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Abstract: This study introduces a novel way to regenerative braking based on a Brushless DC (BLDC)
motor. The preferred way for braking is to use a variable Stator voltage from a multi-cell battery system
DC-DC buck converter. The proposed brake system's performance was evaluated using a simulation.
According to simulation results, the proposed regenerative braking system is both practical and effective.
Furthermore, this study introduces the most essential technique for regenerative braking, which employs a
BLDC motor to increase the mileage of lightweight electric vehicles.
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I. INTRODUCTION

The major environmental hazards related with carbon emissions and the divestment of fossil fuels need the
development of alternative or renewable energy sources. The shift from internal combustion engines to electric cars is a
significant step forward for mankind towards the goal of zero carbon emissions and sustainable development. Due of its
easier control algorithm than other EV motors, the PMBLDC motor has found broad application in light electric vehicle
sectors such as e-rickshaws and two-wheelers. During deacceleration, energy is readily recovered in a PMBLDC motor
and stored in the battery.
Electrical braking is often ineffective at speeds below a certain threshold, and energy cannot be recovered during
emergency braking. Electronic and mechanical brake compatibility [1]. As illustrated in [2,] the amount of regeneration
possible is dependent by the amount of braking pressure applied to the throttle. [3] features a fuzzy logic-based control
system that improves braking performance substantially. Since sliding mode control provides excellent steady-state
performance, it minimises unwanted oscillations in the DC bus while switching between driving and braking modes [4].
[5] use a bidirectional DC-DC converter to maintain DC bus voltage and reverse power flow when braking. The back
emf of the motor must stay constant for effective battery charge [6].
To identify rotor position, find the zero-crossings of the rear emf [7]. The rotor position is also more precisely estimated
by analysing the inverter switching function [8]. The third harmonic stator voltage waveform gives rotor position
information and may be used to develop sensor-free approach.
The zeta converter is used to extract the greatest power from the solar panel while also offering consistent dynamic
performance under a variety of environmental conditions. In solar-PV-based applications, the Zeta converter offers the
following specific advantages over conventional DC-DC converters:

e It can manage a wide range of MPPTs under dynamic settings since it operates in buck-boost mode. [12]. The

highest duty ratio of a basic buck or boost converter refers to a certain mode of operation.
e The output inductor of the zeta converter ensures that there is no ripple current at the output of the boost or
buck-boost converter [13].
e The zeta converter has noninverted output polarity, as opposed to the Cuk converter, which has both input and

complexity of sensor circuits. [14].
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The solar-PV array and battery-powered PMBLDC motor drive are shown in Figure 1. A bidirectional DC-DC
converter is used to link the battery to the DC connector, which increases the cost and weight. The bidirectional DC-DC
converter regulates battery charging and discharging by maintaining the DC connection voltage. A DC-DC power
converter is used at the front end of MPPT. Two voltage sensors, two current sensors, and hall sensors for position
feedback are required for speed control. The dc-dc converter in [15] is replaced with a Z-source DC-DC converter.
Controlling this kind of DC-DC converter, on the other hand, requires some complex control, such as monitoring phase
currents and dc link voltage.

The following is an outline of the paper. Part II describes the system. Part III describes the design methods. Section IV
covers the control methods used, followed by Section V's results and Section VI's conclusion.
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Fig 1:PV-powered BLDC motor driving system block diagram

II. SYSTEM DESCRIPTION AND OPERATION

A solar panel, a zeta converter, a three-phase voltage source inverter (VSI), and a PMBLDC motor comprise the
vehicle's powertrain. Since the battery is connected to the system DC bus, the suggested method eliminates the need for
a second power converter and considerably reduces the number of sensors used. Just two voltage sensors are required in
the proposed system to provide MPPT and sensor less control.

The engine needs electricity, which is provided by both the battery and the solar-PV panel. The maximum power
collected by the solar panel is transferred to the VSI using a zeta converter. An incremental conductance approach is
used for MPPT operation. The VSI and the intermediating zeta converter provide the whole electrical power from the
DC bus to the load. The P&O-MPPT method is used by a pulse generator to create switching pulses for the zeta
converter, which changes the duty ratio to operate the converter at maximum power. The estimated duty ratio is then
compared to a high frequency carrier signal to guarantee maximum switching efficiency at the highest ideal power
point for the converter. The electrical commutation logic of the PMBLDC motor controls the switching of the VSI's
IGBTs. Since the VSI is switched at the fundamental frequency, switching losses are decreased. Additionally, energy is
recycled bidirectionally from both sources to loads. The VSI is now charging the battery and serving as a rectifier. It is
also feasible to implement position sensor-less control for electronic commutation of the PMBLDC motor, which
eliminates the need for mechanical Hall sensors and the related complex electric circuitry.

