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ABSTRACT  

Brushless DC motors are gaining a lot of popularity whether it is aerospace, military, 

household or traction applications. Due to the constraint of fuel resources, the world requires 

highly efficient electric vehicle drives for transportation needs. This paper proposes The four 

quadrant operation is simulated for the electric drive with maximum efficiency keeping in 

mind the fuel constraint. The battery is charged during the regenerative mode and the speed 

control using the closed loop control is performed. The proposed method requires the 

minimum hardware and the operation can be controlled in all the four quadrants. During the 

regenerative mode, the kinetic energy is returned via the bi-directional converter to charge the 

battery. The abovementioned proposal could be applied in electric vehicle downhill run by 

controlling the speeding in gravitational action where the speed becomes more than the 

reference speed. The practical implementation is under progress for the proposed method. A 

comparative analysis is carried out with PI and PID Controller in this work with simulation 

results. 

 

INTRODUCTION 

Brushless DC motors are gaining a lot of 

popularity whether it is aerospace, 

military, household or traction 

applications. Due to the constraint of fuel 

resources, the world requires highly 

efficient electric vehicle drives for 

transportation needs. The BLDC motor has 

a longer lifespan, higher efficiency, and 

compact size making it the most sought 

after motor in electric vehicle drive 

applications. The continuous attempt to 

reduce environmental pollution has given 

an impetus to the market of electric 

vehicles (EVs) [1]–[3]. As the fuel 

resources are depleting, the energy 

efficient electric drives are likely to 

replace vehicles running with fossil fuels. 

Being different from the ICE (internal 

combustion engine), EVs are the least 

burden to the environment. Any motor 

drive system which can be recharged from 

any external electricity source is known as 

a plug-in electric vehicle (EV). The 

complete electric vehicle drive model is 

described in [14], [16]. There are still  

 

 

some disadvantages of EV drives like 

overall lower efficiency, huge dimension, 

and the cost of storage devices etc. The 

technique of performing the four quadrant 

operation is proposed in [4] where its 

battery is charged during the regenerative 

braking but the system here has two 

energy sources, one is driving the motor 

and other is storing the energy using the 

rectifier during braking. It is proposed in 

this paper that only one battery is enough 

to drive the motor and at the same time to 

recover the kinetic energy of the motor 

using regenerative mode. This proposal 

reduces the cost of an extra rectifier and an 

additional battery. In [5] the four quadrant 

operation is performed without utilizing 

the kinetic energy of the motor. During 

braking, the motor kinetic energy is wasted 

in resistive losses this makes the system 

highly inefficient. In the world where there 

is fuel constraint, this system is not 

helping in that cause. In [12] four quadrant 

sensorless control of the electronically 

commutated motor is done without 
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utilizing the motor kinetic energy in 

regenerative braking. The battery capacity 

puts a limitation to the EVs in the form of 

mileage or distance covered. Regenerative 

braking is just one of the ways to increase 

the efficiency of the drive. During 

regenerative mode, the energy of the drive 

system which is in the form of kinetic 

energy can be used to charge the battery 

during deceleration and downhill run to 

slow down the vehicle 

This paper proposes a simple 

method of four quadrant operation in 

which the energy of the motor is utilized to 

charge the battery during braking. This 

method of efficient utilization of power 

can be done through bidirectional DC-DC 

converter and VSI. There is just one 

energy source and it is efficiently utilizing 

the motor kinetic energy by charging the 

battery using the VSI. The VSI operates as 

a rectifier during the braking mode and the 

rectified voltage is boosted to charge the 

battery. 

The most commonly used topology 

[2]-[3] for a threephase BLDC motor is 

shown in Fig. 1. The three phase inverter 

is fed by DC source through VSI. Depicted 

in the figure, the stage following the 

capacitor consists of six insulated gate 

bipolar transistors (IGBT) switches which 

have antiparallel diodes connected across 

it. Instead of IGBTs, switch-like MOSFET 

can also be used as it inherently has 

antiparallel diode but the problem with the 

MOSFET is the ON-state voltage drop. 

For the low voltage, application MOSFET 

can also be used. Typically, the BLDC 

motor has trapezoidal back EMF 

waveform. To get constant power output 

the current is injected during the 120° 

period of constant back EMF. The 

injection of current is controlled through 

the two switches of different legs at a time 

in the inverter. Therefore at a time, only 

two switches operate. Unlike the DC 

motor, the commutation is controlled here 

through the switches. The current injection 

in each phase should be properly aligned 

with the back EMF to get the rotor flux 

and stator flux angle close to 90° for 

maximum torque production. The 

switching sequences of the MOSFET 

switches are shown in Fig. 2 for both 

forward motoring and reverse motoring. 

These three phases produce constant dc 

voltage for 360° during regenerative 

braking. It becomes important to know the 

rotor position so that the energization of 

the stator winding is in sequence. The 

position of the rotor can be detected using 

internal and external position sensor or it 

can be detected without the help of sensors 

[6]-[8]. In this paper, hall sensors are used 

to detect the rotor position. These sensors 

are embedded in the stator and according 

to the sensor output, the switches are 

triggered. Applying the KVL during any 

interval for BLDC motor as only two 

phases are conducting the equation 

becomes (1) where ܫ ௖is the phase current 

and  ܴ ௖ is the per phase resistance. 

