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1. INTRODUCTION

Right from the era of invention of vehicles to a time less than five years ago, braking systems in
vehicles primarily involve the use of mechanical brakes which use friction and force on the wheels using
brake pads to stop the vehicle whilst burning away the energy as heat [1-5]. With the dawn of the era of
electric vehicles, the braking system quickly evolved into using the regenerative braking along with the
mechanical brakes [6-8]. Unlike mechanical braking, regenerative braking uses the inertia of the rotating
wheels to generate electric energy instead of burning it away, thus increasing the range of the vehicle [9-11].
Although it is not as aggressive in braking thus requiring the addition of mechanical brakes for emergency
stopping [12].

It is common in electric vehicles to combine both mechanical braking and regenerative braking
functions into a single foot pedal: the first part of the foot pedal controls regenerative braking and the final part
controls mechanical braking [13, 14]. This is a seamless transition from regenerative braking to mechanical
braking, akin to the practice of ‘putting the brakes on’ in a conventional ICE vehicle [15-17]. In twentieth century,
vehicular technology such as control technology and integrative technology have been developing
aggressively [18]. Somehow, the limitation of driving mileage still becomes an obstacle for the development
of electric vehicles. This problem is exactly what regenerative braking tackles, it has become one of the ways
to improve the driving range as this method can increase an EV's driving range by an estimated 8-25% [19-21].
There are several advantages of regenerative braking taken over the traditional braking system such as: More
control over braking, more efficient and effective in stop-and-go driving conditions, prevents wear on
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mechanical brake systems, better fuel economy [22]. This paper presents a speed and regenerative controller
design for the BLDC motor drive in an electric vehicle which uses Boolean logic.

2. PROPOSED SYSTEM CONCEPT

With the coming up of EVs-the dawn of a new era in the motoring industry, more and more
improvements in vehicle technology is on the rise. This naturally led to ways of not only matching the
prowess of the combustion engine but, in fact, leaving it behind in so many ways. One of the factors was
efficiency. With the introduction of electric motors, several ways to increase efficiency were developed; from
different chemical compositions of batteries to regenerative braking.

With more and more EVs being used in real time on the road, this regenerative braking technology
has become highly developed. It follows the basic principle of the motor acting as a generator when coasting
and feeding this generated electricity back to the battery pack. The prototype developed in this system uses
Arduino Nano to control the various aspects involved. The hardware goes hand in hand with the simulation
and includes a speed control module made for controlling the speed of the motor when driving which uses
inputs from the Hall Effect sensor for feedback.

A regeneration controller, which also uses signals from the Hall sensor is used in the model, this
controller comprises of the whole regeneration process and the components it includes. The controller
circuits are designed to work with Boolean equation logic. Further, a voltmeter unit is employed which
measures and simultaneously displays the regenerative voltage. This helps recharge the battery units used,
essentially having a main aim of a better efficiency overall. The Figure 1 shows the basic block diagram of the

proposed system.
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Figure 1. Block diagram of the proposed system

The Simulink model is based on a PMSM motor/generator set is shown in Figure 2, which is usual
as for simulation purpose can be used in place of a BLDC. Providing a starting torque, we can get the drive
characteristics i.e. the speed stability curve. The battery provides the power to run the drive system. A six-
pulse inverter and six-step commutation is used to drive the motor. Hall signals are taken as feedback for
deciding the switching sequence of the switched. The inverter converts the DC supply from battery to AC
supply to be supplied to the motor. For the speed control curve, a Pl controller is used in the simulation
model which takes rotor speed as input and gives feedback to the variable voltage supply.

For a motor to work as a generator, it should rotate. Rotation can only be provided if there is no
driving torque, i.e. there is no driving force and either a mechanical brake or electric braking is used. As there
is no power from the battery, kinetic energy of the motor will keep rotating the rotor due to which the motor
will act as a generator and generate an AC output. This AC will be then rectified to DC. This is what is called
regenerative braking, which is the main concern of our project.

2.1. Drive technique

For the drive part, we are acquiring the hall signals from the in-built hall sensor of the motor [23, 24]. As
there are three hall signals, there can be 8 possible combinations in which signals are received. Hall signals
can either be a voltage signal or a current signal, but in our case voltage signal is used to determine the
switching sequence. But at a given instance neither of the three signals can be in low nor high. At any given
instance at least one of the three hall signals will be in high position and one will be in low position. The
third will always be in a floating condition, i.e. there will be no voltage in that particular signal. The Figure 3
shows possible combinations of the receiving hall signals and the toggling of switches according to it.
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Figure 2. Simulink model is based on a PMSM motor/generator set
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Figure 3. Possible combinations of the receiving hall signals
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For the drive part, we are acquiring the hall signals from the in-built hall sensor of the motor. As
there are three hall signals, there can be 8 possible combinations in which signals are received. Hall signals
can either be a voltage signal or a current signal, but in our case voltage signal is used to determine the
switching sequence. But at a given instance neither of the three signals can be in low nor high. At any given
instance at least one of the three hall signals will be in high position and one will be in low position. The
third will always be in a floating condition, i.e. there will be no voltage in that particular signal. The Table 1
shows the possible combinations of the receiving hall signals and the toggling of switches according to it.

