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Abstract: The hybridization of multiple energy sources is crucial for electric vehicles to deliver the
same performance as modern fossil fuel-based automobiles. This paper presents a torque and speed
control strategy for an electric vehicle DC traction motor by regulating the power flow from two
energy sources, namely battery and supercapacitor systems, to resist unpredictable disturbances.
A control system with three control loops is applied to regulate the speed of the traction motor.
The outer speed control loop is a nonlinear state feedback controller with a disturbance observer,
which is capable of handling non-linear systems with unpredictable disturbances. The inner voltage
and current control loop are precisely tuned PI controllers. Using an adaptive energy management
method that varies depending on the state of charge of the source, the total reference current needed
to support the load demand is split between two sources. A laboratory prototype system model is
generated, and the performance is analyzed under motoring and regenerative braking conditions.
For monitoring and controlling the system, the dSPACE DS1202 real-time simulator is employed.

The performance of the proposed control system is evaluated and it is found that the settling time to

check for

updates settle within a tolerance band of 1% is 0.75 s.
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6447. hitps://doi.org/10.3390/ 1. Introduction
enl6186447 By addressing the need for increased mobility in daily life, automobiles have signif-
icantly influenced the development of modern society. The internal combustion engine
revolution has made significant contributions to the automobile industry. However, signif-
icant levels of harmful emissions, such as carbon dioxide (CO,), carbon monoxide (CO),
Received: 2 July 2023 nitrogen oxides (NOx), unburned hydrocarbons (HCs), and others, have been contributing
Revised: 4 August 2023 to air pollution, global warming, and ozone layer depletion. The use of an alternative form
Accepted: 10 August 2023 of transportation is a well-known remedy for these issues [1].
Published: 6 September 2023 The choice of an electric motor for an EV is often determined by characteristics like its
ease of use, toughness, starting torque, drive control, and torque response. In low-power
applications, DC motors continue to be the foundation of EV traction due to their simplicity,
convenience, and high authenticity [2]. The most commonly employed speed controllers
for DC traction motors in the literature include proportional controllers [3], proportional
This article is an open access article  integral (PI) controllers with random tuning [4], and anti-windup PI controllers [5]. In
distributed under the terms and  these studies, a linearized model of the DC motor is assumed, without examining the
conditions of the Creative Commons ~ Motor’s braking mode. In [2], a fuzzy self-tuning strategy was used to manage the speed
Attribution (CC BY) license (https://  Of @ DC traction motor to evaluate the proportional, integral, and derivative gains of the
creativecommons.org/licenses /by / proportional-integral-derivative (PID) controller. Using a self-tuning fuzzy PID controller,
40/). the armature voltage control is executed by comparing the actual speed and reference speed.
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A more advanced controller based on a linear state feedback controller and state feedback
observer was presented in [6] to track the speed of a DC motor. Although the results were
satisfactory in comparison with those for PI and PID controllers, the non-linear behavior,
plant disturbance, and sensor noise may lead to deviations in the control performance
due to linearization. As a solution to this, an integral state feedback control with the
Kalman filter was proposed in [7]. The Kalman filter improved the closed-loop system’s
transient performance. In [8], the speed of a separately excited DC motor was estimated and
controlled using artificial neural networks to accomplish precise speed trajectory control,
particularly when the motor and load characteristics were unknown. Speed management of
a DC motor was provided in [9] and was based on a noise-reduction disturbance observer
and a traditional PI controller. With this control strategy, a linear approximation of the
motor dynamics was possible. In [10], the extended Kalman filter estimator and fuzzy
logic controller were suggested for sensorless speed control of DC motors. For the same
purpose, PI controllers and sliding-mode controllers were utilized to control the speed
of a DC motor in [11]. When the settling time, peak overshoot, and steady-state error
were considered, the results showed that the sliding-mode controller (SMC) performed
better than the PI controller for different step changes in load torque and reference speed.
The disadvantage of SMC, as mentioned in [12], is the chattering dynamics generated
by discontinuous control signals, which is further aggravated by small time delays in
the system. For the speed tracking control of a set of separately excited DC motors, an
adaptive fuzzy sliding mode controller was suggested in [13], where a fuzzy self-learning
mechanism was used to generate the parameters of sliding mode control related to the
extended feedback gain and switching gain. There has been much research performed on
disturbance-observer-based nonlinear control. The purpose of the disturbance observer, an
inner-loop output feedback controller, is to reject external disturbances and strengthen the
outer-loop baseline controller’s resistance to plant uncertainties. A super-twisting sliding
mode controller with a disturbance observer has been proposed as a speed controller for
permanent magnet synchronous motor (PMSM)-based variable-speed drive [14]. Similarly,
in reference [15], an extended state observer-based super-twisting sliding-mode controller
was used to control a DC-DC buck converter to provide a variable-DC link voltage. A
disturbance observer-enhanced model predictive controller for the speed regulation of
PMSM was recommended in [16]. A disturbance observer was applied, along with a
Jacobian linearization model of PMSM, to control the speed [17].