 

 
Fig. 1. Inverter based driving circuit of BLDC motor. 
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PROPOSED CIRCUIT  

The structure of the bidirectional 

converter [is illustrated . The bi-directional 

performance analysis is mentioned. It 

consists of two switches and two diodes it 

behaves as a buck converter when the 

switch T1 and D2 are operational, these 

operations are utilized in the drive during 

motoring mode and for regenerative 

braking T2 and D1 are operational, thus 

making the converter work in boost 

operation by boosting the dc-link voltage 

to charge the battery. Diodes allow the 

flow of current in one particular direction 

depending on the operation. During the 

buck operation the inverter side voltage is 

stepped down α time of the battery voltage 

is the time period for which switch 

conducts. 

 
Fig.2. Block diagram representation of four quadrant operation. 

The four-quadrant operation of 

BLDC motor is depicted clearly in Fig. 4. 

In the first and third quadrant, (Fig. 6) both 

the torque and speed are having the same 

sign either positive or negative. The four-

quadrant operation of BLDC motor is 

slightly different as the direction of 

rotation cannot be made opposite just by 

reversing the voltage polarity of dc link as 

in case of DC motor. For reversing the 

direction of rotation of the motor the phase 

sequence of the BLDC motor has to 

change as the voltage across the dc link is 

always positive and therefore current is 

positive. For operating the motor in the 

third quadrant phase sequence of BLDC 

should be changed. This could be achieved 

by changing the switching sequence of the 

inverter. 

Braking is obtained through the bi-

directional DC-DC converter. The bi-

directional converter operates in two 

modes buck or boost mode. Motoring 

mode utilizes the buck operation and 

braking mode utilizes the boost operation. 

The logic diagram of the four quadrant 

operation is mentioned in Fig. 7. When the 

regenerative braking is required the torque 

and speed command are detected and the 

gate pulses to the switches of VSI are 

switched off. As the diodes are connected 

across the antiparallel switches, the VSI 

behave as a rectifier and the alternating 

three-phase back EMF (ܧ (௖is converted 

which appears across the inverter DC 

supply. But this can happen only when the 

diodes (D) of VSI are forward biased this 

is achieved by reducing the dc-link voltage 
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making it less than the rectified back EMF 

voltage which is an ideal case in absence 

phase resistance is 2ܧ) ௖Fig. 2), with the 

presence of phase resistance the equation 

becomes, Once the diodes are forward 

biased, immediately the control is 

transferred to switch T2 which step up the 

voltage (4) and charges the battery. The 

control logic is elaborated .The controlling 

of switch T2 is done through the current 

control. During vehicle downhill run the 

speed is more than the reference speed 

(higher potential energy) is converted to 

kinetic energy. To maintain the speed 

equal to the reference speed, the kinetic 

energy of the motor could be returned to 

the battery. 

 

 
Fig 3 Existing PI based control approach 

 
Fig 4 Proposed PID based control approach 
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Fig 5 Reference speed vs time 

 
Fig 6 Actual speed vs time 

 
Fig 7 Reference torque vs time 

 
 

 

 

Fig 8 Electromagnetic torque 

 
Fig 9 Back EMF vs time 

 
Fig 10 Current vs time 

 
fig 11 modulation index vs time 

 
Fig 12 Dc link voltage vs time 
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Fig 13 Battery voltage, current, SOC vs 

time 

 
Fig 14 Lower SOC for PI based controller 

circuit  

 
Fig 15 Higher SOC for PID based 

controller circuit  

 
Fig 16 PI controller based Actual speed 

With high settling time 

 

Fig 17 PID controller based Actual speed With low settling time 

 

CONCLUSION 

The four quadrant operation is simulated 

for the electric drive with maximum 

efficiency keeping in mind the fuel 

constraint. The battery is charged during 

the regenerative mode and the speed 

control using the closed loop control is 

performed. The proposed method requires 

the minimum hardware and the operation 

can be controlled in all the four quadrants. 

During the regenerative mode, the kinetic 

energy is returned via the bi-directional 

converter to charge the battery. The 

abovementioned proposal could be applied 

in electric vehicle downhill run by 

controlling the speeding in gravitational 

action where the speed becomes more than 

the reference speed. The practical 

implementation is under progress for the 

proposed method. A comparative analysis 

is carried out with PI and PID Controller 

in this work with simulation results. 

 

REFERENCES 

[1] P. Pillay and R. Krishnan, Modeling, 

simulation, and analysis of permanent-

magnet motor drives. II. The brushless DC 

motor drive. IEEE Transactions on 

Industry Applications, 25(2), pp.274-279, 

Mar./Apr. 1989.  

 

[2] R. Krishnan, “Electric Motor Drives 

Modeling, Analysis and Control”, Prentice 

Hall of India, First Edn, 2002, Chapter 9, 

pp 513- 615.  

 



 

Volume 11, Issue 08, Aug 2021                   ISSN 2581 – 4575 Page 39 
 

[3] R. Krishnan, Permanent Magnet 

Synchronous and Brushless DC Motor 

Drives, CRC Press, 2010.  

