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ABSTRACT

Electrical vehicle technology offers promising solutions to ensure fuel saving and emission reductions. A brushless DC (BLDC) motor drive in the electric rickshaw is the
most attractive in the current scenario, due to the inherent operation of the motor in the forward and reverse directions. In this paper, a 48 V, 1T kW BLDC motor drive
with a DC generator loading arrangement is tested under different running conditions, and the speed, power, and torque characteristics are presented. A DC-DC boost
converter is introduced in the system in order to minimize the voltage rating and size of the battery source. The boost converter with dSPACE controller maintains
a 48V DC-link voltage, irrespective of battery voltage conditions, in closed-loop control. The proportional-integral (PI) control for the boost converter is constructed
in the MATLAB environment and provides a control signal to the power electronics switches through the dSPACE controller. There are no additional circuits for the
PI controller in the boost converter. The simulation is performed in the MATLAB environment with 24 V battery, a boost converter, and a 1 kW BLDC motor drive.
An experimental setup is provided with a dSPACE controller, and the results are presented, to validate the effectiveness of the drive system in forward and reverse
motoring. The overall efficiency of the drive system is 83% at rated condition.

Index Terms—-Brushless DC (BLDC) motor, DC-DC converter, dSPACE controller, electric vehicle, torque sensor.
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I. INTRODUCTION

One of the major consumers of fossil fuels is the transportation sector. Electric vehicles (EVs)
minimize the limitations of fossil fuels and are preferred for pollution-free transportation. They
employ battery banks, power electronic converters, and controllers to drive the electric motor,
which makes them eco-friendly and zero-emission vehicles. The brushless DC (BLDC) motor,
the permanent magnet synchronous motor (PMSM), and the induction motor (IM) are used in
EVs. The BLDC motor is used for low-power two-wheel and three-wheel EV applications, and the
IM is preferred for heavy-duty EV applications. Plug-in EV/hybrid vehicle design and develop-
ment is adopted worldwide. The developers are Nissan Leaf, BMW, Tesla, Audi, Jaguar, Hyundai,
Volkswagen, Renault, Infiniti, Rivian, Polestar, etc. The popularity of EV design and development
has increased in recent years due to government subsidies, with increased battery range, low
cost, and minimum cost to the environment [1].

During the motoring mode, the energy is utilized from the battery source to activate the drive
system. During frictional or mechanical braking mode, the kinetic energy of the drive system is
wasted as heat energy. To minimze the energy losses and to improve efficiency, regenerative
braking is employed in EVs. Regenerative braking is used to feed energy while braking, when the
inertia forces the motor into generator mode, and can increase the range of travel distance. When
the battery is 100% charged, the regenerative braking energy cannot be stored. In this case, effec-
tive braking is possible when the energy is stored in some other energy storage devices. During
acceleration, EVs (IM, PMSM, and BLDC) require low voltage and high current, supplied by the
battery. The electrical energy discharged during acceleration is directly proportional to the start-
ing current drawn by the electric motor, with respect to time. The continuous operation of EVs
reduces the battery life cycle. The limitations of the battery are the inefficient utilization of energy
during a short period and system failure due to overcurrent. A supercapacitor (ultracapacitor) is
an alternative energy storage device for maximum energy restoration (charging) of batteries. The
use of a battery [2, 3] with an auxiliary energy system was found to add to the cost and design
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Fig. 1. Block diagram of BLDC motor drive with controller.

complexity, though the energy was effectively utilized. However, the
bi-directional DC-DC converter with higher rating decreases the effi-
ciency of regenerative braking. In [4, 5], a cascaded converter was
used to utilize the energy from the supercapacitor effectively. The
cascaded converter was operated in a bidirectional mode, which
increases the overall cost. In order to increase the flexibility and
better functionality, multi-parallel-connected DC-DC converters
were used [5-7]. These converters require a single passive compo-
nent that increases the efficiency of the system [8, 9]. Moreover, the
overall weight and volume were decreased. The cost of the system
was greatly increased, as was the complexity of design of the DC-DC
converter, whereas the selection of the ultracapacitor needs to be
addressed to minimize the cost of the overall system. The limitation
in multi parallel and cascaded bidirectional DC-DC converter was
overcome by using the multi-mode single converter [10].