III. MAXIMUM POWER POINT TRACKING
Maximum Power Point Tracking (MPPT) is a useful tool in PV applications. The key factors that influence the electric
power generated by a photovoltaic framework are solar radiation and temperature. The voltage at which a PV module
can produce the maximum power is referred to as the "most extreme power point" (pinnacle control voltage). The
fundamental rule of MPPT is in charge of isolating the most possible power from the solar and feeding it to the heap via
a dc-to-dc converter that steps up/down the voltage to the desired size [5]. A PV generator's operational point is found
at the junction of its current-voltage curve and the load-line. Its operating point may be distant from the generator's
maximum power point (MPP), squandering a large portion of the available solar power. An MPP tracker, typically
consisting of a basic dc-dc converter, is used to establish optimal matching between the PV generator and the load. An
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A variety of MPPT algorithms, including the P&O algorithm, have been suggested [1-3]. This basic technique, which is
straightforward to construct, does not need prior knowledge of PV generator parameters or measurements of solar
intensity and cell temperature. The method modifies the operating point by changing a control parameter by a tiny
amount and then compares the PV array output power before and after the change. If the power grows, the algorithm
continues to disrupt the system in the same direction; otherwise, the method perturbs the system in the opposite way.
The P&O technique is often implemented using two methods: reference voltage perturbation [4-10] and direct duty
ratio perturbation [5, 7, 11-13]. The PV array output voltage reference is utilised as a control parameter in combination
with a controller (often a PI controller) to adjust the duty ratio of the MPPT power converter for reference voltage
perturbation. The PI controller gains are fine-tuned when the system is running at a constant voltage equal to the MPP
voltage's standard test condition (STC). The MPPT algorithm controls the reference voltage while these gains remain
constant. The duty ratio of the MPPT converter is employed directly as the control parameter for direct duty ratio
perturbation.

/ Measure; Ve (T) and Ip{T) /

PpiT) = VedT) % Ip{T)
APp{T) = PpT) = Pp{T-1)

| akn--akry | [ akm-akan |
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T

Fig 2:Flowchart of P&O MPPT algorithm

A. Zeta Converter
A zeta converter is a fourth order converter. Nonlinear system in the sense that it may be seen as a buck-boost-buck
converter for energy input and a boost-buck-boost converter for output. The optimum switch-based zeta converter
implementation is shown. Figure 3 depicts a non-isolated zeta converter circuit. While this converter may operate in a
variety of modes depending on inductance value, load resistance, and operation frequency, only continuous inductor
current " iL1" is examined here using the well-known state-space averaging approach. The following assumptions are
used in the analysis.

e Semiconductors switching devices are regarded as ideal.

e The converter is in continuous inductor current mode.

e The line frequency ripple in the dc voltage is ignored.
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Fig 3: Proposed Structure of Basic Zeta converter
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B. Principle of operation

When analysing Zeta converter,its waveform shows the equilibrium, L; average current equals I;;and L, average
current equals I, ; since there is no DC current through the flying capacitor Cz;y. Also, there Stage-1[/{;ON]

The switch M1 is in ON state, so voltages VL; andVi, are equal to Vin . In this time interval diode D1 is OFF with a
reverse voltage equal to - (¥, + ¥;). Inductor L, and L.get energy from the voltage source, and their respective currents
IL; and IL; are increased linearly by ratio ¥j5/L; and ¥V, /Lsrespectively. Consequently, the switch current IM1=IL; +
1L is increased linearly by a ratio Vin/L, where L=Ly.Lo/( L +L5). At this moment, discharging of capacitor C fly and
charging of capacitor CO take place.

M Vo Vin
3 1 C
Vln ey _Ir ﬂy [_2
Cin I\ I N
) C L

Fig 4: Zeta converter during MOSFET ON time

Stage-2 [M; OFF]

Is no DC voltage across either inductor. Therefore, {z;y ground potential at its left side and Vg at its right side,
resulting the DC voltage across Lz;y is equal to VOUT.