In addition to the use of various control methods that can be used to control traction
motors, the real-time hardware implementation of a traction system with a test bench
prototype is crucial. To this end, the real-time speed control of a series DC motor using
a PI speed controller with an anti-windup scheme was presented in [5]. A constant DC
voltage was used as the source and the system did not consider regenerative braking
and neglected the non-linearity due to the magnetic saturation of the motor to design the
controller. In [9], a controller based on a classical PI controller with an anti-windup scheme
and noise reduction disturbance observer was implemented on the same system as that
in [5]. The controller was designed using a linear model of a DC series motor considering
the magnetic saturation of the motor. A bi-directional versatile buck-boost converter with a
coupled inductor was designed and implemented in [18]. In this case, the current controller
employed sliding-mode control, while the voltage controller used PI control. The results
presented were from tests that solely involved an open-loop speed controller. In a related
study, the implementation of the speed control of a DC motor was demonstrated [19] using
a fuzzy logic controller with the speed error and change in speed error as inputs to the
fuzzy controller. The speed controller was tested with a multifunctional data acquisition
device NI USB-6812 DAQ card and MS15 DC motor control module. Similarly, in [20], a
DC/DC buck converter system was applied using flatness control for bi-directional tracking
control of a DC motor system. In the meantime, a cascaded fuzzy logic controller was
used to generate the torque-regulating current for an EV traction system with an indirect
field-oriented induction motor drive system in [21]. Here, the EV was powered by battery



Energies 2023, 16, 6447

3 0f 31

units (BUs) directly connected to the space vector pulse width modulation inverter without
considering the variation in the terminal output voltage with state of charge (50C). The
real-time simulator DS 1103 controller board was used by the researchers for the real-time
monitoring and control of the traction system. All the studies discussed above did not
address power regulation from multiple sources and were based on a single energy source,
such as BUs.

Considering the real-time hardware implementation of power flow regulation from
multiple energy sources, adaptive, non-linear control of a hybrid electric vehicle (HEV)
with a fuel cell-BU-supercapacitor (SC) hybrid source was proposed in [22]. The authors
adopted a rule-based energy management to regulate the power flow from three sources.
The fuel cells employed DC-DC boost converters, while the BU and SC used DC-DC buck
boost converters. To control these converters and support a constant DC bus voltage, a
sliding-mode controller was employed. Control laws were implemented using microcon-
trollers and the system was tested on a plant model simulated on Simulink. In a related
study, a multi-input converter system with two sources, namely a BU and SC, was rec-
ommended in [23] with rule-based energy management and a fuzzy-PI hybrid controller.
The cases of regenerative braking and load torque change were not analyzed in that study.
Similar to [22], a hybrid fuel cell and batteries system was suggested in [24] with a fuzzy
logic-based energy-management system to generate the reference power output of the
fuel cell. Meanwhile, a PI controller served as both the voltage and current controller for
the BU to keep a constant voltage across the DC bus and as the current controller for the
fuel cell. The authors used a real-time simulator OPAL-RT LAB platform. Despite using a
real source and motor load, the system was coded in C language for execution. The same
system with a BU and SC was implemented in [25] with fuzzy energy management, whose
function was to produce the reference power demand of the SC. Similar to the control
in [24], PI controllers were used to maintain the DC link voltage. The system was executed
in real time using the OPAL-RT LAB simulator. However, the soft transition strategy was
implemented by a simulated source and load system.

Dealing with nonlinearities and perturbance in the design of a closed-loop controller
for a DC machine is still a significant problem, particularly when good dynamic perfor-
mance is needed. According to the existing literature, diverse types of controllers are used
to regulate the speed and torque of DC motors. Most DC motor control strategies assumed a
linear system; thus the non-linear behavior and other uncertainties within the system have
not been well investigated in the earlier works [26,27]. In addition, the switching action of
DC-DC converters further contributes to the non-linear behavior and damped dynamics of
the overall system. Furthermore, many factors, such as sensor noise, process noise, and
model errors, may affect the dynamic transient behavior of the system [28,29]. Thus, it
is significant to design the speed and torque controller of the traction motor considering
non-linearity and other unpredictable disturbances in EV applications. To overcome the
non-linearity issues, as well as to achieve fast dynamics and the desired output voltage, the
design of an efficient controller is essential. The literature has overlooked the hardware
implementation of power flow regulation from different energy sources to control traction
motors in detail. Additionally, most of the research has used plant models simulated using
the Simulink platform for testing the controller and energy management, while the actual
system disturbances have not been accounted for.

Reference [29] focused on the simulation of the speed control of a DC motor with a
non-linear state feedback controller (NLSFC) with a disturbance observer (DO). This paper
focuses on the development of a hardware prototype that can be used as a laboratory-scale
prototype. The real-time simulator dSPACE DS1202 microLabBox is used for the monitoring
and control of the proposed EV DC traction motor loaded with a magnetic brake system. In
addition, each element used in the experiment with the real-time dSpace1202 controller and
method to extract variables for developing the control system and energy management are
described in depth. With the design of the controller and development of a laboratory-scale
prototype, the system can be reproduced to any rating with ease.
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The main aim of this research is to implement the NLSFC with a DO speed con-
troller for DC traction motor control using the dSPACE DS1202 microLabBox control desk.
Considering the above discussion, the following contributions are made in this paper.

1.  The hardware of DC traction motor control from two energy sources using the NLSFC
with DO is implemented in real time;

2. An adaptive energy management strategy is adopted to regulate the power flow from
two energy sources;

3. The developed system is tested with a laboratory prototype for varying speed refer-
ences and load torque conditions, including the regenerative braking mode.

The rest of this paper is structured as follows. The overall system description is
explained in Section 2. In Section 3, we introduce the controller modeling in Simulink
and its interface to the real-time system, where the converter, converter controller, and
speed controller design is explained in detail. Section 4 presents the energy management
implementation. The equipment used for the hardware is explained in Section 5. Section 6
discusses the experimental results with three case studies and, finally, conclusions are
presented in Section 7.