The power circuit is necessary to control the motor drive, with suit-
able techniques for chopper control. Two-quadrant chopper control
is particularly preferred, in which quadrant 1 is used during accelera-
tion for traction, and quadrant 4 is used during regenerative mode
of operation [11-14]. The anti-braking system or the fully electrified
regenerative braking system (FE-RBS) is employed for performance
improvement. During braking, the FE-RBS is used to restore the energy
in the battery and supercapacitor [15-17]. EV control techniques, and
controllers such as conventional linear quadratic control, artificial
neural network, fuzzy logic, electro hydraulic brake system, current
amplitude modulation, and stochastic dynamic programming are dis-
cussed in [18, 19]. To increase the efficiency under regenerative brak-
ing, the low-speed region was identified and verified in the hardware
in loop [20]. Pneumatic pressure control was used for the regenerative
brake mechanism in trucks [21]. The vehicle dynamics were studied
in MATLAB for a known vehicle drive cycle. The regenerative braking
system for a four-wheel EV under fixed and variable braking strength
was simulated, without compromising efficiency and stability [22, 23].
The anti-lock braking system was coordinated with the regenerative
braking system to enhance the efficiency of the braking energy [24].

The role of the DC-DC converter is very vital for regenerative brak-
ing in EV technology, for feeding the energy back to the source. This
energy is stored in power back-up devices, like the battery, during
braking. In the present scenario, an efficient regenerative braking sys-
tem with battery safety and improved vehicle acceleration is needed.
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The purpose of the DC-DC converter is to provide maximum energy
transfer to the battery and enable the smooth functioning of the
system. The selection of the DC-DC converter depends on the drive
applications. The design lowered the system’s complexity and cost,
and increased the overall system efficiency. In this paper, the perfor-
mance analysis of the inverter and the DC-DC converter-fed BLDC
drive system is discussed in detail for clear understanding. A DC
shunt generator is coupled with the motor, and the results are pre-
sented for different electrical load conditions.

Section Il discusses the inverter-fed BLDC motor drive with a DC gen-
erator loading arrangement, where the performance of the motor is
tested under forward- and reverse-motoring modes under different
running conditions.

Section Il discusses the boost-converter-embedded BLDC motor
drive with a DC generator loading arrangement, where the perfor-
mance of the motor is tested under forward- and reverse-motoring
modes under different running conditions.

1. INVERTER-FED BLDC MOTOR DRIVE WITH LOADING
ARRANGEMENT

The block diagram shown in Fig. 1 consists of a BLDC motor,a DC gen-
erator, a mechanical coupler, a torque sensor, an electrical loading
arrangement, and a battery. A 48V DC supply is derived from a lithium
ion phospate battery (LiFePO,). It has longer life span, less weight, no
maintenance, and high charging and discharging efficiency. The DC
supply is fed to the three-phase trapezoidal inverter and its output
AC supply drives the BLDC motor. The feedback signal of the Hall
sensor is given to the BLDC controller to generate the required con-
trol signal for the power electronic inverter. The BLDC motor shaft is
coupled with the primary end of the torque sensor and the second-
ary end of the torque sensor is coupled with the DC generator. The
shaft coupler’s dimensions are selected as per the shaft dimensions
of the BLDC motor, torque sensor, and DC generator. The excitation
of the DC generator is adjusted to obtain the rated voltage of 220V
at the rated field current. A resistive load of 1 kW is connected to
the DC generator for electrical loading. The circuit consists of the
inverter, the gate driver, and the controller of the BLDC motor drive
with battery, shown in Fig. 2. The ratings and the specifications of
the battery and the motor are listed in Table I.
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Fig. 2. Circuit diagram of the BLDC motor drive with controller.
The stall current and stall torque of the BLDC motor are calculated lo=V /R )

using the following standard equations [11]:

Motor equation:V =E+RlI

Speed equation: m:P _'-Fr} (2)

0

No load speed o, :%

For a 48 V BLDC motor with a rated speed of 3000 rpm, the torque

constant is calculated as follows:
Vv 4

k=—o

The stall current of the motor is

~ _V*60
o an%o 21N

(4)

TABLE I. SPECIFICATIONS OF THE BLDC MOTOR SETUP

Specifications

Lithium-ion phosphate battery

48V, 24 Ah

Inverter switch

50 A, 200V

BLDC motor

48V, 1000 W, 3000 rpm, 8 pole

Lorenz USB torque sensor

15000 rpm, 200 Nm

DC generator

220V, 1500 rpm, 1000 W

Torque constant k 0.153 V/(rad/s)
Stall torque T, 3.06 Nm
Boost converter input supply voltage 24V