In this stage, the switch M; turns OFF and the diode I, is forward biased starting to conduct. The voltage across L; and
L, become equal to -1}, and inductors L, and L transfer energy to capacitor Ly, and load respectively. The current of
L; and L; decreases linearly now by a ratio —¥;/L1 and —¥./L2, respectively. The current in the diode 1Dy =IL. +IL;also
decreases linearly by ratio —VO/L. At this moment, the voltage across switch M1 is V= Viy + V5.
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Fig 5:Zeta converter during MOSFET OFF time

IV. CONTROL STRATEGY OF PROPOSED SYSTEM
The control of the proposed drive system is split into two parts: MPPT control in the front-end converter and load-end
VSI control for optimum motor electronic commutation during driving and regenerative mode. In the preceding section,
we discussed the MPPT control approach. As a result, the sensor-free electronic commutation approach of the
PMBLDC motor with regenerative braking is thoroughly investigated here.

A. Electronic Commutation e
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The six-step electronic commutation of the PMBLDC motor is done by accurate switching of the VSI in 120-degree
mode of operation using three virtual Hall sensor signals generated by the sensor less control algorithm. Two power
switches are engaged at the same time on each 60-degree step. As a consequence, two phases of the motor are active at
each commutation period, while the other phase remains quiet.

DuVSI is used as a single-phase rectifier in PWM mode to charge the battery during ring regenerative braking. Table I
shows the VSI switching procedure for both types of operation.

TABLE I. SWITCHING STATES OF THE VSI
Steps Mode |0°-60°| 60°- | 120°- | 180°- | 240°- | 300°-
120° | 180° | 240° | 300° | 360°
Motor |S1.84|S1.56|S3.56|S3.52|S5.52|S5. 84

Regen. |S83.52|S85.52|85.54|S1.54|51.S6|S83. 56

B. Control Topology

The third harmonic stator flux is used here to allow electrical commutation of the motor without the need of a position
sensor. The third harmonic flux is calculated using the motor's back emfs. The following is the Fourier series
representation of the three-phase back emfs:

gy = E,sinf + E;5in30 + E,sin50 + - ... (1)
2 2 2
ez = Eysin(9 — ?:] + E,sin3(f — ?:] + E,sind(f — ?:] + el (2)
. 4. o 4 . 4.
e; = E, sin (B - ?] + E, sin3 ,\3 - ?] + E,; sin3 (E]‘ 3, + el (3)

Where 0 is the electrical rotor angle. The sum of the three back-emf equations is expressed as,
8y + €z + 8 = 3E;sin38 + 3E,5in%8 + E,.5inl5% + & 3Esin38 (&)
Again, the total of the PMBLDC motor's three phase voltages is used,

Ugym = Ugy T Upy T Ugy
d
(H:;.1 +1L E] (a+ig+i)+ (e +e5 +2.)03)

As in steady state, (i, + iz +i.) = 0,
Ugzym can be approximated as,
Ugwm — 84+ 85 +er ® 3E; sin 38 (8)
As a result of (4) and (6), it is possible to conclude that information about the third harmonic component of backemf is

encoded in the sum of three phase voltages.
Now third harmonic stator flux can be obtained as,

Wag = [ vamdtdt  (7)
As illustrated in Fig. 6, the generated third harmonic stator flux linkage from the integration of the u sum may be
utilised to estimate the location of the rotor since the zero-crossing points of 3rd are the precise commutation points.

C. Elimination of false zero-crossings
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The three back-emf signals are generated using the motor's terminal voltage. The observed terminal voltages in Fig. 7

exhibit unwanted spikes. This results in erroneous zero crossings and causes the VSI's whole switching logic to fail. A
first order lowpass filter is designed to remove those annoying spikes.

The cut off frequency must be carefully chosen while creating the filter. Taking phase lag into account, the cut off
frequency in this study is set at 1000 rad/s. The lowpass filter's transfer function is,

@, 100
H(s) = E+wg  2-+1000 ®)

The LPF adds some phase lag to the system. The phase lag in relation to the speed of the PMBLDC motor may be
calculated as,

e i e
B = —tan™t— = —tan"i(

—— ) = —11.7° :
W, 1000 ©)

Where the angular frequency of the derived back-emf is denoted by. The phase lag induced by the LPF while running at
1200 rpm is -11.70, as illustrated in Fig 8.
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Fig 7: Unfiltered and filtered line voltage waveform
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Fig 8: Bode plot diagram for lag compensator

D. Design Procedures of Lead Compensator

The phase lag generated by the lowpass filter causes mistakes in estimating the zero-crossing locations at greater
speeds. Additionally, the torque ripple rises, potentially leading to considerable losses in the motor winding. As a
consequence, to compensate for the additional lag, a compensator with a leading phase angle is necessary.

