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Abstract-- This research offers a novel 

regenerative braking technology based on a 

Brushless DC (BLDC) motor. Using the 

recommended approach, braking may be achieved 

by applying a variable Stator voltage from a multi-

cell battery system DC-DC buck converter. A 

simulation was used to evaluate the performance 

of the proposed braking system. According to 

modelling results, the proposed regenerative 

braking technique is both practical and efficient. 

Furthermore, this research proposes the most 

fundamental technique for regenerative braking 

using a BLDC motor to improve the mileage of 

lightweight electric vehicles (EVs). 
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I. INTRODUCTION 

The grave environmental risks associated with 

carbon emissions and the divestment of fossil 

fuels need the development of alternate or 

renewable energy sources. The transition from 

internal combustion engines to electric vehicles is 

a big step forward for humanity toward the goal of 

zero carbon emissions and sustainable 

development. Because of its simpler control 

algorithm than other EV motors, the PMBLDC 

motor has found widespread usage in light electric 

vehicle sectors such as e-rickshaws and two-

wheelers. Energy is easily regenerated in a 

PMBLDC motor and stored in the battery during 

deacceleration. 

Electrical braking is not usually effective below a 

specific vehicle speed, and energy cannot be 

recovered during emergency brakes. The 

compatibility of electronic and mechanical brakes 

[1]. The quantity of regeneration achievable is 

determined on the amount of brake pressure 

applied to the throttle, as shown in [2]. [3] has a 

fuzzy logic-based control system that significantly 

increases braking performance. Because sliding 

mode control offers high steady-state 

performance, it eliminates undesirable oscillations 

in the DC bus while moving between driving and 

braking modes [4]. A bidirectional DC-DC 

converter is used in [5] to maintain DC bus 

voltage and reverse power flow while braking. For 

optimal battery charging, the motor's back emf 

must remain constant [6]. 

Finding the zero-crossings of the back emf [7] is 

used to determine rotor location. The rotor 

location is also approximated more accurately by 

analysing the inverter switching function [8]. 

Third harmonic stator voltage waveform provides 

rotor position information and may be utilised to 

produce sensor less methodology. 

The zeta converter is used to extract the most 

power from the solar panel while also providing 

dependable dynamic performance across a broad 

range of climatic circumstances. When compared 

to other DC-DC converters, the Zeta converter has 

the following distinct benefits in solar-PV-based 

applications, 

• Because it functions in buck-boost mode, it can 

handle a broad variety of MPPTs under dynamic 

conditions. [12]. A simple buck or boost converter 

has a maximum duty ratio that corresponds to a 

certain mode of operation. 

• The zeta converter's output inductor guarantees 

that there is no ripple current at the output of the 

boost or buck-boost converter [13]. 

• Unlike the Cuk converter, which has both input 

and output ripple free current, the zeta converter 

has noninverted output polarity. As a result, the 

necessity for negative voltage sensing is removed, 

lowering the complexity of sensor circuits. [14]. 

Figure 1 depicts the solar-PV array and battery-

powered PMBLDC motor drive. A bidirectional 

DC-DC converter connects the battery to the DC 

connection, increasing the cost and weight. The 

bidirectional DC-DC converter maintains the DC 

connection voltage and ultimately controls battery 

charging and discharging. At the front end of 

MPPT, a DC-DC power converter is employed. 

For speed control, two voltage sensors and two 

current sensors are needed, as well as hall sensors 

for position feedback. A Z-source DC-DC 

converter replaces the dc-dc converter in [15]. 

However, controlling this sort of DC-DC 



 

International Journal of Trend in Innovative Research (IJTIIR) 

Available Online @ www.ijtiir.com |  ISSN: 2582-0354   
 

Paper ID: IJTIIR125101  @IJTIIR | Volume- 5 | Issue- 1 | February- 2023                                     Page: 2 

converter involves some advanced control, such as 

monitoring phase currents and dc link voltage. 

The following is how the paper is organised. The 

system is described in Section II. The design 

processes are presented in Section III. Section IV 

discusses the control measures utilised, followed 

by the findings in Section V and the conclusion in 

Section VI. 

 

Fig. 1. Conventional SPV battery-fed BLDC drive 

II. SYSTEM DESCRIPTION AND  

OPERATION 

Figure 2 depicts the construction of the proposed 

solar-PV and battery-powered PMBLDC motor-

driven electric vehicle system with a zeta 

converter. The vehicle's powertrain consists of a 

solar panel, a zeta converter, a three-phase voltage 

source inverter (VSI), and a PMBLDC motor. As 

a result of the battery being attached to the system 

DC bus, the proposed solution removes the 

requirement for a second power converter and 

significantly decreases the number of sensors 

utilised. In the suggested system, just two voltage 

sensors are needed to accomplish MPPT and 

sensorless control. 