Inductor 1.5 mH, 40 A
Capacitor 200V, 670 uF
MOSFET [IRFP4332PBF] 200V, 40 A
POWER diode [MUR3060] 30A
Switching frequency 20 kHz
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The stall torque of the motor is
To =kl (6)

A. Forward and Reverse Motoring on the Inverter-Fed BLDC Drive
The performance of the BLDC drive is determined under forward
and reverse motoring at different load conditions. The prototype
experimental arrangement for a 1 kW BLDC drive with hand throttle
control is shown in Fig. 3. A DC generator is coupled with the motor
through the Lorenz USB torque sensor, which measures the torque
under different load conditions. Aluminum coupling with suitable
dimensions is provided at both ends of the torque sensor to cou-
ple the BLDC motor and DC generator. The switching pulse of the
inverter is generated by the controller, and the switching frequency
atrated speed is 3 kHz. MOSFET switches are used to build the power
circuit. The timing frequency at the rated speed of 3000 rpm is 200
Hz. The switching pulse at the rated running condition is illustrated
in Fig. 4(a). It is inferred from the figure that the switching frequency
of the inverter is 3 kHz. The output voltage corresponds to 3000 rpm,
shown in Fig. 4(b). The corresponding timing frequency is 20 Hz, and
it varies with respect to the speed.

The DC supply voltage and current, the inverter line voltage, and the
line current of the BLDC motor are observed at no load, 250 W, 500 W,
and 750 W. The values are presented in Tables Il and lll, for forward
and reverse motoring respectively. The input and the output power
are calculated using the following equations:

Efficiency = Output power -

Input power
Input power =Battery output =Vja X/pa ®)
Output power = Generator Output _ VG XIG (9)

The output voltage and current waveforms captured at different
load conditions are illustrated in Fig. 5. Both simulation and experi-
mental results are presented, in order to validate the performance
of the drive system. The simulation model for the drive is con-
structed by the various blocksets available in Simulink in MATLAB.
Fig. 5(a) shows the no-load waveforms of both input and output
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Fig. 4. (a) Switching pulse at rated operating condition. (b) Output voltage waveform at 3000 rpm.

voltage and current. The DC input supply voltage is 48.12 V and the
current is 3.41 A. The output no-load current is 3.4 A, and the line
voltageis 24.26 V at a speed of 1463 rpm. Fig. 5(b) and (c) shows the
load voltage and current waveforms at 250 W and 500 W respec-
tively. The Hall effect sensor detects the position of the rotor. The

output signals of the Hall sensors are captured by MSO, as shown in
Fig. 5(d). The signal is a square wave with 120° electrical. The ampli-
tude of the control signal is 5V, which is amplified by the driver
circuit in order to switch on the power electronics switches in the
converter.

TABLE Il. FORWARD-MOTORING CHARACTERISTICS

DC Supply BLDC DC Generator
Input Input Line Line Field Load Load Speed Resistive
Voltage (V) Current (A) Voltage (V) Current (A) Current (A) Current (A) Voltage (V) (rpm) Load (W) Torque (Nm)
483 34 24.26 5.7 0 0 16 1463 0 0
483 89 24.83 10.1 0.24 1.77 200 1475 250 2.23
483 123 2591 13.2 0.24 2.68 185 1460 500 3.24
483 135 26.96 14.1 0.24 3.12 175 1472 750 3.56
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TABLE Ill. REVERSE-MOTORING CHARACTERISTICS

DC Supply BLDC DC Generator

Input Input Line Line Field Load Load Resistive
Voltage (V) Current (A)  Voltage (V) Current (A) Current (A) Current (A)  Voltage (V) Speed (rpm) Load (W) Torque (Nm)

483 29 22.54 49 0 0 16 —1463 0 0

483 4.8 2243 6.5 0.24 132 145 —1475 250 -12

483 6.3 2223 8.2 0.24 1.92 132 —1460 500 -16

483 7 21.80 8.6 0.24 2.3 122 —1472 750 -1.69
B. Power, Torque, and Speed Characteristics sensor. The power, torque, and speed characteristics with respect