The lead compensator in this work is meant to correct for a phase lag of -11.80 at a frequency of 208.4 rad/s while the
motor is operating at 1200 rpm. The compensator transfer function is expressed as follows,

G(s) = ko et 10
@ =k 0

Where k is the magnitude constant and cl and c2 are the zero and pole crossover frequencies, respectively. The
predicted value of k is,

. 1+ sing 1+ sin1l1.8 151 11

T 1-snf 1-sinll8 ()
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The time constant T is,
1 1
T = = = —
m ¥ vk 20E.4 w 4/1.51
So, the cut off frequencies are estimated as,

= 390 x 10 rad/s  (12)

1 1
Wey = = = o wan = g3 = 169-80 rad/s (13)
1 1
=—= = 296.41 rad/ 14
@t T U7 T151 % 3.00 x 10-2 raais (14)
So, the transfer function becomes,
G =z 4+ 160.80 15
) = s + 256.41 (13)

The Bode plot for the aforementioned system is shown in Fig. 9. At frequency 208 rad/s, a phase lead of 11.80 is
effectively achieved. Figure 7 shows the filtered waveform of the terminal voltage, which has been filtered to remove

any undesired spikes. With these filtered and rectified waveforms, the commutation error of the PMBLDC motor may
be considerably decreased.
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Fig 9: Bode plot diagram for lead compensator

V. SIMULATION RESULTS AND DISCUSSION

The complete EV model is simulated in MATLAB, the detailed simulation results along with discussions as follows
e Performance of solar PV array

e  Performance of Zeta Converter
e  Performance of PMBLDC motor

Fig 10: Simulink Model of the PV battery fed EV system with regenerative braking employing zeta converter

To analyse the performance of the solar PV battery fed ev system with regenerative braking employmg zeta converter.
The PV parameters of the system are shown in Table II.

TABLE II: PV PARAMETERS : )
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Parameters Specifications
Maximum power (W) 334.905 W
Parallel strings 1
Series-connected modules per string 1
Cells per module (Ncell) 80
Open circuit voltage Voc (V) 49.9
Short-circuit current Isc (A) 9
Voltage at maximum power point Vmp (V) 41.5
Current at maximum power point Imp (A) [8.07

Performance evaluation of a solar PV battery-fed electric vehicle with regenerative braking using a zeta converter at
1000 IR and 25 Degree Temp, Solar (PV) and Battery Both the source are used while testing the proposed system.

Figures 12, 15, 20 and 23 show results for regenerative braking at 0.5 sec; when braking was applied, torque and speed
went negative, and the battery started charging via regenerative braking.

Fig 11: DC Bus Voltage Vs Time in (S)
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Figure 14. PV Power Vs Time in (S)

Fig 18: Zeta Converter Output Current, Inverter Input Current and Battery Curpg
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Performance evaluation of a solar PV battery-fed electric vehicle with regenerative braking using a zeta converter at 10
IR and 25 Degree Temp, PV power is zero, so battery power is the only source used while testing the proposed system.

LUl

Fig 21: Line — Line Voltage (Vab) Vs Time in (S)
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Fig 26: Zeta Converter Output Current, Inverter Input Current and Battery Current Vs Time in (S)

VI. CONCLUSION

This study proposes an electric vehicle power train that incorporates regenerative braking technology and speed control
for a PMBLDC motor powered by a solar-PV and battery system. The speed is controlled online based on the peak
output of the solar PV panel and the load need. The battery is charged by the vehicle's kinetic energy during braking,
allowing regeneration to take place. This process eliminates the need for an intermediate DC-DC converter step. A
noninverted zeta converter with a constant output current enables excellent MPPT control for a solar PV array. The VSI
switches are gated at the fundamental frequency, which minimizes the losses associated with high-frequency switching.
The developed system is designed to be stable and controllable.
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