 

Fig.2. Proposed System Schematic 

 

The motor requires electrical power, which is 

supplied by both the battery and the solar-PV 

panel. A zeta converter transfers the maximum 

power collected from the solar panel to the VSI. 

For MPPT operation, an incremental conductance 

algorithm is applied. The whole electrical power 

from the DC bus is sent to the load through the 

VSI and the intermediating zeta converter. A pulse 

generator generates switching pulses for the zeta 

converter using the InC-MPPT algorithm, which 

adjusts the duty ratio to run the converter at 

maximum power. The calculated duty ratio is then 

compared to a high frequency carrier signal to 

ensure optimal switching efficiency to the 

converter at the highest ideal power point. The 

switching of the VSI's IGBTs is controlled by the 

PMBLDC motor's electronic commutation logic. 

Switching losses are reduced since the VSI is 

switched at the fundamental frequency. 

Furthermore, energy regeneration is done bi-

directionally from both sources to load. The VSI 

is now acting as a rectifier and charging the 

battery. It is also possible to establish position 

sensor-less control for electronic commutation of 

the PMBLDC motor, which removes the 

requirement for mechanical Hall sensors and the 

complicated electric circuitry associated with 

them. 

III. DESIGN OF PROPOSED SYSTEM 

Different power stages of the proposed EV 

drivetrain, as shown in Fig. 2, are intended to be 

designed for maximum efficiency and flawless 

operation regardless of weather conditions. A 800-

W PMBLDC motor is used to power the vehicle, 

which is powered by a solar-PV array with a peak 

power rating of 326-W and a 48-V, 80-Ah Li-ion 

battery. The complete design method is provided 

in detail below. 

A. Design of Solar PV Panel and MPPT 

As illustrated in Fig. 3, a solar photovoltaic panel 

is intended to operate in MPPT mode. The InC 

MPPT algorithm is employed with fast tracking 

performance and reduced error among the 

different control methods accessible in the 

literature. The zeta converter is used to regulate 

maximum power. When the differential 

incremental conductance (ipv/vpv) matches the 

actual conductance (ipv/vpv), this is the ideal 

operating point. The determined duty cycle from 

the implemented method allows the Zeta converter 

to readily monitor MPPT. 

Given a complete solar insolation of 1000W/m2, 

the maximum power from a solar panel is set at 

326W. The PV specifications are designed with a 

60V open circuit voltage and an 8.3A short circuit 

current. The optimal operating point has been 
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determined to be 0.75 times the open circuit 

voltage and 0.9 times the maximum short circuit 

current rating. As a result, the voltage and current 

ratings are Vmp = 60*0.70 V = 42 V and Imp = 

326/42 A= 7.76 A. 

 

 

Fig. 3. InC-MPPT algorithm 

 

TABLE I. SPECIFICATIONS OF SOLAR-PV 

ARRAY 

Maximum power, Pmp (W) 326 

Voltage at open circuit, Voc (V) 60 

Voltage at max power point, Vmp (V) 42 

Current at short circuit, Isc (A) 8.3 

Current at max power point, Imp (A) 7.76 

 

B. Design of Zeta Converter 

The 350 W solar panel must be kept in MPPT 

mode. At MPP, the voltage of the solar panel, Vpv 

= Vmp = 60V, and the current, Ipv = Imp =7.76 

A. The duty ratio of the zeta converter is 

determined to be, 

𝐷 =  
𝑉𝑐

𝑉𝑐  + 𝑉𝑝
 =  

48

48 +  42
 =  0.53 

 

V c denotes the average DC capacitor voltage. 

The motor requires 800W of electricity, which 

must be supplied by the solar panel and batteries. 

As a result, the power at the DC link is 800 W, 

and the capacitor current that passes over the bus 

is predicted to be, 

𝐼𝑑𝑐  =  
𝑃𝑚𝑝  +  𝑃𝑏𝑎𝑡

𝑉𝑑𝑐 
 =  

800

48
 =  16.66𝐴 

 

Table II shows the complete design methods, 

including design equations and final data, with all 

symbols having clear meanings. The design 

equations for the converter's continuous 

conduction mode (CCM) operation are calculated, 

reducing switching pressures on the components. 

