
script is used to carry out the PSO algorithm, which runs the Simulink Model each iteration
while updating the PID controller parameters based on the PSO’s output. The integral
absolute error (IAE) is employed as the objective function where the PSO block uses the
IAE fitness function to optimize the PID settings.

6.1. Case (1): Constant Output Voltage Control

In this case, the voltage control loop is used to maintain a constant output voltage.
PSO is used to optimize the PID parameters, generating the required switching angle. In
this case, two scenarios are investigated: Controlling the turn-off angle and controlling the
turn-on angle.

6.1.1. Turn-Off Angle Control

In this case, the PID is implemented to generate the turn-off angle at a constant turn-
on angle. The optimal PID parameters obtained based on multiple runs using the PSO
technique for a discrete system at a sampling time of 1 psec are k, = 0.338, k; = 73.25, and
k; = 0.0042. The tuning of the PID controller, in this case, is highlighted in Table 2. The
output current responses at two reference voltage values of 100 V and 180 V are shown in
Figure 6a,b, respectively. The excitation current for V¢ = 180 V has a peak value more than
the excitation current for Vo = 100 V because the turn-off angle for the 180 V is more than
the turn-off angle for 100 V, while the turn-on angle is fixed at 0°.
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Figure 5. (a) Addressed case studies and (b) the SRG system block diagram.
Table 2. Tuning of PID controller in turn off.
ky k; kg
PS1 0.382976 7297717 0.004077
PS2 0.388455 74.30645 0.004164
PS3 0.388088 73.30799 0.004163
PS4 1.405067 176.1952 0.004016
PS5 0.047432 100.0567 0.003584
PS6 0.390093 73.22360 0.004168
PS7 0.701417 97.90111 0.004426
PS8 0.341268 47.79083 0.004200
PS9 0.409198 102.9344 0.003757
PS10 0.338800 73.25463 0.004200

The phase current has two intervals: the excitation and the generation intervals.
The peak value of the phase current occurs during the generation interval. The different
generated turn-off angles at different initial turn-on angles and reference output voltages
are shown in Figure 7a. It is shown that increasing the initial turn-on angle affects the
generated turn-off angle, where, at an initial turn-on angle of 20°, the turn-off angle is at
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its maximum and equal to 45° for V¢ = 200 V. However, the maximum turn-off angle is
37.5° at an initial turn-on angle of 25° for V ¢ = 100 V. The peak value of the phase current
at different reference output voltages and different initial turn-on angles are illustrated in
Figure 7b, which shows that the peak value is constant at a high turn-on angle.
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e
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ol Excitation —
2 - 2z sof \ e
g 20 + \ . 1 g D"
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~—Phase 3 Current 100 ~Phase 3 Current
-40 - . % . ‘ . .
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(a) (b)
Figure 6. Current response at (a) Vief = 100 V, (b) V¢ = 180 V.
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Figure 7. The effect of the initial turn-on angle on (a) the generated turn-off angle and (b) the
maximum generated current at different reference output voltages.

The output voltage response at the turn-off angle control and zero initial turn-on angle,
fon = 0.0°, is shown in Figure 8a, which confirms that the output response has a constant
steady-state settling time of approximately 0.03 s. The maximum peak overshoot changes
from 28% for Ve = 50 V to 10% for V,ef = 100 V. The controlled turn-off angle response is
simulated in Figure 8b.

The designed controlled system has the advantage of generating different maximum
output voltages at different turn-on angles, as shown in Figure 9a, or at different maximum
excitation currents, as shown in Figure 9b. The control system can generate a maximum volt-
age at different fixed turn-on angles and different maximum reference excitation currents.
The output response is over-damped and has a steady-state settling time of 0.06 s.
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Figure 9. Maximum generated output voltage in volt at (a) different initial turn-on angle in deg,

(b) different reference maximum input current.

6.1.2. Turn-On Angle Control

PSO is used for tuning the PID parameters, which generates the turn-on angle while
the turn-off angle is kept constant. The tuned absolute PID parameters of PID are k;, = 0.568,
k; =16.67, and k; = 0.003. Implementing the control system to generate the turn-on angle at
different reference output voltages indicates that the time for peak value is different and
depends on the reference output voltage, as shown in Figure 10. The turn-off angle is fixed
at 45°, while the generated turn-on angle from the PID is responsible for generating the
required voltage. The steady-state settling time of the turn-off angle is 0.15 s, while the
peak overshoot value is 75% for 100 V output and decreases to 20% for 250 V output.
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Figure 10. Output voltage response at turn-on angle control (at turn-off = 0.0).