2. System Description

The overall system demonstration is shown in Figure 1. Two Chroma 62060D-600
programmable DC power supplies are used in place of BUs and an SC. Power electronic
converters that act as H-bridge converters and can run in both the boost and buck modes
are connected to both energy sources. A multi-function IGBT converter module with a
built-in isolated IGBT driver (SEMITEACH IGBT) is applied as the H-bridge converter.
The output ports of these two converters are connected to a common DC bus capacitor
in parallel and function as a controlled DC input to the traction motor. The DC traction
motor’s shaft is joined to a speed sensor E40H12-2000-3-V-24 for sensing the speed output of
the motor. To vary the motor input load torque, an MBL /MBZ brake along with a controller
is utilized as a braking system in this study. The traction motor used is a separately excited
DC motor. For field excitation, the field winding of the motor is connected to a Chroma
62000H programmable DC power supply. The current and voltage at different regions
of the overall system are sensed using an isolated voltage and current sensor module
(USM-31V). The speed sensor output (digital) and voltage—current sensor output (analog)
are given as inputs to the real-time simulator DS1202. Based on the input signals and model
implemented using the Simulink interface, gate pulses are generated, which control the
switches in the power electronic converters via a level shifter to match the IGBT driver
circuit supply voltage. This physical system is then linked to the Simulink control models
via DS 1202.
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Figure 1. Demonstration of speed control of traction motor with multiple energy sources.

3. Controller Modeling in Simulink and Its Interface with the Real-Time System

The DS1202 controller board performs some actions to produce the digital control
signals during each discrete time step. With the aid of the MATLAB/Simulink real-time
interface, the type of action is determined by the programmed code implemented in the
controller board. Using input/output (I/O) channels, the DS1202 board keeps track of
the input (such as motor current, speed, voltage, etc.) for each discrete time step. The
programmed action is used to generate the regulated digital signals based on the inputs
and the variables that need to be controlled, such as motor speed or torque. The DS1202
controller board reads the motor current, DC voltage, source voltage, source current, and
speed output from the encoder from the experimental setup through the I/O channels.

The general schematic of the control system with energy management for the proposed
system is shown in Figure 2. As shown in Figure 2, the reference speed (w¢) is compared
with the actual speed (w) to generate the error in speed (Aw). This is given as the input to
the proposed speed controller, that is, NLSFC with DO. The output of the speed controller
(VDc_ref) is the armature voltage needed to support the required speed and load torque at
the traction motor, and this should be equal to the voltage produced at the DC link. The
Vb _ref generated by the speed controller is correlated with the actual voltage at the DC
bus capacitor (Vpc) to produce the error in the DC link voltage (AVpc). The AVpc acts
as an input to the voltage PI controller to generate the required reference source current
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(Itef). As the proposed system consists of two sources, the I,.¢ needs to be split among
two sources (I_ref and I, ,f) using energy management. Here, the energy management
outputs the power split ratio (PSR) of BU (PS), which, when multiplied with I to obtain
I ref and when subtracted from the total reference source current, gives I, f. The BU
and SC current PI controller compares the respective reference source current with the
output source current and produces the duty pulse required for switching the respective
converters. The following subsection provides a detailed explanation of the converter’s
specifics, switching, speed controller design, and converter controller design.

Orer + A® Speed controller Voltage PI
Y NLSFC with DO controller
(0]
Duty ratio for

source 2 converter (Source 2 current | Al + Ip_ret
Pl controller X
Duty ratio for source

L CORpErier Source 1 current | Al +
Pl controller X
I

Figure 2. Schematic diagram of controller and energy management.

VDC_ref

Energy
management

3.1. Converter Topology

Considering the dynamic variation in the actual energy sources used (BU and SC) in
EV, a bi-directional H bridge converter is adopted in this work. This converter can step
up (boost) and step down (buck) the voltage in both directions. The H bridge converter is
shown in Figure 3.

+ +

511_|E 513_&
L
Vl == C MM C

SIZ_E S14;E

V;

Figure 3. Bi-directional H-bridge DC-DC converter.

The various switching modes for forward boosting, forward bucking, reverse boosting,
and reverse bucking are shown in Table 1. For instance, in the forward boost mode, Sy4
and Sy are always ON and OFF, respectively, while S13 and S14 have controlled operation
regulated by the duty ratio generated by the controller and these pulses are complimentary.
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Table 1. Modes of operation of switches in the H bridge converter.

Operation Mode S11 S12 S13 S14
Forward boost ON OFF Controlled Controlled
Forward buck Controlled Controlled ON OFF
Reverse boost Controlled Controlled ON OFF
Reverse buck ON OFF Controlled Controlled

3.2. Converter Controller

The control block diagram of the H bridge converter controller is represented in
Figure 4. As explained before, in this work, the voltage and current controller used are PI
controllers. In Figure 4, K, and Kj, are the proportional and integral gains of the PI voltage
loop control, respectively. K;,; and K;; represent the proportional and integral gains of the
current loop control, respectively. Dy, is the duty ratio when the converter is operating in
buck mode and Dy,0g; is the duty ratio when the converter is working in boost mode. The
closed loop outer-voltage-control closed loop transfer function can be expressed as [29]:

Vpc sKpo | Kjy 2 5Ky | Ky
= = R 1
Voc.. < C + C /| s+ C + C €))

where L and C are the inductor and capacitor values present in the H bridge converter
displayed in Figure 3, respectively.

dboc Do
oot | pYyM ——
Voltage Wi
Controller L Controller
M
V]_ vt
" % dbuck PWM M
+
wmiammn

Figure 4. Block diagram of voltage and current controller for single source.