 

TABLE II. DESIGN OF ZETA CONVERTER 

Parameter Expression Design Data Value 

𝑳𝟏 𝑫 × 𝑽𝒎𝒑

𝒇𝒔𝒘  ×  ∆𝑰𝑳𝟏

 
𝑫 =  𝟎. 𝟓𝟑 

𝒇𝒔𝒘  =  𝟐𝟎𝒌𝑯𝒛 

𝑽𝒎𝒑  =  𝟒𝟐 𝑽 

∆𝑰𝑳𝟏  =  𝟓% 𝒐𝒇 𝑰𝑳𝟏 

𝑰𝑳𝟏  =  𝑰𝒎𝒑 

𝟐. 𝟖𝟔 𝒎𝑯 

𝑳𝟐 (𝟏 −  𝑫)  × 𝑽𝒅𝒄

𝒇𝒔𝒘  ×  ∆𝑰𝑳𝟐

 
𝑫 =  𝟎. 𝟓𝟑 

𝒇𝒔𝒘  =  𝟐𝟎𝒌𝑯𝒛 

𝑰𝑳𝟐  = 𝑰𝒅𝒄  =  𝟏𝟔. 𝟔𝟔𝑨 

∆𝑰𝑳𝟐  =  𝟓% 𝒐𝒇 𝑰𝑳𝟐 

𝑰𝑳𝟐  =  𝑰𝒅𝒄 

𝑽𝒅𝒄  =  𝟒𝟖 𝑽 

𝟏. 𝟑𝟓 𝒎𝑯 

𝑳𝟑 𝝎𝒉

=  
𝟐 ×  𝝅 × 𝑽𝒓  × 𝑷

𝟏𝟐𝟎
 

𝝎𝒍

=  
𝟐 ×  𝝅 × 𝑵 × 𝑷

𝟏𝟐𝟎
 

𝑪𝒉

=  
𝑰𝒅𝒄

𝟔 × 𝝎𝒉  × ∆𝑽𝒅𝒄

 

𝑪𝒍

=  
𝑰𝒅𝒄

𝟔 × 𝝎𝒍  × ∆𝑽𝒅𝒄

 

𝑷 = 𝟔 

𝑵𝒓 = 𝟑𝟎𝟎𝟎 𝒓𝒑𝒎 

𝑵 = 𝟖𝟎𝟎 𝒓𝒑𝒎 

𝑰𝒅𝒄 = 𝟏𝟔. 𝟔𝟔 𝑨 

𝑽𝒅𝒄 = 𝟒𝟖 𝑽 

𝑽𝒅𝒄 = 𝟏𝟎% 𝒐𝒇 𝑽𝒅𝒄 

 

𝑪𝒉  
=  𝟑𝟎𝟔. 𝟖 𝝁𝑭 

𝑪𝟏  
=  𝟏𝟎𝟗𝟐. 𝟖 𝝁𝑭 

𝑪𝒅𝒄  
=  𝟏𝟎𝟎𝟎 𝝁𝑭 

𝑳𝟒 𝑫 × 𝑽𝒎𝒑

𝒇𝒔𝒘  ×  ∆𝑽𝒄𝟏

 
𝑫 = 𝟎. 𝟓𝟑 

𝒇𝒔𝒘 = 𝟐𝟎 𝒌𝑯𝒛 

𝑰𝒅𝒄 = 𝟕. 𝟐𝟖 𝑨 

𝑽𝑪𝟏 = 𝟐𝟎 𝑽 

∆𝑽𝑪𝟏 = 𝟎. 𝟏 ∗  𝑽𝑪𝟏 

 

𝟗𝟏. 𝟗 𝝁𝑭 

 

IV. CONTROL STRATEGY OF  

PROPOSED SYSTEM 

The suggested drive system's control is divided 

into two parts: MPPT control in the front-end 

converter and load-end VSI control for optimal 

motor electronic commutation during driving and 

regenerative mode. The MPPT control approach 

has previously been discussed in the preceding 
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section. As a result, the sensorless electronic 

commutation approach of the PMBLDC motor 

with regenerative braking feature is thoroughly 

examined here. 

A. Electronic Commutation 

The PMBLDC motor's six-step electronic 

commutation is accomplished by correct 

switching of the VSI in 120-degree mode of 

operation utilising three virtual Hall sensor signals 

created by the sensor less control algorithm. Each 

60-degree step has two power switches active at 

the same time. As a result, during each 

commutation interval, two phases of the motor are 

activated while the other phase stays mute. 

DuVSI is used as a single-phase rectifier in PWM 

mode to charge the battery during ring 

regenerative braking. Table III shows the VSI 

switching procedure for both types of operation. 

