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This paper presents a novel 4-quadrant chopper design for controlling the
speed of electric vehicles, featuring a regenerative braking mechanism to
improve energy efficiency. Regenerative braking recovers energy during
deceleration by converting Kinetic energy into electrical energy stored in the
battery. This process activates automatically when the accelerator pedal is
released, slowing the vehicle while reducing reliance on mechanical brakes,
which remain available for emergency situations. The system’s voltage
control is achieved using a pulse-width modulation (PWM) technique that
adjusts the duty cycle of switching devices. A microcontroller serves as the
system’s core, generating PWM signals and coordinating its operation. The
performance of the chopper was evaluated through simulations and
experiments, demonstrating that optimal energy recovery occurs at duty
cycles of 55-65%. The results revealed that up to 400 joules of energy can be
regenerated per braking cycle, particularly in stop-start driving conditions.

This innovative design contributes to a 5-10% extension in battery life per
charge cycle, enhancing the overall efficiency and sustainability of electric
vehicles. The proposed system demonstrates significant potential for energy
recovery and reduced wear on mechanical braking systems, paving the way
for more efficient electric vehicle technologies.
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1. INTRODUCTION

The most of conventional passenger and transportation vehicles across the world are operated by the
fossil fuel based internal combustion engines. These vehicles are major contributors of producing the
greenhouse gases other pollutants [1]-[3]. Therefore, it is essential to shift the paradigm of conventional vehicle
by electric vehicles (EVs) with no tailpipe in phased manner. The various studies show that EVs are more
efficient, smarter, and environmentally friendly [4]-[6]. But the range (distance covered by vehicle when fully
charged) of EVs is major challenge because of limited stored energy in the battery bank. To address this issue
several studies have been done to improve the EV range. In literature [7]-[9], different methods have been
reported to increase EV’s range and its economy. The power train of an EV classically consists of an energy
source, an electric circuit (power electronics), electronic control unit (ECU), and an electric motor.

Since battery pack is the primary energy source to operate the DC motors of EVSs, special attention
has been given to keep the battery charge high as good lasting source and opting for newer, highly efficient
designed motors. The four-quadrant DC-DC choppers, as shown in section 2, attempts to harvest a variable
DC voltage from a constant DC voltage by adjusting the voltage and current passage in the four-quadrant
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functions. Several studies show [10]-[12], that the use of brushless DC (BLDC) motors controlled by DC
chopper is one of options to improve the performance of EVs and consumed lesser energy. In a DC chopper,
DC to DC converter is used to step up and step down the DC voltage using fast operating switches. The output
voltage of chopper circuit is controlled by periodic closing and opening of semiconductor switches like power
transistors or forced commutation thyristors used in the circuit. The DC chopper is capable to operate in all 4-
quadrents and it is more efficient, speedy and optimized device hence is widely used as speed controller for
DC motors’ applications [13], [14] like in EVs.

In present scenario to reduce the carbon emissions and to address the climate change issues, solar
energy optimization in distributed system [15] and the use of EVs are getting priorities to replace the
conventional power and transportation system respectively. There are several challenges which needs to be
address for EVs like range anxiety, charging infrastructure, charging speed and compatibility [16], [17]. One
of the major challenges in EVs is to increase the driving range in one charge of the battery. The performance
of battery depends on many factors and scientists are developing better battery technology to increase driving
range while reducing weight, cost and charging time. The other way to prolong the EV range is to recover the
energy already spent. That is the known as the regeneration. For instance, incorporating a regenerative braking
system over conventional friction braking during the retardation period of the wheels also has been testified in
several studies to increase the driving range [18]-[23]. Many scholars are explaining the energy savings by DC
chopper circuits for EVs, but little contribution has come across to find out the optimum duty cycle for
regenerative braking. The objective of the work is to simulate the 4-quadrant chopper to determine the
optimized range of duty cycle to get energy back during braking to charge the battery.