The generated turn-on angle at different values of turn-off angles and different refer-
ence voltages is shown in Figure 11a, where at V¢ = 200 V, the minimum turn-off angle is
25°, which gives 0on = 5°. Meanwhile, at V.ot = 100 v, the minimum turn-off angle is 20°,
and the corresponding turn-on angle is 0°. The phase current peak value at different values
of turn-off angles and V. is shown in Figure 11b. The output voltage and the turn-on
angles’ response at different reference voltage values are illustrated in Figure 12a,b. The
output response has a peak overshoot at the beginning, while there is no peak overshoot
after that since the output voltage has an initial value from the previous step. The system
can also generate a maximum output voltage at different turn-off angles and different
maximum excitation currents, as shown for the turn-off angle control in Figure 13a,b.

Upon comparing the turn-off angle control and turn-on angle control for a constant
voltage, the turn-off angle control has a 0.03 s steady state settling time, less than the
steady-state settling time for the turn-on angle control, which is 0.15 s. The turn-off angle
control for a constant output voltage has less peak overshoot value than the latter. The
two techniques have the same steady-state settling time, which is 0.055 s, and the system
response is overdamped in the case of generated maximum output voltage.
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Figure 11. The effect of the initial turn-off angle on (a) the generated turn-on angle and (b) the
maximum generated current at different reference output voltages.
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Figure 12. The transient response of turn-on angle control, (a) different reference output voltage (v),
(b) the corresponding generated turn-on angle in deg.
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Figure 13. Maximum generated output voltage in volts at (a) different initial turn-off angles in deg,
(b) different reference maximum input current.

6.2. Case (2): Constant Current Control

The constant current controller is designed according to the same methodology of
constant output voltage. The load, in this case, is a battery in series with a 0.1 () resistor,
where the load is parallel with a capacitor of 0.1 F. The input signal to the controller is
the error difference between the reference current and the actual current. The controller
parameters are tuned using PSO. The controller’s output is the turn-on or turn-off angles,
depending on which controller is selected first, as shown in Figure 5.

6.2.1. Turn-Off Angle Control

The current control of the turn-off angle is implemented using a PID controller. The
PID parameters tuned by PSO are k, = 0.01, k; = 40, k; = 0.0032. The system is tested with
the mentioned load of 250 V battery in series with a 0.1 () resistor at different current levels,
and the setting turn-on angle is 0°. The output response is shown in Figure 14a,b.
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Figure 14. Turn-off angle control on constant (charging) current response (Vpattery =250V, 6on = 0°),
(a) the constant current at different reference values and (b) the corresponding turn-off angle.

The time response of the constant (charging) current is shown in Figure 15 at a fixed
0° turn-on angle. The peak overshoot value is 10% for all cases, occurring at t = 0.025 s.
The steady-state settling time is constant for all cases, which is 0.1 s, as is the current
response. The battery voltage impacts the turn-off angle and the constant current, where
the effect of battery voltage on the turn-off angle is illustrated in Figure 16. The maximum
generated current from SRG depends on the battery voltage of the load, where at 250 V, the
system can implement 250 A at 6,4 = 45°, while at 350 V, the maximum current is 200 A
at ¢ = 45°. The maximum generated current depends on the initial value of the turn-on
angle, as shown in Figure 17, where the higher the initial turn-on angle, the less generated
current. The system’s response at the maximum generated current is overdamped and has
a steady-state settling time of 0.05 s.

250
/ iy,
_ L / 1
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0 0.05 0.1 0.15 0.2

Time (sec)
Figure 15. Output current response at (Vpattery = 250 V, 8on = 0°).

6.2.2. Turn-On Angle Control

The control system for a constant current is applied on the turn-on angle control, with
a PID controller tuned with PSO. The absolute PID parameters, in this case, are k, = 24.5313,
k; = 40.7988, and k; = 0.00064. According to Figure 18a, the constant current has high
ripples with less than the maximum allowable current. This is due to the turn-on angle
fluctuating between its limits, 0° and 45°. Furthermore, the steady-state settling time is not
constant, changing with the reference current. The system is compatible with generating
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Charging Current (A)

the maximum current when controlling the turn-on angle, as shown in Figure 18b. The
maximum generated current depends on the turn-off angle, 6,¢ and the steady-state
settling time is 0.055 s.
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Figure 16. The generated turn-off angle control with reference current at different battery voltage.
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Figure 18. Constant (charging) current response for turn-on angle control, (a) transient current at
different reference currents, and (b) maximum generated current at different turn-off angles.
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7. Experimental Validation

To experimentally validate the designed system, the Control Hardware-in-the-Loop
(CHIL) process is adopted in this section. The hardware platform of the CHiL setup is
shown in Figure 19. The hardware configuration of the designed system, consisting of the
asymmetric half-bridge (AHB) converter, a Switched Reluctance Generator (SRG), and a
battery pack, is emulated on the OPAL-RT platform (OP4510), which operates on four cores
based on the Intel Core Xeon processor at 3.5 GHz and RAM 2 x 8 GB. The communication
port between the host PC and the OPAL-RT platform is based on Gigabit Ethernet LAN.
The system controller is uploaded on a 150 MHz DSP (Digital Signal Processor) control
board labeled as (TMS320F28335Z]ZA). The DSP represents the closed-loop controller of
the designed system. The controller interface (OP8665) is used as a development tool
to provide a quick and easy interface for the DSP controller with an OPAL-RT platform
without worrying about any interface issues.