The denominator of Equation (1) can be compared with the second-order characteristic
equation; thus, the PI tuning parameters can be obtained as:

va =2&,w,C ()

Kiv = Cw% (3)

where &, is the damping ratio and wy is the natural frequency of oscillation of the voltage
control loop. The inner current loop transfer function with U/I;, as the open loop transfer
function can be expressed as [29]:

I sKpi | Kj 2 5Kpi | K
L _ —u -t 4
I <L+L/S+L+L @)
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As in the voltage control loop, the denominator of Equation (4) can be correlated with
the standard second-order characteristic equation; thus, K,; and Kj; can be obtained as:

Kpi = 2£iwiL (5)

Ki = Lw? (6)

where §; is the damping ratio and wj is the natural frequency of oscillation of the current
control loop. The duty cycle for the boost operation can be obtained from the following
relation [29],

u-v,

+1 7
Voo @)

dpoost =
where Vj is the voltage output to the converter from the source, as represented in Figure 3.
Similarly, for the buck converter, the duty cycle for the buck operation can be expressed

as [29]:

U+Vv
dpuck =~ ®)
1

Figure 4 represents the closed loop voltage and current controller for one of the energy
sources, with respect to Equation (7) and Equation (8) for the buck and boost converter,
respectively.

3.3. Speed Controller

Following the required output speed and load torque, the speed controller is intended
to produce the Vpc e for the converter controller displayed in Figure 4. Mathematical
analysis of this controller is important considering the non-linear behavior of the motor
and other overall system disturbances. As a separately excited DC motor is used, a
thorough investigation of the modeling is required for controller design. The state space
representation of a DC motor can be expressed as [30]:

X = ax +bu + db 9)
y =X (10)

i —ra =Ky 1 1 9
wherex = | ?|,a = llg; l“F b=kl d= [k —1|,¢= [0 1], u= [Vpc_ref], and
w T 0 ° 3

b= {bl] , which is the unknown disturbances effect within the traction motor system. r, is
2

the armature resistance, 1, is the armature inductance, k; is the torque constant, k;, is the
back emf constant, j is the moment of inertia, F is the friction coefficient, and Vpc ¢f is the
armature input voltage. In this case, u = Vpc_ref should be controlled and, as a result, the
armature voltage is used to regulate the speed of the DC traction motor.

Non-linear state feedback controllers use a linearization method that is different
from the usual Jacobian linearization, which entails approximating linear features over a
specified operational region. Using an algebraic transformation, the non-linear feedback
linearizing technique removes the system’s non-linearities and makes the linearization
valid over a large operational range. The non-linear state feedback controller can be defined
as [29,30]:

u = (cab) ! (ko(wref — w) + kg (W — cax — cdb) + (wy.s — ca®x — cadb)) (11)
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where kg and k; are the controller tuning parameters that can be defined as the damping
ratio (&) and natural frequency of oscillation (wq) of the closed loop speed controller,
respectively. These parameters can be evaluated using the expression:

ko = wj (12)

ki =2&wg (13)

Equation (11) can be re-arranged as:

u= (Cab>_1(k0(wref — W) + kg (Wi — cax) + (Wiep — cazx) —A) (14)

where
A = (kic+ca)db (15)

A is considered as disturbance, and the disturbance observer within the controller
enables the estimation of A and can be expressed as [29]:

A= _H(/Ot kO(wref(T) - w(T))dT+ kl(wref - (,U) =+ Wief — Cax) (16)

where W is a constant value greater than zero.

The combination of the feedback controller in Equation (14) and disturbance observer
in Equation (16) provides the expression for a non-linear state feedback controller with
disturbance observer for the DC traction motor and is represented as:

t
u= M(KI/O (Wref(T) — w(7))dT + Kp(wyer — w) + Ky (w;op — cax) + (wie — cazx)> (17)
where,
M = (cab) ! (18)
K1 = pko (19)
Kp = ko + pkg (20)
Ky =k +p (21)

The schematic block diagram representation of the speed controller is shown in
Figure 5. This is the block diagram implementation of Equation (17).

3.4. Implementation of Controller in Simulink

With the use of Simulink, one can create model-based designs, such as control system
designs. From within the Simulink library browser, it is possible to access the DS1202’s
I/0 ports. Once a control system has been created in Simulink, it can be built using the
real-time possibility (by pressing CTRL + B), which implements the entire system inside
the DSP of the DS1202 board. In this way, the control system that was previously in the
software (Simulink- MATLAB R2020a) becomes a real-time system on hardware.

After building the control system, Simulink creates an *.sdf file. This file grants control-
system variables, such as reference speed, gain, tuning the controller, etc., to a separate
software called control-desk. With the help of control-desk software, a control panel may
be built that can change the control system’s variables in real time while interacting with
the DS1202.
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Figure 5. Schematic of speed controller.

4. Energy Management Implementation in Simulink

The energy management strategy (EMS) utilized in this study is based on dynamic
source characteristics and the optimum efficiency operation zone of energy sources (BU and
5C), and is adapted from [31] with minor adjustments. The total power at the motor side
is to be satisfied by the BU and SC. Since SCs are recognized for having high operational
dynamics, the SC is designed to take advantage of both peak and instantaneous power
needs. The internal resistance of the BU and SC changes with SoC. The internal resistance of
the BU will be lower at higher SoC, allowing the sources to produce more power. Moreover,
the internal resistance of the SC is much lower than that of the BU. In this research, internal
resistance characteristics are used to create a dynamic EMS.

In this EMS, a value for power demand known as Ppoung is decided initially. Only
the instantaneous power demand needs to be met by the SC under this threshold, and the
rest of the power requirement is met by BU. Above the Ppounq Value, most of the power
demand is satisfied by SC. Therefore, EMS correlates the power demand at the traction
motor (Pmotor) and the threshold Ppoung value, and then the mode of operation is selected.

Mode 1 operation: Motoring and Pmotor > Phound

Then,
B Puc(t) = — O (p (1) — Prouna) 22)
ucC = RBU(t) +Ruc(t) motor bound
PBu(t) - Pmotor(t) - PsourceZ(t) (23)

where Ppy; and Pgc are the power demanded from the BU and SC, respectively. Rp(t) is
the dynamic resistance of the BU and Rg(t) is the dynamic resistance of SC. When both
sources are completely charged, the dynamic resistance of the BU will be greater than the
dynamic resistance of the SC. As a result, as shown in Equation (22), the SC supplies the
majority of the power over Ppoung. This is in accordance with the SC’s ability to meet peak
power demands.