In this paper the design and implementation of 4-quadrent chopper to control the DC motors for
electric vehicles has been discussed. Further to improve the energy efficiency, the concept of regenerative
braking has been analyzed using simulations. The paper is consisting of four major sections. The background
of chopper circuit, DC motors, and the need of regenerative braking has been discussed in section 1. The
methodology to implement the 4-quadrent chopper and the regenerative braking has described in section 2.
The section 3 presents the hardware implementation, the obtained experimental and simulation results. Finally,
the conclusions are listed in the section 4.

2. METHODOLOGY

In regenerative mode of operation, the motor operate as generator and the kinetic energy of motor and
inertia of the vehicle is converted into centricity to decrease the speed of the motor and returned power to
charge the battery to save its energy and to enhance the performance of driving range [24], [25]. The 4-qudrant
choppers plays vital role to control the mode of operation of the motor.

2.1. 4-Quadrant chopper operation

To design the different quadrants chopper, several studies has been carried out by the
scholars [26]-[29] and one such chopper circuit is shown in Figure 1. It can operate in all 4-quadrants of the
output voltage and current plane and is also known as a class-E chopper. The circuit of a 4-quadrant chopper
consists of four power semiconductor switches. These devices used for a chopper circuit can be forced
commutated thyristors, power BJTs, power MOSFETSs, GTOs, or IGBTS, as shown in Figure 1. Each device
has an antiparallel diode built inside or connected outside. The switches are turned on and off using pulse width
modulation signals.

S
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Figure 1. Four-quadrant chopper schematic diagram
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The operation of a class-E chopper in all four quadrants is achieved by turning on different switches
and diodes in pairs of various combinations. To obtain first quadrant operation as shown in Figure 2, PWM
signal is applied in Sy, Sz is fully OFF, Sy is fully ON, and S; is OFF or with PWM complement to the PWM
applied in upper transistor Si, both the output voltage and current should be positive. In this mode, the motor
works in the motoring mode. The developed torque and speed are positive, and the motor rotates in a certain
direction, for example, clockwise direction, in Figure 2(a) the PWM is high for the transistor Si, so the current
flows through the upper transistor to the motor and transistor Ss. Now, the speed of the motor can be varied by
varying the duty cycle of the transistor Si1. As the duty cycle varies, the voltage across the armature of the motor
varies proportionally, thereby varying the motor speed since N is proportional to the armature voltage.
In Figure 2(b) the PWM is low for the transistor Sy, so the current circulates through the diode antiparallel to
the lower transistor S,. The motor works in the forward motoring mode.

To obtain second quadrant operation, as shown in Figure 3, PWM signal is applied to S, S4 is fully
ON, and S; and Sz are fully OFF. The output voltage is positive, but the current is negative. In this mode, the
motor works in the forward regenerative braking mode, and the developed torque is negative, causing the
machine to slow down. However, the motor still rotates in the same direction due to inertia. In Figure 3(a), the
PWM is high for the transistor S, so the current flows through the lower transistor S, and the motor armature
coil stores kinetic energy. Once the PWM signal is low for the transistor S, the stored energy returns to the
supply through the diode antiparallel to transistor S; as shown in Figure 3(b).

To obtain third quadrant operation as shown in Figures 4(a) and 4(b), PWM signal is applied to Sz, S1
is fully OFF, Sy is fully ON, and S, is OFF or with PWM complement to the PWM applied in upper transistor
S3. The motor rotates in counter clockwise direction. The motor works in the reverse motoring mode. To obtain
fourth quadrant operation, as shown in Figures 5(a) and 5(b), PWM signal is applied to Ss, S; is fully ON, and
Sz and Sz are fully OFF. The motor works in the reverse regenerative braking mode.