Different performance parameters like torque, speed, and power are to time under forward and reverse motoring are shown in Fig. 6(a)
plotted with Lorenz USB torque sensor data, which are stored in the and (b), respectively. For the forward-motoring operation, the motor
desktop. The DC generator is loaded gradually and the correspond- runs at 1477 rpm at different load conditions. The power, torque, and
ing speed, torque, and power values are measured by the torque speed for 2.23 Nm (250 W), 3.24 Nm (500 W), and 3.56 Nm (750 W) are
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Fig. 6. (a) Forward-motoring speed, torque, and power characteristics. (b) Reverse-motoring speed, torque, and power characteristics.

observed and plotted. For the reverse-motoring operation, the motor
runs at —1463 rpm at different load conditions. The power, torque, and
speed for —1.2 Nm (250 W), —1.6 Nm (500 W), and —1.69 Nm (750 W)
are observed and plotted. It is observed that in both forward and
reverse motoring, the speed is maintained constant under different
torque levels, and speed dip is observed for a short period. The over-
all efficiency of the drive system is calculated by measuring battery
output power (inverter input) and generator output power, and the
values are provided in Table IV. The average system efficiency is 83.6%.

TABLE IV. EFFICIENCY OF THE INVERTER-FED DRIVE SYSTEM

Battery BLDC Output Generator Overall
Power (W) Power (W) Power (W) Efficiency (%)
Forward Motoring

42504 344.44 354 83.29

594.09 500.45 4958 8348

652.05 55045 546 83.73
Reverse Motoring

231 185.35 1914 82.85

304 244.62 25344 83.36

338 260.50 280.6 83.01

111. BOOST-CONVERTER-FED BLDC MOTOR DRIVE WITH
LOADING ARRANGEMENT

The block diagram of a BLDC drive with DC-DC boost converter
is shown in Fig. 7. The switch operates under high switching fre-
quency (20 kHz) and helps in generation of a constant voltage from
the boost converter. The circuit diagram of the boost converter-fed
BLDC motor drive is shown in Fig. 8. The desired control pulses for
the boost converter are generated by the dSPACE1103 controller.

The boost converter is designed using the following equations:

Duty cycle=D VoV (10)
(1-D)'DR
Boostinductor=L, =~——~2—— (11)
2f
DV,

Output capacitor =C,,, = (12)

V.Rf

where D represents the duty cycle, R represents equivalent resistor,
f represents switching frequency, V, represents output voltage, V,,
represents input voltage, and V, represents ripple voltage.

A. Forward and Reverse Motoring on the Boost Converter-
Embedded BLDC Motor Drive System

Fig. 9 shows the experimental setup of the BLDC motor drive with
DC-DC converter. The specifications of the DC-DC boost converter

Programmable Boost Converter

RPS
\
Vs

Resistive Load

<«— Acceleration

<— Braking

Fig. 7. Block diagram of BLDC drive embedded with DC-DC boost converter.
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Fig. 8. Circuit diagram of BLDC drive embedded with DC-DC boost converter.

are presented in Table |. The motor runs at no-load at a rated speed
of 3000 rpm, and the corresponding voltage and current wave-
forms with respect to input and output are observed in Fig. 10. The
input DC voltage and current are 24.2 V and 5.99 A, respectively.
The output current of the boost converter is 3.05 A, the output volt-
age of the boost converter is 48.13 V, and the switching frequency
is 20 kHz.

Fig. 11 shows the overall experimental setup of test-bench arrange-
ments with load conditions. The motor runs at 1500 rpm and elec-
trical loading is added in the DC shunt generator. The input and
output voltage values and current values at 2.07 Nm and 2.29 Nm
load-torque conditions are presented in Fig. 12(a) and (b); and the
values are tabulated in Table V. The simulation results are presented
on the left side of each figure and the experimental results are pro-
jected on the right side. Both results are in association with each
other. The performance of the motor drive is similar to that of the
inverter-fed BLDC drive. Instead of a 48 V battery with inverter, a
24 V battery with a boost converter and inverter arrangement is
sufficient to minimize the size and cost of the battery. The current
drawn from the source is reduced, which minimizes the losses in
the power source.

B. Power, Torque, and Speed Characteristics

The DC generator is loaded gradually and the corresponding power,
torque, and speed values are measured by a USB torque sensor
mounted in the middle of the shaft, which couples both motor and
generator. The forward power, torque, and speed characteristics of
the BLDC motor with respect to time are drawn in Fig. 13. Initially,
the motor runs at 1477 rpm at no-load condition. When the motor is
loaded with 2.07 Nm and 2.29 Nm, the corresponding power values
are observed and plotted. The performances are the same as those
observed in the direct inverter-fed drive system with a 48 V battery.
The braking characteristics of the motor are presented in Fig. 14.The
motor runs at 1500 rpm and brake is applied at t=5 s. The speed
of the motor is reduced to zero, and the brake is released at t=8s.
The overall efficiency of the boost-converter-fed BLDC motor drive
system is calculated by measuring the input power (battery output)
and output power (generator). The overall efficiency is 83% and is
shown in Table VI.

