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Abstract: Due to environmental concerns and oil supply instability, electric vehicles are becoming more popular. Regenerative braking
increases EV range. This article uses a non-isolated bidirectional converter for electric car regenerative breaking. Motoring uses battery
power from the converter. The converter charges the battery with back emf during regenerative braking. Battery storage works. Thus,
the battery recovers and reuses a lot of braking energy. Regenerative braking helps batteries. Thus, driving range increases.
MATLAB/Simulink simulates the system. A prototype can be used to test simulation findings. This study presents the outcomes of

simulation.
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1. Introduction

The progressive growth in energy consumption has resulted
in an increase in fuel burning, which has a negative impact
on the environment. Since one unit of energy conserved at
the consumption level decreases energy demand by 3 to 4
times, efficient energy usage and preservation are necessary.
Furthermore, by strategically utilizing energy, such
conservation could be accomplished with less than one-fifth
the cost of new capacity production. Energy efficiency can
significantly help us fulfill the energy requirements while
still reducing the petroleum use.

In electric vehicles, the regular braking systems convert
kinetic energy into heat; mainly in the form of friction this
wastes a significant amount of energy. Regenerative braking
is an energy-recovery method. By converting kinetic energy
into a new form, this energy slows down an object or
vehicle. Regular braking systems, on the other hand, lose
kinetic energy by converting it to heat through friction in the
brake linings. Thus, regenerative braking of an electric
vehicle implemented with a bidirectional converter can
reduce the energy loss and also improve the overall
efficiency of the system.

By using a bidirectional DC-DC converter, it is possible to
enhance the output voltage of the electrical storage systems
to a higher level and hence decreasing the current output. It
also enables reverse power flow during regenerative
braking, enhancing efficiency. Because of these features, the
DC-DC converter is a better alternative for power transfer in
electric vehicles, saving the total cost, size, and weight of
the system.

Regenerative braking is implemented by operating an
induction motor in negative slip region. The method is
efficient however it requires complex control algorithms [2].
The design and implementation of a converter with full
bridge topology is presented. It allows the regenerative
braking in DC motor. This converter presents three

operation modes namely, uncontrolled bridge rectifier, boost
converter and voltage source inverter.

The main purpose of the converter is transferring the
maximum energy from the DC machine to the grid
improving the efficiency of the complete system [4]. In a
brushless DC (BLDC) motor drive system (used for light
electric vehicle propulsion) is modeled by considering non-
linear effects. Analytic calculations and simulation results
were presented with regenerative braking applied. This
study uses BLDC motor that is most favorable in case of
electric vehicle, but the amount of energy saved in this
process is very less [3].

The system uses an IGBT Buck-Boost converter that is
connected to the ultra-capacitor bank at the boost side, and
to the main battery at the buck side. This study gives more
on the regenerative braking during shorter period that is less
than 1 or 2 seconds [5]. The study describes the
methodology to use the boost converter and microcontroller
to make the output voltage constant. This is helpful in the
regenerative braking but it uses expensive and fast
microcontroller that increases the cost. From the above, it
can be concluded that the complexity of the system and
control algorithm depends on the, type of motor selected,
inclusion of additional energy storage device, mode of
operation etc.

The motivation behind this work is to develop simple and
cost-effective system toe) maintain constant voltage across
the terminals of the battery and ii) improve the amount of
energy saving [6]. A novel methodology utilizing
regenerative braking is described. The model comprising of
DC machine, feedback-based boost converter and micro-
controller is proposed. This work focuses on implementing
an efficient, cost effective and simple boost converter for
maintaining constant output voltage across the battery
terminals [7]. A non-isolated bidirectional DC-DC
Converter has been proposed in this paper for charging and
discharging the battery bank through single circuit in
applications of Uninterruptible Power Supplies (UPS) and
the hybrid electric vehicles [8]. This paper refers to an
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effective model using MATLAB Simulink for Regenerative
Braking of a BLDC motor for an Electric Vehicle. In this
method the inverter which is used to drive the motor, alone
is used.

To attain smooth braking Fuzzy logic controller is used for
braking force distribution and P1 controller is for controlling
the braking current [11]. A review of the bidirectional DC-
DC converter (BDC) based on control methodology and
switching techniques is presented. The focus of the research
is on reducing converter size, weight, cost and losses [14].
The paper analyses two methods of regenerative braking,
which become the object of many types of research
nowadays, using bidirectional voltage-source inverter.
Characteristics of each method and its implementation are
presented [15].

2. Specification & design

In system description, a brief introduction about the
regenerative braking by using bidirectional converter is
given with the literature review. The motivation and
objectives are also discussed. This chapter comprises a
detailed description of the system with help of block
diagram.

DC-DC
Battery [«—>{ Bidirectional | —— DC Motor ——,—>< Load H

converter
Y

D Q J
Current sensor

T Input Current

Duty Cycle
control system

Figure 1: Block diagram of System

Figure 1 shows the block diagram of system. This system
needs a rechargeable battery. Rechargeable batteries store
energy via reversible chemical process that permits charge
to be stored after the battery has been discharged. The entire
power requirement means that we need a robust, portable
and an efficient source of power.