(@)

Figure 2. First quadrant operation (forward motoring mode): (a) S1 PWM is high and
(b) S: PWM is low

Figure 3. Second quadrant operation (forward regenerative braking): (a) S, PWM is high and
(b) S, PWM is low
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Figure 4. Third quadrant operation (reverse motoring mode): (a) S PWM is high and
(b) Sz PWM is low
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Figure 5. Fourth quadrant operation (reverse regenerative braking): (a) S4 PWM is high and
(b) Sa PWM is low

2.2. Regenerative braking analysis

Regenerative braking is a system that allows an electric or hybrid vehicle to recover kinetic energy as
it slows down and use it to recharge the battery [30], [31]. The regenerative braking mechanism will activate
whenever the driver lifts their foot from the accelerator, causing the car to decelerate and the kinetic energy to
return to the battery. The generated EMF shown in Figure 6 depends on the speed of the electric vehicle during
the braking mode. As shown in Figure 6, during the time period from 0 to ton, the energy stored in the vehicle’s
inertia is transferred to the armature coil of the motor L.. From the time period ton to T, the coil energy is
transferred to the battery.

S2 is high 52 is low

t=0 i, + - t=t,, t=T

=
+
[

o

Figure 6. Regenerative braking operation in the second quadrant
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The equation for the armature current from 0 to to, of Figure 6 is shown in (1), and the equation for the same
current from 0 to T is shown in (2) [32]-[35].

E—i,R, — a%zo @
) dig
E— iR, — ad_ltzvs (2

By solving (1), the armature current from 0 to ton is shown in (3).

lq

= RE + A,e”t/T Where t = ;—“ (3)

a

And the armature current from to, to T is shown in (4).

_E-V

ia = & + Aye7t/T 4

The power fed to the supply i.e. regenerated power can be calculated using (5).

Regenerative power B.(t) = Vi X ig_qperage = Vs x% tT i dt (5)
on
The regenerative power curve is shown in Figure 7, this power varies instantaneously with time, and the
regeneration starts at time t; and ends at time t, so the regenerative energy can be find using (6).

Regenerative Energy = f: B.(t)dt (6)
‘Cegenera:ed Power
t, €, }

Time

Figure 7. Regenerated power during the braking

3. RESULTS

The complete block diagram of the simulated system is shown in Figure 8. A microcontroller is used
to control the entire system, allowing power to flow in both directions between the battery and the power
converter. Table 1 shows the parameters used in the simulation and their justifications.

DC/DC | . ’ Electric
L) Converter REflachie Vehicle ]

Acceleration (
Command Controller (Acoeleration]

and regenerative braking
Command A

Figure 8. Block diagram for the proposed control system
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Table 1. The parameters used in simulation
Parameter Value  Unit Justification
Motor power 5 HP A standard motor power value used for small EV.
Load torque 10 Nm A moderate load torque to simulate typical driving conditions.
Switching frequency 1,3, kHz Different frequencies are tested to assess the influence on regenerative braking
(PWM) 5 efficiency.
Duty cycle (motoring 90 %  This high duty cycle ensures maximum motor speed during motoring mode for
mode) performance testing.
Duty cycle (regenerative 55-65 % The optimal range for maximum energy recovery.
mode)
Simulation time 1 s Ashort time interval that allows clear observation of the transitions between motoring
and braking modes.
Regenerative energy 400 J  Maximum recovered energy during braking cycles, confirming system efficiency.

3.1. 4-quadrant chopper simulations

The implemented model of the 4-quadrant chopper is simulated in Simulink, as shown in Figure 9.
The first quadrant operation is achieved by applying a PWM signal to the gate of transistor S; and the
complement signal to the gate of transistor S,. Figure 10 provides an outline of the simulated model for forward
motoring and forward regenerative braking. The general pulse generators are configured with 5 kHz switching
frequency and its duty ration can be adjustable.
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Figure 10. Simulink model for forward motoring and forward regenerative braking modes
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The simulation time is 1 second, with 0.5 seconds for forward operation mode and 0.5 seconds for
forward regenerative operation mode. As shown in Figure 10, a pulse generator (braking pulse) is configured
with a period of 1 second and a pulse width of 50%. The ON time of the pulse operates the motor in forward
motoring mode, while the OFF time operates the motor in reverse regenerative braking mode. During
regenerative braking, a PWM signal is applied to transistor S, (braking PWM), and keeping the upper transistor
S1 OFF. The duty cycle and frequency can be adjusted to achieve the maximum regenerative braking energy,
which results in a highly efficient braking system.

