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Abstract- The aim of this research project is to design a three phase four quadrant variable speed drive (VSD) for a permanent 

magnet brushless direct current motor (PMBLDC) that can be applied to an electric vehicle (e-bike). The design is confined to 

PMBLDC motors with a maximum power rating of 1.5kW. The speed controller operates in current mode at a maximum 

voltage and current rating of 50V and 30A, respectively. The VSD has the ability to smoothly control the current delivered to 

the DC motor and therefore controls its torque. The motor’s current is limited in all four quadrants of operation, and its speed 

is limited in the forward and reverse directions. The performance of the proposed DC motor VSD system is tested on an 

electric vehicle. Simulation is carried out using MATLAB. A Simulink model is developed to simulate and analyze the 

operation of the motor. A permanent magnet synchronous machine with trapezoidal back EMFis modeled as a BLDC 

machine. A controller has been  modeled with feedback signals  from the Hall sensors of the motor. Based on the Hall signals,  

gate pulses (PWM pulses) are generated and appropriate switches of the inverter circuit are triggered to achieve precise 

control of the motor. The voltage across the  battery which is charged during the braking period is also measured. The 

proposed electrical  vehicle  speed control system provides efficient control in all four quadrants of operation and it is a 

suitable alternative for a low cost transportation mode. 

 

Keywords- Back electromotive force (EMF), Brushless dc motor (BLDC), Electric vehicle (EV), Proportional integral-

derivative Controller (PID), Voltage Source Inverter (VSI). 

I.INTRODUCTION 
 
In the present scenario, Brushless Direct Current (BLDC) 

motors have started replacing conventional Direct Current  

(DC) motors.  

 

Conventional DC motors are highly efficient and their 

characteristics make them suitable for use as servo motors. 

However, their main drawbacks are commutator and 

brushes, which require periodical maintenance.In this 

research work, it is proposed to design and implement a 

digital signal controller for the operation of BLDC motor 

in all the four quadrants. Emphasis has been given to the 
regenerative braking mode an smooth transition between 

the quadrants of operation. A simple and elegant approach 

to save energy during the regenerative braking period has 

been proposed. It is also aimed to study the effect of speed 

control of the BLDC motor with and without loads. 

 

The heart of most industrial processes is electrical drives. 

These drives are a major contribution in creating high 

quality products. Electrical drives comprise different types 

of electrical motors that are utilised in industries. More 

than 60% of the generated electrical energy is used in 

electric drives. The application of electrical drives has 
spread from low fractional horse power applications in 

instruments to industrial applications.  

Wide power, torque and speed ranges, adaptability to 

almost every operating condition, high efficiency, fast 

response, control simplicity, ability to operate  as a 

generator in braking mode and various mechanical design 

types make the electrical drive a competitive contender 

among the other drive types.  

 
An electric drive is a system that performs the conversion  

of  electric energy into mechanical energy at adjustable 

speeds. The three main components of electric drive are 

electric motor, power electronic converter and drive 

controller. The block diagram of an electric drive is  

shown  in  Figure 1. 

 

 
Fig 1. Electric Drive System. 
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Nowadays, drives make use of power electronic converters 
to digitally control the electro-mechanical energy 

conversion  process.  The  digital control unit directly 

controls the power electronic semiconductor switches of 

the power electronic converter. To obtain this conversion, 

suitable control hardware, sensors, high-speed digital logic 

devices, processors and appropriate control algorithms are 

required. The power range of modern electric drives 

ranges from few mW to hundreds of MW. 

 

II. LITERATURE REVIEW 
 

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 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 

[15], [17], and [18].  

 

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. 

 

III. METHODOLOGY 
 

1. Four Quadrant Operation: 
When an electric machine is required to operate (i) both as 

a motor and a generator and (ii) in both forward and 

reverse directions, it is said to be operating in the four 

quadrant modes of operation.  

 

A motor designed for automotive use which must run in 

both forward and reverse directions and which must 

provide regenerative braking in both directions needs a 

four quadrant controller. 

 

There are four possible modes or quadrants of operation 
using a BLDC Motor which is depicted in Figure 1.4. In 

an X-Y plot of speed versus torque, Quadrant I is forward 

speed and forward torque. The torque is propelling the 

motor in the forward direction. Conversely, Quadrant III is 

reverse speed and reverse torque. Now the motor is 

“motoring” in the reverse direction, spinning backwards 

with the reverse torque. 

 

 
Fig 2. Four quadrants of operation. 

 

Quadrant II is where the motor is spinning in the forward 

direction, but torque is being applied in reverse. Torque is 

being used to “brake” the motor, and the motor is now  
generating power as a result.  Finally, Quadrant IV is 

exactly the opposite. The motor is spinning in the reverse 

direction, but the torque is being applied in the forward 

direction.  