There are a couple of factors while choosing the type of
battery. 12-volt battery can be of many types, sizes, and
materials. Depending on their manufacture, batteries come
in a variety of shapes and sizes. Lead-Acid, Nickel-
Cadmium (NiCad), Nickel-Metal hydride (NiMH), Lithium-
lon (Li-ion), Lithium-lon polymer (LiPo), and rechargeable
alkaline batteries are all common types of rechargeable
batteries.

3. Implementation

3.1 Design of System

This circuit comprises of Battery, converter circuit with
separately excited DC motor connected in H- Bridge
manner. The Gate pulse is given externally from a separate
control system designed to control the ON-OFF condition of
Switches and monitoring the discharge rate of battery. The

discharge rate at various duty cycles like 90 %, 70%, and
50% for the different load conditions is compared.

Regenerative Braking in E-vehicle

e oo i

Conrol System

=
Figure 2: MATLAB System Model

At all this conditions energy delivered to the motor i.e., load
from battery is analyzed and the energy required for the
motoring is calculated. If motoring action performed
continuously the battery will discharge to lower threshold
(Mmin) value and requires recharging.

If motoring is followed by regenerative braking, energy is
used for charging the battery partially. This is the aim to
extend the time of recharging of the battery.

3.2 Control System

This is the control system designed for controlling the
switches by activating their respective pulse ssignal. For
giving that signal we have used the pulse generator with 10
KHz (cycle time period 0.1msec) switching frequency and
trying to calculate discharge rate of battery by changing the
speed at different load conditions.

Each MOSFET and load torque control subsystem has its
own subsystem. All MOSFETSs are function of Clock while,
MOSFET 1 is function of both clock and Armature current
(I). By sensing armature current respective duty ratio is
given to MOSFET 1 to soft-starting of motor. The duty ratio
output of the function block is sent to the pulse generator,
and the respective duty ratio pulse generated by the pulse
generator is given to the gate of the MOSFETS. Internally,
the pulse generator is designed using PWM methods, using a
square wave as reference signal.

This simulation is used for:

1) Different duty cycles for different operating condition
of motor at same and different load conditions.

2) For continuously operated in motoring mode, the
discharge rate of battery is checked.

3) Energy supplied from battery to load & to find its rate
of discharge.

4) At period of regenerative braking rate of charge of
battery is checked.

5) By using regenerative mode, part of energy during
regenerative braking is fed back to battery to reduce its
recharging time.
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Figure 3 MOSFIéiI'A—i--control system

Table 1: Motor specifications

Loading Starting Current steady state current
Full load 75 A 16.56 A
Half-load 73A 8.6 A
Loading Starting Current steady state current
Full load 27TA 16.56 A
Half-load 27 A 8.6 A

Figure 3 shows the control system designed to reduce
starting current, though it increases the time required by
motor to attain its rated speed (pickup time) by 0.7 sec.
Implying this starting current has been reduced by 64%.

3.3 Calculations

e Calculation at rated condition:
_InputPower (W) (4)

P~ RatedVoltage(V)

o 5 x 735.5
FL. = ""240
I, = 15.32 Amp
E =V-IR, ©)
= 240-15.32 x 2.58 = 200. 47 VV
P,=Vxl, (6)
=240 x 15. 32
= 3677 Watt
P.= Eb x1, (7
=200.47 x 15.32
= 3071 Watt
P.=T.x® 8)
_ 21N
“=760

w= 2M0x1750 _ 183.25 rad/sec

T.=P,/® 9)

= 3071 % 183.25
Te=16.75 N-m.... (Full load torque)

o Calculation for duty cycle of MOSFET 1

In matlab/simulink models, the switching loss is absent (ideal).
Reverse Fall Time (tRH) & Forward Rise Time (tFH) are
ideally zero. So, considered 90 % duty cycle of DC-DC for
motor operation on practical basis

o Calculation for Battery voltage
Vs = Vrated/O-9

Vs =240/0.9
=266.67 =270V

To obtain rated voltage at motor terminal the battery voltage
required is 270V.

e MOSFET 2 duty ratio Consideration :

Table 2: Shows results are taken at different duty ratio of

MOSFET 2.
Duty Ratio [Ton] | Energy recovered | Braking Current
40 1957 17 A
50 2581 25A
60 2921 33A
70 3231 41 A
80 2181 50 A
90 1421 57 A

From Table2 result table, itis concluded that maximum energy
is recovered at 70% duty ratio.So, for MOSFET 2 duty cycle
applied is 70%. when the duty ratio is increased braking current
increases which leads to increased braking torque.

4. Results & Evaluation

The earlier discussed design of the system is implemented.
After the implementation the following results and
evaluation is done as discussed in this chapter.