The motor is loaded with 10 N-m, when the braking sequence is initiated after 0.5 seconds, the speed
gradually drops as shown in Figure 11(a), The negative electrical torque indicates the motor is in regenerative
braking mode as shown in Figure 11(b), and the regenerative energy is rising as shown in Figure 12. Figure 13
shows the simulation results for a 5 hp DC motor with a constant load of 10 Nm applied to its shaft. The duty
cycle for the motoring mode was set to 90%, while the duty cycle for regenerative braking varied from 5% to
95%. Different frequencies were applied during regenerative braking, like 1 kHz, 3 kHz, and 5 kHz. It was
found that the maximum regenerative braking occurs at duty cycles between 55% to 65%.
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Figure 11. Motoring and regenerative braking modes: (a) motor speed and (b) motor electrical torque
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3.2. Hardware implementation

The components of the complete system are shown in Figure 14(a). The hardware consists of a 4-
quadrant chopper with four MOSFETS, each with a heat sink for cooling the heat generated in each switch. A
microcontroller (PIC18F4431) generates the four gate signals required to run the four MOSFETSs and manage
the complete system. A dead time of 2 microseconds is considered between the upper and lower MOSFETSs on
the same chopper leg. 4 drivers TLP250 are used for isolating and scaling the gate signals generated by the
microcontroller. A low power DC supply is used to energize the microcontroller with 5 V and 18 V for drivers.

A 1 hp, 24 V permanent magnet DC motor is used, along with a pedal accelerator that generates an
analog signal from 0 to 5 V for generating a PWM signal according to the required speed. A forward-reverse
switch is used to change between the forward and reverse motoring modes, and a regenerative braking push
button is also included. The complete hardware components are shown in Figure 14(b), the proposed control
system is used to drive the small car sample shown in Figure 15, regenerative braking enabled whenever the
driver lifts their foot from the pedal accelerator.
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Figure 14. Experimental output voltage waveforms at different duty cycles: (a) schematic diagram and
(b) hardware components

3.3. Experimental observations
The applied motoring mode PWM with a frequency of 4 kHz has been studied at different duty cycles;
experimental waveforms for the output voltage are shown in Figure 16. Figure 16(a), shows the output voltage

Int J Pow Elec & Dri Syst, Vol. 16, No. 1, March 2025: 407-417



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 415

at duty cycle 10%, while Figure 16(b) shows the output voltage at duty cycle 70%. Regenerative braking
studied at different frequencies such as 1 kHz, 3 kHz, and 5 kHz. The braking PWM is applied on the lower
MOSFETs. It has been found that the regenerative braking energy can reach up to 400 joules for each braking
cycle for the used vehicle system. During experiment, it is observed that maximum regenerative energy in the
range of 55 to 65 % of the duty cycle. The change in frequency has very less effect on the amount of
regenerative energy.

Figure 16. Experimental output voltage waveforms at different duty cycles: (a) 10% duty cycle
and (b) 70% duty cycle

4. CONCLUSION

Due to the fluctuating prices of gasoline and its negative impacts, switching to electric vehicles is
considered as the need of the hour. A complete driving system for electric vehicles has been implemented. The
regenerative braking could be able to save the energy stored in the battery thereby optimizing the safe running
distance per battery charge to the extent of 5-10%. The maximum regenerated energy occurred at duty cycles
between 55% and 65%. The designed driving system is used for driving a small real electric vehicle and has
given acceptable results. The regenerated energy released around 400 joules of energy for every braking period
in the proposed driving system and is based on vivid factors such as the speed of the electric vehicle, the system
inertia, and the applied braking PWM duty cycle. The incorporation of regenerative braking not only conserved
battery charge but also reduced reliance on mechanical braking systems thereby improving overall energy
efficiency and sustainability in EV applications. This design was meant for a small car prototype; however, it
can be further extended for the integration of large EVs.
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