 

TABLE III. SWITCHING STATES OF THE VSI 

Steps 

Mode 

0º-60º 60º- 

120º 

120º- 

180º 

180º- 

240º 

240º- 

300º 

300º- 

360º 

Motor S1. S4 S1. S6 S3. S6 S3. S2 S5. S2 S5. S4 

Regen. S3. S2 S5. S2 S5. S4 S1. S4 S1. S6 S3. S6 

 

B. Sensor less Control Topology 

The third harmonic stator flux is employed here to 

provide position sensor-less electrical 

commutation of the motor. The backemfs of the 

motor are used to calculate the third harmonic 

flux. The fourier series representation of the three 

phase backemfs is as follows, 

𝑒𝐴 = 𝐸1𝑠𝑖𝑛𝜃 + 𝐸1𝑠𝑖𝑛30 + 𝐸1𝑠𝑖𝑛50 + ⋯ … . . (1) 

𝑒𝐵 = 𝐸1𝑠𝑖𝑛(𝜃 −
2𝜋

3
) + 𝐸1𝑠𝑖𝑛3(𝜃 −

2𝜋

3
)

+ 𝐸1𝑠𝑖𝑛5(𝜃 −
2𝜋

3
) + ⋯ … . . (2) 

𝑒𝐶 = 𝐸1𝑠𝑖𝑛 (𝜃 −
4𝜋

3
) + 𝐸1𝑠𝑖𝑛3 (𝜃 −

4𝜋

3
)

+ 𝐸1𝑠𝑖𝑛5 (𝜃 −
4𝜋

3
) + ⋯ … . . (3) 

Where θ is the electrical rotor angle. The sum of 

the three back-emf equations is expressed as, 

𝑒𝐴 + 𝑒𝐵 + 𝑒𝐶 = 3𝐸3𝑠𝑖𝑛3𝜃 + 3𝐸9𝑠𝑖𝑛9𝜃
+ 𝐸15𝑠𝑖𝑛15𝜃 + ≈ 3𝐸3𝑠𝑖𝑛3𝜃 (4) 

Again, the total of the PMBLDC motor's three 

phase voltages is used, 

 𝑢𝑠𝑢𝑚  =  𝑢𝑎𝑛  +  𝑢𝑏𝑛  + 𝑢𝑐𝑛  

(𝑅𝑖𝐴 + 𝐿
𝑑

𝑑𝑡
) (𝑖𝐴 + 𝑖𝐵 + 𝑖𝑐)

+ (𝑒𝐴 + 𝑒𝐵 + 𝑒𝐶)               (5)  

As in steady state, (𝑖𝐴 + 𝑖𝐵 + 𝑖𝑐)  =  0, 

𝑢𝑠𝑢𝑚 can be approximated as, 

𝑢𝑠𝑢𝑚  =  𝑒𝐴 + 𝑒𝐵 + 𝑒𝐶  ≈  3𝐸3 𝑠𝑖𝑛 3𝜃            (6) 

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, 

Ψ3𝑟𝑑  =  ∫  𝑢𝑠𝑢𝑚𝑑𝑡 dt       (7) 

As illustrated in Fig. 4, 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. 

 

Fig. 4. Relationship among back-emf and stator 

flux and zero-crossings  

C. Elimination of false zero-crossings 

The terminal voltage of the motor is used to create 

the three back-emf signals. In Fig. 5, the detected 

terminal voltages have undesired spikes. This 

causes spurious zero crossings and causes the 

whole switching logic of the VSI to fail. A first 

order lowpass filter is intended to eliminate those 

pesky 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, 
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𝐻(𝑠)  =  
𝜔𝑐

𝑠 + 𝜔𝑐
 =  

1000

𝑠 +1000
            (8) 

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, 

∅ =  −𝑡𝑎𝑛−1
𝜔

𝜔𝑐
 =  −𝑡𝑎𝑛−1 (

2𝜋 ×  33.33

1000
)  

=  −11.7𝑜           (9) 

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 -11.7o, as 

illustrated in Fig 6. 

 

Fig. 5. Unfiltered and filtered line voltage 

waveform 

 

Fig. 6. Bode plot diagram for lag compensator 

D. Design Procedures of Lead Compensator 

At higher speeds, the phase lag caused by the 

lowpass filter creates errors in predicting the zero-

crossing sites. Furthermore, the torque ripple 

increases, which may result in significant losses in 

the motor winding. As a result, a compensator 

with a leading phase angle is required to 

compensate for the added lag. 