Table 1. Possible combinations of the receiving hall signals and the toggling of switches

Phase Switchs Phases Windings
H3 H2 H1 QIL Q1H Q2L Q2H Q3L Q3H PL P2 P3 V., Voo Vi,
| 1 0 1 0 1 1 0 0 0 +V, Gnd NC -V, - -
I 0 0 1 0 1 0 0 1 0 +V, NC Gnd - - +Vy
1" 0 1 1 0 0 0 1 1 0 NC +V, Gnd - —Vn -
\% 0 1 0 1 0 0 1 0 0 Gnd  +V, NC +V, - -
\% 1 1 0 1 0 0 0 0 1 Gnd NC +1, - - -V,
Vi 1 0 0 0 0 1 0 0 1 NC Gnd +V, - +V, -
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For determining the switching sequence, first step is to convert the high and low signals from hall
sensor to positive and negative voltage signals, which in the simulation is achieved by using AND gates and
a generic CONVERT block in Simulink. The AND gate input comprises of combinations of the 3 actual
signals with their NOT outputs. Figure 4 shows the switching pulses generated through proposed system.
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Figure 4. Switching pulses generated through proposed system

2.2. Regeneration

The regeneration system can be developed in two ways, either by using a controlled thyristor bridge
which also takes the switching signals from the hall sensor, or by using a conventional uncontrolled rectifier
design. We opted for a conventional for a conventional rectifier design, as our principle was to keep the
system simple and opting for controlled bridge would make the system more complicated. Rather than using
a single rectifier, we are using 2 single phase rectifiers in series to boost the output. Though the arrangement
does not produce any drastic effect, but is very well significant and divides the load on two single phase
rectifiers rather than using one three phase rectifier. Figure 5 shows MATLAB model of rectifier
configuration. The two rectifiers have their own filter networks.
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Figure 5. MATLAB model of rectifier configuration
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3. MOTORING CONCEPT

Brushless DC electric motor (BLDC motors, BL motors) also known as electronically commutated
motors (ECMs, EC motors) are synchronous that is powered by a DC electric source via an integrated
inverter/switching power supply, which produces an AC electric signal to drive the motor [25]. In this
context, AC, alternating current, does not imply a sinusoidal waveform, but rather a bi-directional current
with no restriction on the waveform. Additional sensors and electronics control the inverter output amplitude
and waveform (and therefore per cent of DC bus usage/efficiency) and frequency (i.e. rotor speed). Hub
motor has greater torque output compared to simple BLDC motor. Further, the weight of the hub motor is
also less and doesn’t employ a differential for transmission.

A BLDC has a rotor with permanent magnets and a stator with windings. It is essentially a dc motor
turned inside out. The brushes and commutator have been eliminated and the windings are connected to the
control electronics. The control electronics replace the function of the commutator and energize the proper
winding. A brushless dc motor is a polyphase motor with a permanent-magnet rotor. This motor cannot
operate without its electronic controller or electronic circuit. Therefore, a brushless DC motor drive system
that combines into one unit an AC motor, solid-state inverter and rotor position sensor. The solid-state
inverter uses transistor, MOSFETSs for low and medium power drives and thyristors for high power drives.
The rotor position sensor (RPS) monitor the shaft position and sends the control signals for turning the
controlled switches of the inverter in an appropriate sequence.

The motor used in this system has the specifications: voltage rating: 48 V, input power: 1500 W
efficiency: 84.3%, RPM: 744.6, stall current: 45.6 A, no load current: 31.2 A, starting torque: 30 Nm
continuous torque: 18 Nm. According to the requirements and feasibility, we are using the Kelly 48 V
1.5 KW BLDC hub motor. A 48.1 V battery pack is used to power the whole system. The battery system is
connected across the Speed Controller for the BLDC Motor. The speed controller employs input from the hall effect
sensors which are embedded in the BLDC motor and provide the speed and rotor position. These hall signals are sent
to the decoder.

The decoder comprises of Boolean logic to give the appropriate phase outputs to energize the motor
terminals in a proper sequence. It contains a NOT gate whose result is de-multiplexed into three signals.
These signals are then combined by an AND gate and then sent to a comparator. Three comparator result
signals go on to get multiplexed and provide an output signal for each of the phases. Hence, as an example,
when the Hall Sensors for the phases A and B are energized, post Boolean solving, B phase is positive and C
is negative. The Table 2 shows the phase sequences according to the hall signals.