 

Again, torque is being applied to attempt to slow the motor 

and change its direction to forward again. Once again, 

power is being generated by the motor. The BLDC motor 

is initially made to rotate in clockwise direction, but when 
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the speed reversal command is obtained, the control goes 
into the clockwise regeneration mode, which brings the 

rotor to the standstill position.  

 

Instead of waiting for the absolute standstill position, 

continuous energization of the main phase is attempted. 

This rapidly slows down the rotor to a  standstill position.  

Therefore, there is the necessity for determining the instant 

when the rotor of the machine is ideally positioned for 

reversal. Hall sensors are used to ascertain the rotor 

position. 

 

2. Regenerative Braking: 
Braking of a vehicle, a locomotive or a mass in motion  

that  recovers the kinetic energy and converts it to electric 

energy is termed as regenerative braking. It is an energy 

recovery mechanism which slows down a vehicle or object 

by converting its kinetic energy into  another form, which  

can be either used immediately or stored until needed.  

 

This contrasts with conventional braking systems, where 

the excess kinetic energy is converted to heat by friction in 

the brake linings and therefore wasted.  

 
This braking proves to be more beneficial for driving 

schedules with frequent starts and stops.The operation of 

the BLDC motor in all the four quadrants is simulated and 

the results are presented in this section.  

 

In Table 1, the reference speed, the applied load torque 

and the quadrant it belongs to, for a time period of 3 s, are 

presented. The simulation time is 3 s and continuous 

power GUI mode is adopted. 

 

Table 1 Quadrant Determination. 

Time 0 0.5 1.0 1.75 2.0 2.5 2.75 3.0 

Reference 

Speed 

(rpm) 

0 200 200 200 0 -

200 

-

200 

0 

Applied 

Load 

Torque 

(Nm) 

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

Quadrant Initial I I II II III IV  

 
From start up to 1.0 s, the torque applied is positive. That 

is,  the machine is operating in the first quadrant, forward 

motoring. At time 1.75 s negative torque is applied. This 

implies that a sudden brake is applied.  

 

The rotor speed is drastically brought to zero at 2.0 s; this 
is the second quadrant of operation, forward braking. At 

2.5 s the motor is forced to rotate in the reverse direction, 

the applied torque remains negative. Since torque and  

speed are negative, the motor is operating in the third 
quadrant, reverse motoring.  

 

While at 2.75 s the load torque applied is positive, this is 

reverse motoring and sudden brake is applied which drops 

down the rotor speed to zero rpm, indicating that the motor 

is  in the fourth quadrant, reverse braking, of speed torque 

characteristics. 

 

Shows the different patterns of the stator  currents for  the 

four quadrants of operation. The transition from one 

quadrant to another is clearly observed in this waveform.  

 
The sharp spikes at 0.5 s and 2.5 s indicate the start of the 

motor and the change in direction of rotation of the motor. 

The actual rotor speed in rpm is shown in Figure 3.  

 

  
(a) 

 

  
(b) 
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(c) 

Fig 3. Stator Back EMFs & 19 Rotor Speed and 

Electromagnetic Torque, Speed Control. 

 
When the applied torque is positive, the motor attains the 

reference speed with few oscillations. But when negative 

load torque is applied, the reference speed is not attained 

as it aids the motor to run. Again when the positive load 

torque is applied at 2.75 s, the motor settles down to the 

reference speed as expected.  

 

The electromagnetic torque is developed during the 

operation of the motor in all of its four quadrants which is 

also depicted in Figure 3. The developed torque is also 

negative between 1.75 s and 2.75 s. After 2.75 s, the 

electromagnetic torque builds up to become positive.  
 

The reference speed and the actual rotor speed obtained in 

the same reference scale are displayed in Figure 3.20 in 

order to observe the deviation in the speed during the 

application of negative torque.  

 

From Figures 3. show comparison, it is observed that 

speed control is better under no-load conditions than when 

applying  a  negative torque. When the motor is not 

loaded, the actual speed follows the reference speed and 

attains the steady state. But during the negative torque 
condition, the actual speed does not follow the reference 

speed, as  the  negative torque aids the motor to increase 

its speed. 

 

IV. CONCLUSION 
 

Regenerative braking is relatively a new concept in world 
of motor and generator. Most application of regenerative 

braking normally involved in hybrid transportation but for 

this project, it is applied on a ceiling fan. Literature review 

has been conducted for different type of motor such as DC 

motor, AC three phase motor, AC single phase induction 

motor and others.  

Specifically, literature review was focusing more on DC 
motor since ceiling fan is using that type of motor. In 

addition, testing of current motor of ceiling fan has been 

conducted. The testing involved solely on motor of the 

ceiling fan is done successfully.  

 

The result of the testing is very encouraging for 

completion of this project. With the results, a control 

circuit was designed and run perfectly. The control circuit 

which is Thyristor Converter DC Motor Drive can be used 

together with ceiling fan to illustrate the regenerative 

braking concept. With this, the project is done 

successfullys 
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