Mode 2 operation: Motoring and Pmotor < Ppound

The change in power demand during a certain time is estimated using the equation:

APmotor(t) = Pmotor(t) - Pmotor(t - 1) (24)

Then, the power demand from BU and SC is evaluated using the expression:

Psc(t) = Rou ()

- RBU(t) + Rsc (t) APmo’tor(t) (25)
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The power requested from the BU is the same as that in Equation (23). Equation (25)
is consistent with the features of an SC, which is known to meet instantaneous power
demand.

Mode 3 operation: Regenerative braking

In this case, as SC is more effective for recovering sudden braking energy, the expres-
sion of power demanded from SC can be provided as:

Psc(t) = Rou(t)

- mpmotor (t) (26)

Then, the remaining power demand is satisfied by the BU, as depicted in Equation (23).
For each instance, the ratio of power output from the BU, which is defined as the
power split ratio of the BU, can be defined as:

PSRy (1) = - 2

= Protor (0 @7)

5. Equipment Used

Each component used for the experiment with the method to extract variables for build-
ing the control system and energy management using the real-time controller dSpace1202
is explained in this section.

5.1. Current and Voltage Sensor

A USM-31V fully isolated, universally connected, high-bandwidth sensor module
with 3 voltage and 3 current channels was used for current and voltage measurement in
the EV traction motor prototype implementation. With a 10x /100x /1000x adjustable
range for measuring the voltage and current, it can measure up to 1000 V at 100 kHz
and 100 A at 200 kHz. The isolated voltage and current sensor module can be connected
to controllers and monitoring equipment concurrently via multiple unipolar and bipolar
output connectors, dropping the need for separate probes and many feedback sensors. The
analog voltage and current outputs from this sensor module are given as analog inputs to
the real-time simulator DS1202. The I/O ports of DS1202 are accessible via the Simulink
library browser. Figures 6 and 7 illustrate how to create a program in Simulink to use the
I/0 port of DS1202 to measure the current and voltage, respectively. The ADC block in
Simulink converts the analog input to a digital signal, which may then be sent as a reference
input to the controller that has been programmed in Simulink for real-time operation.

ADC CL1
Channel: 17 s W -

ADC CLASS1 BL1 I_a

Figure 6. Real-time Simulink model for measuring armature current.

ADC CL1
Channel: 19 ADC w v-be

ADC_CLASS1_BL3 V_DC

Figure 7. Real-time Simulink model for measuring DC link voltage.

5.2. DC Traction Motor with the Magnetic Brake System and Rotary Encoder

A separately excited DC motor model MV 1042-2252 kW motor with a DC excitation
of 220 V and rated rotor voltage of 220 V is adopted in this work as a traction motor. The
controlled voltage output of the armature is fed to the DC motor armature winding. The
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DIOCL1PWM2D
Port:1
Channel: 16

Frequency|

Duty Cycle

—

DC power supply model 62000H, which has a voltage range of 0-1000 V and a current
range of 0-375 A, supplies constant separate field excitation.

In addition, the magnetic braking system from the MBZ series is used to provide
the motor with load torque. The torque output of the MBZ series brakes is linearly and
proportionally correlated with the input voltage applied to the interface circuit. Therefore,
a DC voltage signal controls the torque of the brake. The DC voltage input can vary from
0-5 V, which can be provided by the real-time simulator DS 1202, as depicted in Figure 8.
The gain added to the Simulink model is based on the characteristics of DS1202. The voltage
level input is accepted as a digital signal and it is converted to analog by DS1202 and fed to
the brake controller through analog output channel 1.

Group 1
L~ Signal 1 DAC 1 Cl:DhAC C||_'11
- annel:

Voltage_level

Figure 8. Real-time Simulink model supplying variable voltage to the torque controller.

The rotary encoder E40H12-2000-3-V-24 is also used in this work to measure the output
speed of the motor. Owing to its wide range of mechanical and electrical applications,
superior sensing, and capacity to convert mechanical movement to electric impulses, it is
used in a wide variety of applications. The output type, the number of pulses per revolution,
the power source, and the shape of the output signal can all be used to categorize rotary
encoders into diverse groups. The I E40H12-2000-3-V-24 specifications are as follows: shaft
diameter of 12 mm, 2000 pulses per revolution, signal output types of A, B, and Z, and
12-24 V power supply.

A parameter related to encoders is the number of pulses per revolution (PPR). It
measures the number of pulses sent through the encoder during one full rotation, or
360 degrees, of the encoder. As the encoder rotates, the Z output type pulses once. The
encoder disc crosses the preset zero location inside the encoder at that point and the signal
is used to signify that. The encoder’s Z pulse output is sent as a digital input to DS1202.
The DIO PWM2D Simulink block can measure the frequency and duty cycle of the input
signal. The frequency is measured, and the output speed in rpm is obtained by multiplying
it by 60. By taking the average of 10 samples at a sampling frequency of 10 kHz, the output
speed is filtered as depicted in Figure 9.

\ 4
+

Figure 9. Real-time Simulink model for measuring speed output.
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5.3. Power Electronic Converter

The SEMITEACH-IGBT module stack is used to act as a bidirectional H bridge DC
converter. This is a multi-function IGBT converter with a transparent enclosure to enable
internal part visibility. Both an IGBT driver and IGBT protection are built in. The module
allows a maximum output and input current of 30 A, maximum input voltage of 400 V,
maximum DC bus voltage of 750 V, and maximum switching frequency of 50 kHz. The
typical supply voltage for the driver is 15 V. Since the maximum output voltage from
DS1202 is 10 V, a level shifter is used to increase the level of the output pulse from DS1202
before providing it to the converter switches. The overall experimental setup is shown in
Figure 10, with the equipment labeled.