Two cases are implemented; they are as follows:
Case 1: Motor Operated with Full Load Condition with
e 2 sec motoring operation followed by braking
e 4 sec motoring operation followed by braking

Case 1: Motor Operated with Full Load Condition

Results Calculated for 15.69 N-m full load at 16.5 Amp,
speed for full load is 1936 rpm for analysis purpose and
calculations done for motoring operation without
regenerative braking and with regenerative braking.

Speed Vs Time

g

2,

;/

- |

Figure 4: Speed & Current waveforms at full load with 0.9
duty ratio

Energy in rotating mass = %ij: %x0.02215><
(202.73)2=455.20J
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Power (Walls)

Time (Second,

Figure 5: Power waveform at full load 0.9 duty ratio

Energy recovered by braking = 183 J

Percentage energy Recovered of rotating mass = 39.49 %
Energy required at starting = 2651 J

Energy required at starting + Motoring= 7325 J
Percentage energy Recovered of Starting = 6.88 %

The continuous motoring time is used as 2 sec and 4 sec
before braking.

1) Performing 2 sec motoring operation following
calculation are carried out,

SOC Vs Time

Current {Amps)

Figure 6: SOC & Current waveforms at source side at full
load 0.9 duty ratio

Figure 6 shows SOC characteristics of battery. By finding
slop of SOC during motoring and braking rate of discharge
and charge are calculated respectively.

Rate of Discharge= 8.2 x 10 %/sec
=100/(8.2 x 10°®)
= 12195 sec

Time required to full discharge without regenerative
braking= 3.38 Hrs.

Rate of charge during braking = 3 x 10 % / sec
Total Rate of charge during braking for 0.25 sec
=0.25x 3 x 10° %/ sec

=0.75x10°%

No of Cycles required for 100% Discharge
x 10)= 6098 Cycles

= 100/(2 x 8.2

Total Braking charge in % = 6098 x 0.75 x 10°= 4.57 %

Time extended before recharging of Battery due to
regenerative braking=4.57 % of 3.38 Hrs.= 9.26 min

Time required to full Discharge = Time required to full
Discharge without regenerative braking +of battery Time
extended before recharging of Battery due to regenerative
braking= 3.38 Hrs. + 9.26 min=3.53 hours

2) Performing 4 sec motoring operation following
calculations are carried out,

Time required to full Discharge = 3.46 Hrs.
No of Cycles required for 100% Discharge
x 10%)= 3049 Cycles

Total Braking charge in % = 3049 x 0.75 x 10°= 2.285 %
Time extended before recharging of Battery due to
regenerative braking= 2.285 % of 3.38 Hrs.= 4.63 min
Time required to full Discharge = Time required to full
Discharge without regenerative braking +

Time extended before recharging of Battery due to
regenerative braking= 3.38 Hrs. + 4.63 min=3.46 Hrs.

= 100/(4 x 8.2

Table 3: Full load Torque = 16.75 N-m

Case 1 Case 2 Case 3

Duty Cycle 0.9 0.7 0.5

Speed in rpm 1936 1415 897

Energy in rotating mass 4551 2431 981
Energy recovered by braking | 182.5] 118 48.19)
Percentage energy 39.49% | 48.55% 49.17%

Recovered of rotating mass

Percentage energy 6.88% 6.30% 4.47%

Recovered of Starting
Rate of Discharge in %/sec |8.2 x 10-3|6.4 x 10-3 | 4.4 x 10-3

Rate of Charge in %/sec 3x10-3 | 2x10-3 | 1x10-3
Time required to full 3.38 Hrs. | 4.34 Hrs. | 6.31 Hrs.
Discharge without
Regenerative braking
Time required to full 3.53 Hrs. | 4.49 Hrs. | 6.45 Hrs.

Discharge with Regenerative
braking

Table 3 shows the Results for 8.37 N-m Full load Torque
with variation of duty cycles like 0.9, 0.7 and 0.5 are
presented with 4 sec motoring operation.

Results from Table 3 indicates speed of motor is increased at
half load compared to full load because torque required is
less in half load and back emf is increased so percentage of
recovered energy is more so life of battery is extended is by
70% more than full load and hence regenerative braking is
more efficient in half load.

At higher duty cycle, with higher motor speed the energy
stored in rotating mass is higher and vice versa. So, by
comparing all the duty cycles, at 0.9 duty cycle speed of
motor is high so, Time required to full Discharge of battery
with Regenerative braking is high.

5. Conclusion

The MATLAB modeling for motoring as well as
regenerative braking mode was performed and the results
were confirmed using theoretical calculations. If the motor
is operated in continuous motoring mode at 0.9 duty cycle
the time required for complete discharging of battery is 3.38
hour sat full load. Model was tested for different duty cycles
and loading conditions with variation of motoring and
braking patterns.
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Time extended before

recharging of battery due to

regenerative braking at full load. At higher duty cycle (0.9)
speed is maximum so tapped energy in rotating mass is more
and time extended before recharging of battery due to
regenerative braking is also more.
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