Table 2. Phase sequences according to the hall signals
ha hb hc emfa emfb emfc

0 0 O 0 0 0
0 O 1 0 -1 +1
0 1 0 -1 +1 0
0 1 1 -1 0 +1
1 0 0 +1 0 -1
1 0 1 +1 -1 0
1 1 0 0 +1 -1
1 1 1 0 0 0

The Figure 6 shows the signals generated through hall sensor, these emf signals are then de-
multiplexed into 3 outputs. Each of these 3 outputs is compared with the zero value and the results are
multiplexed back to one signal. This resultant signal is the base of the combinations in which the SCRs are
energized. The resultant is fed to the six SCRs to form the perfect sequence; for example, when the phases A
and B are positive and negative respectively, SCR’s 1 and 4 are switched ON. The Table 3 shows the
different combinations of the EMF values according to which the SCRs is are turned on.

Table 3. Combinations of the EMF values according to which the SCRs is are turned on
emfa emfb emfc Q1 Q2 Q3 Q4 Q5 Q5

0 0 0 0 0 0 0 0 0
0 -1 +1 0 0 0 1 1 0
-1 +1 0 0 1 1 0 0 0
-1 0 +1 0 1 0 0 1 0
+1 0 -1 1 0 0 0 0 1
+1 -1 0 1 0 0 1 0 0
0 +1 -1 0 0 1 0 0 1
0 0 0 0 0 0 0 0 0
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Figure 6. Signals generated through hall sensor

Basically, the SCR pairs in the inverter bridge are fed power from the battery, while the Gate signals
to turn them on and off sequentially is provided from the hall sensors embedded in the BLDC Motor
according the speed and rotor position. This inverted output is then fed to the motor terminals. The rotor
speed (in rpm) feedback input is fed to a comparator as a negative, and the desired (reference) speed as the
positive. The difference is sent to a speed regulator and further to a Pl controller signal. The PI Controller
provides the system the ability to continuously modulate the control.

4. REGENERATION CONCEPT

Regeneration of power occurs during the period of coasting. There is no torque input to the motor
and then motor only rotates due to inertia. We have used a mechanical switch to toggle the motor terminals to
the regeneration controller. The three-phase motor output is fed to the diode bridge rectifier. Each of the three
phase outputs of the motor is filtered through a separate LC filter, and further combined so as to provide the
regenerated output.

The bridge rectifier receives gating signals from the same Hall Effect sensor system as mentioned
earlier. The A, B and C phases of the alternate MOSFETS are connected to enable rectification. After
filtration, the final output is measured by a voltmeter connected across both the terminals. A battery may be
connected across the same terminals to charge it. When connecting a battery across the terminals after the LC
Filter pairs, a diode must be attached in the orientation such that it allows current flow from the regeneration
circuit to the battery and no reverse flow is possible.

Calculations:

RPM =750

Angular speed, w = (2*pi*rpm)/60=78.5398
Thus, Power, P =T*w=3.29 kW

Also, | =31.25A
Hence, V =P/I=105.3 V
Efficiency =1.21/5.16 * 100=24.69%

5. BATTERY SYSYEM

A basic requirement for electric vehicles is a portable source of electrical energy, which is converted
to mechanical energy in the electric motor for vehicle propulsion. Electrical energy is typically obtained
through conversion of chemical energy stored in devices such as batteries and fuel cells. The batteries are
made of unit cells containing the chemical energy that is convertible to electrical energy. One or more of
these electrolytic cells are connected in series to form one battery. The grouped cells are enclosed in a casing to
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form

a battery module. A battery pack is a collection of these individual battery modules connected in a series and

parallel combination to deliver the desired voltage and energy to the power electronic drive system.
Cells specification:

Cell voltage =37V

Cell capacity =2.6 Ah

Battery material = Li-ion

Life cycle =100 times

Total battery weight = 15 Kgs

Peak current =130 A C - Rating-1C

5.1. Internal configuration of a battery system

13S25P 13S 25P configuration is used. In series the voltage is added up, therefore 13*3.7=48.1 V. The

total number of cells needed is 25 x 2.6 = 26 cells. The total weight of the system comes out to be 15 Kilograms.
Battery calculations:

6.

Total charging time:

Capacity/charging current=65 Ah/6.5 A=10 hrs.

Discharge time:

Total discharge time=Battery Capacity/Ampere required

Now the battery capacity can only be utilized up to 80%.
Therefore 80% of 65 Ah is 52 Ah.

Dissipation rate:

Voltage= 48 V Input power=1791.84 W Output Power=1000 W
I]=Output power/Input power=83.7%

Therefore, dissipation rate = 179184

State of charge:

Cell capacity= 80% of Max cell capacity=65-52 Ah =13 Ah
Theoretical stored energy:

Vbat * Capacity = 48*65=3120 Wh

Lithium lon battery is the suitable battery for the vehicle.

= 37334

CONCLUSION
This work presents a regeneration system for a BLDC motor driven electric vehicle. It makes the

use of regeneration principle in electric motors which allows the use of a motor as a generation to capture
energy when no torque is applied to the motor. The performance of the system is first tested as a simulation

and t

hen applied to hardware. Regeneration increases the vehicle efficiency and range, thus making it highly

convenient to operate and use. As given in the regeneration concept. the proposed system gives an efficiency

of up
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