H bridge converter DC paower B dDSSF;’:g;
with capacitor supply [ i Lo
| - 1e

Inductor

Speed senso

Figure 10. Experimental setup.

6. Experimental Results and Discussion

The experimental findings are presented in this section to judge how well the proposed
controller performed in EV DC motor control, both experimentally and in simulation.
Distinct case studies are conducted to prove the effectiveness of the system prototype. The
parameters for the different controllers used for controller design along with DC motor
specifications are presented in Table 2.

Table 2. DC motor specification and controller parameters used for experimentation.

Parameter Value
Armature resistance, ry (Q)) 3.9
Armature inductance, 1, (H) 0.010879
Moment of inertia, j (kg-m?) 0.18
Torque constant, k; (N-m/A) 1.221
Back emf constant, ky, (V/(rad/s) 1.40
Rated voltage (V) 220

Field voltage (V) 220
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Table 2. Cont.

Parameter Value
Damping ratio of outer voltage loop, &y 0.707
Natural frequency of oscillation of voltage loop, wy (rad/s) 500
Damping ratio of the inner current loop, &; 0.707
Natural frequency of oscillation of current loop, w; (rad/s) 100
Switching frequency, fsw (Hz) 10,000
Sampling frequency (Hz) 1,000,000
Damping ratio of the speed control loop, &y (rad/s) 0.707

Natural frequency of oscillation of speed control loop (wq) (rad/s) 20

Constant, p 2

The EMS depends on the internal resistance of the BU and SC; thus, the model of these
sources needs to be investigated to determine the internal resistances. For both energy
sources, the second-order Thevenin model was investigated, as represented in Figure 11.
R is the series internal resistance of source. RiinCmin denotes the parameters reflecting
the source’s short-term transient impacts, while RgecCsec denotes the parameters indicating
the source’s long-term transient effects.

Rmin Rsec

L
:

Figure 11. BU and SC model.

The dynamic variation in the BU parameters (Rpp, Riinb, and Rgeep) Was adopted
from the specification of Panasonic 18,650 battery cells (2.25 Ah, 3.6 V) with lithium iron
phosphate (LiFePOy) chemistry [2,31].

Ropus = [0.07446 + 0.1562e_24'37S°CBU] DsBU (28)
Nppu

RininBlU = [0.04984 + 6.6O3e_155'25"cw} DsBU (29)
NyppU

Reeehl] = {0.04669 + 0.3208e—21-1450CBU} DsBU (30)
Nppu

In Equations (28)—(30), SoCpy is the state of charge of the BU, ngpy; is the number of
BUs connected in series, and nppy is the number of BUs connected in parallel. As the BU
was set to 60 V, 10 A, the number of series and parallel cells was determined using this
voltage and current value. Similarly, the Maxwell BCAP 3000 specification was utilized for
the SC [32]. The specification of the SC is depicted in Table 3. The SC voltage was set to
40 V, and the number of SC units needed to connect was determined based on this value.
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Table 3. Specification of supercapacitor.

Parameter Value
Rated voltage (V) 2.7

Rated capacitance (F) 3000
Absolute maximum current (A) 1900

SC series resistance, Rogc () 34 x 107%
Short-term transient resistance of SC, Ryinsc (1)) 25 %1073
Long-term transient resistance of SC, Rgecsc (€2) 25 x 1073

Different case studies were performed to study the performance of the designed
prototype hardware model. Here, a few variables that are used in energy management
must be defined. The instantaneous power consumption was assessed every 0.05 s, with
the Py,,,4 value set at 250 W. The BU voltage was kept at 60 V and SC voltage was set at
40 V. A rate limiter was added to the BU current controller to limit sudden changes in the
BU output current, in addition to energy management.

As previously described, instead of using BU and SC, two bidirectional DC sources
were used. These sources were connected to the bi-directional H bridge converter. The
current output from these sources was measured using a USM-31V sensor module; then,
the SoC was evaluated using for the BU using the equation:

At % IBu(t)

SOCBu(f) = SoCpy(t — 1) ~ 3600 Cou’

(31)
where SoCpy; is the state of charge of the BU, At is the time difference between the samples,
and Cpy; is the rated capacity of the BU. Then, using Equations (28)—(30), the internal
resistance value of the BU was measured to evaluate the dynamic resistance of the BU (Rpy).

Similarly, for the SC, the resistance values reported in Table 3 were used to determine
the resistance of the SC after determining the number of SC units to be connected in series
and parallel. Then, the power split ratio was evaluated for the BU using Equation (27) for
different modes of operation and then incorporated into the control loop to split the total
reference current among two sources.

6.1. Case Study 1: Effect of Sudden Increase in Speed and Input Load Torque

Sharp increases in speed and load torque were tested on the designed system prototype.
This study aimed to check the condition of the simultaneous change in the demanded
speed and load torque on the designed system. Figure 12a shows the reference speed, while
Figure 12b shows the input voltage for the magnetic brake controller. Since the load torque
changed linearly with the voltage given to the brake controller, Figure 12b could be used
to describe this fluctuation. Up to 70 s, the demanded speed was varied in steps and after
that, load torque was also varied in steps along with the demanded speed.

Figure 12a shows that the speed instantly increased and was then sustained for a
specific period (10 s or 20 s). The load torque applied to the traction motor also increased
instantly in steps of 10 s or 20 s once the motor attained 500 rpm (as shown in Figure 11b).
With the load torque, the speed increased further. It is seen that the speed and load torque
of the system suddenly increased around 100 s, as represented in Figure 12a,b. For this
change in speed and load torque, the intended system was assessed.