 

[4] C. Joice, S. Paranjothi and V. Kumar, 

“Digital Control Strategy for Four 

Quadrant Operation of Three Phase BLDC 

Motor With Load Variations”. IEEE 

Transactions on Industrial Informatics, 

9(2), pp.974-982. May 2013.  

 

[5] U. Vinatha, S. Pola,, K.P Vittal, 

"Simulation of four quadrant operation & 

speed control of BLDC motor on MAT 

LAB / SIMULINK", IEEE Region 10 

Conference TENCON 2008, pp.I-6, 19-21 

Nov. 2008.  

 

[6] P. Damodharan., K. Vasudevan., 

"Sensorless Brushless DC Motor Drive 

Based on the Zero-crossing Detection of 

Back Electromotive Force (EMF) From 

the Line Voltage Difference," IEEE 

Transactions on Energy Conversions, 

vo1.25, no.3, pp.661-668, Sept. 2010.  

 

[7] T.-H. Kim and M. Ehsani, “Sensorless 

control of BLDC motors from near-zero to 

high speeds,” IEEE Trans. Power 

Electron., vol. 19, no. 6,pp. 1635–1645, 

Nov. 2004.  

 

[8] T. W. Chun, Q. V. Tran, H .H. Lee, H. 

G. Kim, "Sensorless Control of BLDC 

Motor Drive for an Automotive Fuel Pump 

Using a Hysteresis Comparator," IEEE 

Transactions on Power Electronics, vol.29, 

no.3, pp.1382-1391, Mar. 2014.  

 

[9] L. Zhu, “A novel soft-commutating 

isolated boost fullbridge ZVS–PWM dc–

dc converter for bidirectional high power 

applications,” IEEE Trans. Power 

Electron., vol. 21, no. 2, pp. 422–429, 

Mar. 2006.  

[10] H. Li and F. Z. Peng, “Modeling of a 

new ZVS bidirectional dc–dc converter,” 

IEEE Trans. Aerosp. Electron. Syst., vol. 

40, no. 1, pp. 272– 283, Jan. 2004.  

 

[11] B. K. Bose, Modern Power 

Electronics and AC Drives, NJ: Prentice-

Hall, 2002.  

 

[12] R. C. Becerra, T. M. Jahns, and M. 

Ehsani, “Four-quadrant sensorless 

brushless ECM drive,” in Proc. IEEE 

APEC, pp. 202–209, Mar. 1991.  

 

[13] M. Khan, A. Ahmed, I. Husain, Y. 

Sozer and M. Badawy, “Performance 

Analysis of Bidirectional DC–DC 

Converters for Electric Vehicles”. IEEE 

Transactions on Industry Applications, 

51(4), pp.3442-3452, July-Aug. 2015.  

 

[14] A. Emadi, Y. H. Lee and K. 

Rajashekara, “Power Electronics and 

Motor Drives in Electric, Hybrid Electric 

and Plug-In Hybrid Electric Vehicles”. 

IEEE Transactions on Industrial 

Electronics, 55(6), pp.2237-2245 Jun. 

2008.  

 

[15] X. Nian, F. Peng and H. Zhang, 

"Regenerative Braking System of Electric 

Vehicle Driven by Brushless DC Motor," 

IEEE Transactions on Industrial 

Electronics, vol. 61, issue 10, pp. 5798 - 

5808, Oct. 2014.  

 

[16] P. B. Bobba and K. R. Rajagopal, 

"Compact regenerative braking scheme for 

a PM BLDC motor driven electric 

twowheeler,"in 2010 Joint International 

Conference on Power Electronics, Drives 

and Energy Systems (PEDES) & 2010 

Power India, , pp. 1-5, Dec. 2010.  

 

[17] S Liu and D. Zhang, “Research on 

Brushless DC Motor Control System for 

Electric Vehicle”. Advanced Materials 

Research, 850-851, pp.661-664, (2014).  

 



 

Volume 11, Issue 08, Aug 2021                   ISSN 2581 – 4575 Page 40 
 

[18] A. Ajmal and V. 

Ramachandaramurthy, “Regenerative 

Braking of Electric Vehicle with Brushless 

DC Motor”. Applied Mechanics and 

Materials, 785, pp.280- 284. (2015). 

 

 

Vinukollu Naga raja Kumar, PG Scholar, from Department of EEE in Amrita 

Sai Institute of Science and Technology, paritala at kanchicharlaMandal, 

Krishna-Dist, Andhra Pradesh, India. 

  

 

Kommavarapu Sabarinath, he received his B.Tech degree inElectrical and 

ElectronicsEngineering from Gandhiji Instituteof science and technology, 

GattuBhimavaram, Jaggayapeta, A.p, India in 2013.M.Tech degree in Power 

Electronic in Amrita SaiInstitute of science and technology, Paritala,A.p ,India      

in 2016.he is currently working as a assistantprofessor in Amrita Sai Institute of 

science andtechnology, Paritala, A.p, India. HIS interestedresearch areas are Power 

Electronic and Powersystems. 

 