The performance of the proposed work is compared with the recent
literatures [25-29] with respect to the type of the motor and its rat-
ings, battery selection, converter selection, and simulation results, in
Table VII. The BLDC motor is used in the research and the results are

‘
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Fig. 9. Experimental setup of BLDC motor drive with DC-DC converter at 3000 rpm.
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Fig. 10. Voltage and current waveforms with boost converter-embedded BLDC motor drive.
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Fig. 11. Experimental setup of the BLDC motor drive with DC-DC converter and DC generator load at 1500 rpm.
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Fig. 12. (a) Waveforms at 2.07 Nm load condition. (b) Waveforms at 2.29 Nm load condition.

TABLE V. LOAD CHARACTERISTICS OF THE DC-DC CONVERTER-EMBEDDED BLDC DRIVE

DC-DC Converter BLDC Motor DC Generator
Output Output Output Output Field Load Load
Voltage (V) Current (A) Voltage (V) Current (A) Current (A) Current (A) Voltage (V) Speed (rpm)  Torque (N m)
4832 8.01 2442 9.6 0 1.95 165 1476 2.07
48.32 89 2539 10.2 0.24 246 145 1473 229
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Fig. 13. Speed, torque, and power characteristics plot.
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are discussed under different running conditions with forward and
reverse motoring. Both experimental and simulation results are pro-
vided for the inverter-fed and boost-converter-fed BLDC motor drives.
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Fig. 14. Boost-converter-fed BLDC motor drive with braking.

A detailed discussion on inverter- and DC-DC converter-fed BLDC

drive systems with generator loading arrangment is presented. For

TABLE VII. COMPARISON STUDIES ON MOTOR TYPE, BATTERY, CONVERTER, AND SIMULATION RESULTS

References Input Source Motor Type Converter Simulation Results
[25] 48V, 4.8 kWh Li-ion 48V, 1 kW, 3000 rpom Buck converter with PV Simulation study was performed at 20 kHz switching frequency.
battery BLDC motor arrangement Speed of the motor was presented for forward motoring at 2000
rom and 500 rpm.
[26] 48 \/—LiFePO4 2 kW BLDC hub motor DC converter not used The basic characteristics of the BLDC motor such as power-speed,
battery power-torque, and power—current plots were provided.
[27] 60V, 4 A DC source 60V, 1 kW BLDC hub DC converter not used The back emf, gate pulses, and speed waveform for 1000 rpm were
motor presented.
[28] 48V, 10 ADC source 48V, 300 W, 2000 rpm DC converter not used Speed, torque, and power waveforms were presented. The
BLDC motor waveforms were not smooth.
[29] 48V battery Not mentioned Boost converter used Speed, voltage, and stator current profiles were presented for
forward motoring with the dSPACE controller
Proposed 48V, 24 Ah LiFePO4 48V, 1 kW, 3000 rpm Boost converter isadded  Speed, torque, and power plots are presented under forward and

battery

BLDC motor

reverse motoring modes for different speed and torque conditions.
Voltage and current waveforms of boost converter and BLDC motor
are presented under different operating conditions.
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speed, torque, and power measurments, a USB-type torque sensor
is mounted in the shaft. The performance analysis is done for the
forward- and reverse-motoring modes. The motor output voltage,
current, speed, torque, and power are noted for both modes under
different running conditions. A DC-DC converter is employed to
reduce the battery voltage and it is operated in closed-loop con-
trol for constant voltage operation. Simulation and experimental
results are presented to validate the performance of the drive sys-
tem. A DC-DC converter with a low-voltage battery is a good choice
for EV applications. The overall efficiency of the drive system is 83%
in both the inverter- and the DC-DC converter-fed drive systems.
Conventionally, in a battery-operated vehicle, the system design
cost decreases with maximum energy utilization. The analysis will be
very useful for new researchers in the EV domain, for a basic idea on
forward and reverse motoring with inverter- and DC-DC converter-
fed BLDC motor drives. The low-voltage battery can be charged eas-
ily under regenerative braking for different speed conditions.
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