Figure 13a shows the speed under the characteristics for Case Study 1 with channel 4
(purple) being the actual speed and channel 3 (green) representing the reference speed.
The speed is plotted as the voltage in the oscilloscope at a scale of 1 rpm/V. Even with
an abrupt acceleration and change in input load torque, the traction motor could support
the reference speed (represented as the zoomed view of the dotted region in Figure 13a).
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The simulation results with an identical scenario shown in Figure 13b verified the speed-
following capability of the experimental output.
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Figure 12. (a) Reference speed input for case study 1; (b) voltage input to the magnetic brake system
for case study 1.
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Figure 13. (a) Experimental speed follower characteristics for case study 1; (b) simulated speed
follower characteristics for case study 1.
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The NLSFC with a DO speed controller generated the reference armature voltage
needed for the traction motor. Figure 14a shows the voltage following characteristics to
prove the effectiveness of the voltage and speed controller. Channel 1 (red) shows the
reference voltage generated by the speed controller and channel 2 (blue) represents the
output DC voltage from the voltage controller. This voltage is fed as the armature voltage.
Three areas are described in Figure 14a. The BU and SC-coupled H bridge converter ran in
the buck mode when the output voltage was less than 40 V. The BU converter ran in the
buck mode for output voltage ranges of 40 V to 60 V, while the SC converter worked in the
boost mode. Both converters functioned as boost converters at output voltages greater than
60 V. Figure 14a shows these areas in detail. The simulated voltage following characteristic
is shown in Figure 14b. The speed was directly proportional to the applied voltage, and the
voltage pattern produced by the speed controller reflected this relationship.

Tek Prevu i 1 @
BU - boost mode and
UC- buck mode BU and UC- boost mode
BU and UC-buck PR Pt rmsimatiintl

mode
-
@2El Voc20.0v KSEEERVocr20 .0V t=10s/div
. 20.0v 100s 12.55/s D Cha . 20:19:05
a8 - 2000 points 09 Jan 2023
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Figure 14. (a) Experimental voltage follower characteristics for case study 1; (b) simulated voltage
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follower characteristics for case study 1.
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The energy management embedded in the control system has an impact on the current
drawn from two sources. Figure 15a displays the experimental results, with the armature
current output shown in channel 1 (red), the BU current output shown in channel 3 (purple),
and the SC current output shown in channel 4 (green). Figure 15a makes it clear that, when
the motor power was below Py,,,4, most of the current was pulled from BU. Only the
immediate current demand below Py,,,,; was met by the SC. Note that, while the BU
current practically stayed constant outside of Py,,;,4, the SC current grew as expected from
the implemented EMS. As can be seen, the BU’s output current was not constant within the
blue rectangle region marked in Figure 15a. The resistance of the two sources determines
the ratio of variation. The output of the simulated armature current and the source output

current had the same characteristics as the experimental armature current, and are shown
in Figure 15b.

I _—— — —— ] - RS )

Motor power >Puound |

Motor power <Ppgund | e et

.ru,,,,.wmhwl, s Lm.mjtul,‘ B g PRRPPR N | J}.menvlk
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Armature and source current

Figure 15. (a) Experimental armature current and source currents for case study 1; (b) simulated
armature current and source currents for case study 1.
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Figure 16a,b, respectively, show the experimental and modeled PSR for the BU. It is
obvious that the BU produced more power compared with the SC when the motor power
demand was below Pp,oun4, since the PSR was close to unity. The power ratio from the BU
began to decline as the power demand rose and surpassed Ppoung-
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' |
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Figure 16. (a) Experimental PSR of BU for case study 1; (b) simulated PSR of BU for case study 1.

6.2. Case Study 2: Effect of Variable Acceleration and Sudden Change in Load Torque at
Constant Speed

The purpose of this study was to investigate two effects: the first was the impact of
variable acceleration on the system, and the second was the impact of a sudden shift in
load torque at constant speed. Despite case study 1, the continuous speed change was
tested with different acceleration tests without changes in load torque. Then, the load
torque on the system was varied in steps to check if the system could support a constant
speed. The reference speed and the input voltage (proportional to applied torque) to the
magnetic brake were varied, as depicted in Figure 17a,b, respectively. As seen in Figure 17a,
the motor speed increased at a varied acceleration rate for 75 s before becoming constant.
The input load torque was then increased in steps while keeping the speed constant (see
Figure 17b).
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Figure 17. (a) Reference speed input for case study 2; (b) voltage input to the magnetic brake system
for case study 2.

Figure 18a shows the experimental speed response characteristics, with the reference
speed shown with channel 3 (green color) and the actual speed with channel 4 (purple
color) of the oscilloscope. The speed obviously followed as expected, with only a few
overshoots. When a sudden change in load torque occurred at a constant speed, it was seen
that (zoomed view area in Figure 18a) there were little variations in speed, and this was
because of the ability of the controller to support the desired speed. This claim is further
verified by the speed following characteristic of the simulated system shown in Figure 18b,
with identical settings to those of the system prototype.
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Figure 18. Cont.
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Figure 18. (a) Experimental speed follower characteristics for case study 2; (b) simulated speed
follower characteristics for case study 2.
A similar pattern was observed for the generated reference voltage, as shown in
Figure 19a. From the figure, it can be observed that a sudden rise in the load torque at
constant speed caused a dynamic change (increase) in the generated reference voltage.
This added armature voltage was necessary to compensate for the voltage drop due to
the increase in armature current. The simulated voltage characteristics of the system also
shown in Figure 19b confirm the experimental outcome.
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Figure 19. (a) Experimental voltage follower characteristics for case study 2; (b) simulated voltage

follower characteristics for case study 2.