The lead compensator in this work is meant to 

correct for a phase lag of -11.8o 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)  =  𝑘
𝑠 +  𝜔𝑐1

𝑠 +  𝜔𝑐2
          (10) 

Where k is the magnitude constant and c1 and c2 

are the zero and pole crossover frequencies, 

respectively. The predicted value of k is, 

𝑘 =  
1 +  𝑠𝑖𝑛 𝜃

1 −  𝑠𝑖𝑛 𝜃
 =  

1 +  𝑠𝑖𝑛 11.8

1 −  𝑠𝑖𝑛 11.8
  

=  1.51             (11) 

The time constant T is, 

𝑇 =  
1

𝜔 ×  √𝑘
 =  

1

208.4 ×  √1.51
 

=  3.90 × 10−3 𝑟𝑎𝑑/𝑠          (12) 

So, the cut off frequencies are estimated as, 

𝜔𝑐1 =
1

𝑘𝑇
=

1

1.51 ×  3.90 ×  10−3

= 169.80 𝑟𝑎𝑑/𝑠             (13) 

𝜔𝑐1 =
1

𝑘𝑇
=

1

1.51 ×  3.90 × 10−3

= 256.41 𝑟𝑎𝑑/𝑠               (14) 

So, the transfer function becomes, 

𝐺(𝑠)  =  𝑘
𝑠 +  169.80

𝑠 +  256.41
          (15) 

Figure 7 shows the Bode plot for the 

aforementioned system. A phase lead of 11.8o is 

successfully obtained at frequency 208 rad/s. The 

filtered waveform of the terminal voltage is 

presented in Fig. 5, where all undesirable spikes 

have been eliminated by filtering. The 

commutation error of the PMBLDC motor may be 

greatly reduced by using these filtered and 

corrected waveforms. 

 

Fig. 7. Bode plot diagram for lead compensator 
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V. RESULTS AND DISCUSSION 

SIMULATION AND RESULTS 

The complete EV model is simulated in 

MATLAB, the detailed simulation results along 

with discussions as follows. 

Performance of solar PV array 

Performance of Zeta Converter 

Performance of PMBLDC motor 

 

Figure 8. 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 

employing zeta converter. The PV parameters of 

the system are shown in Table IV. 

TABLE IV: PV PARAMETERS 

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 10, 13, 18 and 21 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.  

 

  

Figure 9. DC Bus Voltage Vs Time in (S) 

 

Figure 10. Electromagnetic Torque (NM) of 

BLDC Motor Vs Time in (S) 

 

Figure 11. Line – Line Voltage (Vab) Vs Time in 

(S) 
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Figure 12. PV Power Vs Time in (S) 

 

Figure 13. Rotor Speed (RPM) of BLDC Motor 

Vs Time in (S) 

 

Figure 14. SOC %, Battery Current and Battery 

Power Vs Time in (S) 

 

Figure 15. Stator Current Ia and Electromotive 

Force Ea Vs Time in (S) 

 

Figure 16. Zeta Converter Output Current, 

Inverter Input Current and Battery Current Vs 

Time in (S) 

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. 

  

Figure 17. DC Bus Voltage Vs Time in (S) 

 

Figure 18. Electromagnetic Torque (NM) of 

BLDC Motor Vs Time in (S) 
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Figure 19. Line – Line Voltage (Vab) Vs Time in 

(S) 

 

Figure 20. PV Power Vs Time in (S) 

 

Figure 21. Rotor Speed (RPM) of BLDC Motor 

Vs Time in (S) 

 

Figure 22. SOC %, Battery Current and Battery 

Power Vs Time in (S) 

 

Figure 23. Stator Current Ia and Electromotive 

Force Ea Vs Time in (S) 

 

Figure 24. Zeta Converter Output Current, 

Inverter Input Current and Battery Current Vs 

Time in (S) 

CONCLUSION 

In this paper, we describe and analyse a position 

sensor-less PMBLDC motor-driven EV system 

with regenerative braking that uses a zeta 

converter for maximum power point tracking 

control. The location of the rotor is calculated by 

calculating the third harmonic of the stator flux. 

This approach offers a larger speed range and less 

phase delay than the standard back-emf technique. 

To decrease commutation error in sensorless 

operation, appropriate phase compensators are 

created. Negative voltages at the output of a 

noninverting zeta converter are easier to detect, 

providing for more control flexibility. No extra 

filters or interface inductors are needed since the 

zeta converter produces continuous current. The 

suggested PMBLDC motor drive for EVs is low-

cost, dependable, and easy to implement in real-

world applications. 
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