= ———A . \ 7 i —
I |
\ Y \ y

»~ OP8665 OP4510
e — — R e L RS -
4 Hysteresis N < AY
[ PWM ) = |
) Digital | Digital 7
* AHB 7 |
) Outpu In |
| s (p\:‘;az I | I :P\\m::. Comverter A SRG ]
| Icharg H L = I
- = -
I = | = * Battery |
[ = I & Pack ]
[ & 1 K |
| s H S
< 21> |
\ 7 J
~ g < >

Figure 19. Block diagram of the (ChiL) process.

The CHIL has been carried out for the constant current PID controller for turn-off and
turn-on angle control. The tuned PID parameters from the PSO approach are used in the
experimental test. The DSP controller receives signals from the OPAL-RT platform, such as
the actual constant current, phase currents, and actual speed, and based on these values, it
generates the gating signals to operate the AHB converter on the OPAL-RT platform. The
control-hardware-in-the-loop platform is shown in Figure 20.

Figure 20. Control-hardware-in-the-loop platform: (1) Opal-RT real-time simulator, (2) OP8665
controller interface, (3) opal interface and monitoring, (4) DSP interface, (5) Oscilloscope.

Output current responses at different reference signals and their corresponding turn-
off angles are validated by the OPAL-RT simulator and shown in Figure 21. The response
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is similar to the Matlab/Simulink response. The maximum current generation is validated
and shown in Figure 22a. Dash curves show the Simulink response compared to opal RT
simulator solid curves. Validation has been performed for the turn-on control angle, where
the output response for a constant current at different reference values is shown as solid
curves in Figure 23a, which are compared with Matlab/Simulink response dashed curves.
Good validation has been achieved.

300
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200 ] 33
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= 5 25
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5 100 ] = 20
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50 i = 15
10
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0 1 2 3 4 5 6 0 2 4 6 8 10
Time(sec) Time (sec)
(a) (b)
Figure 21. Opal-RT real-time simulator turn-off angle control on constant current response
(Vbattery =250V, Bon = 0°), (a) the constant current at different reference values, (b) the corresponding
turn-off angle.
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Figure 22. Opal-RT real-time simulator response for turn-off angle control; (a) effect of initial turn-on
angle on maximum current (solid traces for experimental results and dashed traces for simulation),
(b) effect of battery voltage on turn-off angle at different reference currents.
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Figure 23. Opal-RT real-time simulator response for turn-on angle, (a) constant current response at
different references currents, (b) effect of turn-off angle on maximum constant current (solid line is
experimental, and dashed line is simulation).

8. Conclusions

Extensive efforts have been made to develop reliable and efficient onboard generation
systems for electric aircraft. Due to the inherited robustness, Switched Reluctance Machines
(SRMs) have attracted attention as a promising candidate for an integrated starter/generator
in aerospace applications. This paper has presented two modes of operation: Constant
Current (CC) and Constant Voltage (CV). A Particle Swarm Optimization (PSO)-based
tuning approach is employed to optimize the controller of a Switched Reluctance Generator
(SRG). Both CV and CC control have been achieved separately by controlling the turn-
on/off angles. PSO can tune the PID controller easily and efficiently while experiencing
good dynamic results. For CV, controlling the turn-off angles is faster with less overshoot
than controlling the turn-on angle. Overshoot values of 10% and 75% have been obtained
when controlling the turn-off and turn-on angles, respectively. Besides, the steady-state
settling time was 0.03 s and 0.15 s when controlling the turn-off and turn-on angles,
respectively. The controlling turn-off angle has a 10% peak overshoot for the constant
current and 0.1 s for steady-state settling. The response has a high-magnitude ripple for
controlling the turn-on angle, and the settling time depends on the reference current. The
optimal PID tuning has been carried out for both CV and CC modes. The proposed control
system also has the option to generate the maximum current by varying the turn-on angle
or turn-off angle. The proposed optimization technique sets the maximum voltage not
exceeding the nominal voltage. The control-Hardware-in-the-loop (CHiL) has been used to
validate the theoretical findings of the proposed control strategy.
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