The results obtained from the experiment for sources and armature currents are shown
in Figure 20a. As can be seen in Figure 20a, the load torque increased as the armature
current (channel 1) rose. Most of the current demand was satisfied by the BU (channel 3)
when the power demand at the motor side was less than Ppoung. The SC in this region
could only meet the need for instantaneous current (channel 4), and hence, instantaneous
power. It is clear that the SC current grew significantly, whereas the BU current changed
only slightly with increasing motor power demand. A similar observation is noted with
simulated current characteristics, as depicted in Figure 20b.
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Figure 20. (a) Experimental armature current and source currents for case study 2; (b) simulated
armature current and source currents for case study 2.

The experimental and simulated PSRs of the BU are depicted in Figure 21a,b respec-
tively. As can be observed, when the power demand at the motor side was less than Ppoyng,
the BU PSR generally remained at unity. This only deviated (PSR dropped below one)
when the rate of change in acceleration varied. The PSR dropped to values less than one
once the motor power surpassed the Ppoung value, creating a characteristic that was the
exact opposite of the armature source current. As a result, the PSR of the BU declined with

increasing armature current, showing that most of the region’s current requirement was
met by SC.
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Figure 21. (a) Experimental PSR of BU for case study 2; (b) simulated PSR of BU for case study 2.

6.3. Case Study 3: Effect of Regenerative Braking

The first two case studies are an illustration of the operation of the system in the
motoring mode. However, this study aimed to show how well the converters and controller
worked when recovering braking energy. That is, the operation of the system when the
demanded speed was suddenly reduced, i.e., the braking mode. For this case, the reference
speed input was generated as shown in Figure 22. Figure 23a,b, respectively, display the
experimental and simulated speed following characteristics. The reference speed is shown
in channel 3 (green color) and the speed output in channel 4 (purple color) with a scale of
1rpm/V in Figure 23a. The experimental results shown in Figure 23a clearly show that the
system can effectively follow the desired speed, like the results obtained with simulation,
as shown in Figure 23b.

0 5 10 15 2 2% 30
Time (s)

Figure 22. Reference speed input for case study 3.
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Figure 23. (a) Experimental speed follower characteristics for case study 3; (b) simulated speed
follower characteristics for case study 3.

The reference voltage generated by the non-linear speed controller and the voltage
output at the DC link capacitor are displayed in Figure 24a for the developed hardware
system. With a sudden reduction in speed, the controller managed to reduce the voltage
demand at the motor side creating regenerative breaking action, as shown in Figure 24a.
This action was also well verified by the simulation results shown in Figure 24b.
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Figure 24. (a) Experimental voltage follower characteristics for case study 3; (b) simulated voltage
follower characteristics for case study 3.

The armature current (channel 1), BU current (channel 3), and SC current (channel 4)
are shown in Figure 25a for the experimental system. It is noted that, following the energy
management used, the SC drew much of the reverse current. Thus, the overall system could
recover the braking energy. A similar observation was found for the simulated system, as
depicted in Figure 25b.
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Figure 25. (a) Experimental armature current and source currents for case study 3; (b) simulated
armature current and source currents for case study 3.

The PSR of the BU is displayed in Figure 26a,b for the experimented and simulated
systems, respectively. The braking regions are labeled with a circle. It is noticeable that the
PSR drastically fell from unity, and this enabled the quick response of the SC. In this region,
the demand from the SC increased and was thus capable of recovering the current.
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Figure 26. (a) Experimental PSR of BU for case study 3; (b) simulated PSR of BU for case study 3.

6.4. Validation of the Method Used with Fine-Tuned PI Controller

From the three case studies, it was verified that the developed hardware prototype
could follow the demanded speed and load torque. For Case Study 1, where the system
experienced a quick change in speed and load torque, the controller’s performance was
evaluated. The settling time, also known as the time it took for the system to stabilize within
a 1% tolerance band after an input stimulus, was discovered to be 0.75 s. The outcome
showed that the controller ran efficiently in both the driving and regenerative braking
modes. The entire system could keep the intended properties, despite abrupt changes in
speed and load torque with little disruption.

For the validation of the proposed system, the NLSFC with DO was replaced with a
fine-tuned PI controller and the simulation study was performed to compare the speed
follower characteristics for case study 1 and case study 2. For a better understanding of
the performance, the simulation was executed for 30 s. The performance comparison for
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case study 1 with NLSFC with DO is depicted in Figure 27a and with PI controller in
Figure 27b. The speed follower characteristics for case study 2 are presented in Figure 28a
for the NLSFC controller and in Figure 28b for the fine-tuned PI controller.
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Figure 27. Speed follower characteristics for case study 1 with (a) NLSFC with DO; (b) fine-tuned
PI controller.
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Figure 28. Speed follower characteristics for case study 2 with (a) NLSFC with DO; (b) fine-tuned
PI controller.

The transient performance indicators were calculated for comparison with the two
controllers—NLSFC with DO and fine-tuned PI controller. The settling time within a 1%
tolerance band and steady state error (SSE) were evaluated for two case studies and are
presented in Table 4 for comparison.

Table 4. Transient performance indicators for validation of proposed controller with fine-tuned
PI controller.

Case Study 1 Case Study 2
NLSFC with DO PI Controller NLSFC with DO PI Controller
Settling time (s) 0.75 1.4 0.25 1.15
SSE (rpm) 0.002 0.5 0.002 0.4

Parameter
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7. Conclusions

This paper showed the real time control of an EV traction motor with two energy
sources, namely a BU and an SC. The NLSFC speed controller with DO and a new adaptive
energy management algorithm was tested with a hardware model. A detailed explanation
of each component used in the experiment with a way to extract values for developing
the control system and energy management using the real-time controller dSpace1202 is
presented. Depending on the motor rating, the system was tested under a variety of speed
and load torque conditions. Furthermore, the system could be reproduced to higher ratings
and as a benchmark model.
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