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Abstract— Brushless DC (BLDC) motor drives are 

becoming more popular in industrial and traction 

applications. Hence the control of BLDC motor in four 

quadrants is very vital. The flexibility of the drive system is 

increased using digital controller. In this paper the PWM 

signals for driving the power inverter bridge for BLDC 

motor have been successfully implemented using a dsPIC 

controller and the motor can be controlled in all the four 

quadrants without any loss of power .Energy is conserved 

during regenerative braking period. The digital controller 

dsPIC, is advantageous over other controller, as it combines 

the calculation capability of digital signal processor and 

controlling capability of PIC microcontroller to achieve a 

precise control. Simulation of the proposed model is done 

by using MATLAB/Simulink.  
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I. INTRODUCTION 

In conventional DC motors with brushes, the field winding 

is on the stator and armature winding is on the rotor. The 

motor is expensive and needs maintenance because of the 

brushes, the accumulation of the brush debris and dust, and 

commutator surface wear. Moreover, in certain hazardous 

locations, the application of DC brushed motors is limited 

because of the arcing. This could be solved by replacing the 

mechanical switching components (commutator and 

brushes) with electronic semiconductor switches. Brushless 

DC (BLDC) motor has a permanent magnet rotor and a 

wound field stator connected to a power electronic 

switching circuit. BLDC motor drives have high efficiency, 

low maintenance and long life, low noise, control simplicity, 

low weight, and compact construction [1].  

The Brushless DC motor is driven by rectangular 

or trapezoidal voltage strokes coupled with the given rotor 

position. The voltage strokes must be properly aligned 

between the phases, so that the angle between the stator flux 

and the rotor flux is kept close to 90 to get the maximum 

developed torque BLDC motors often incorporate either 

internal or external position sensors to sense the actual rotor 

position or its position can also be detected without sensors 

[2].  

BLDC motors are used in Automotive, Aerospace, 

Consumer, Medical, Industrial Automation equipments and 

instrumentation.  In addition, the ratio of torque delivered to 

the size of the motor is higher, making it useful in 

applications where space and weight are critical factors. 

BLDC motor requires an inverter and position sensors that 

exposes rotor position for appropriate alternation of current 

[2]. To switch the motor stator coils in the correct sequence 

and at the correct time, the position of the rotor field 

magnets must be known. The exact location of the rotor 

field magnets can be detected by Hall Effect sensors or by 

an encoder. In this paper, the position information fed to the 

controller will be implemented using Hall Effect sensors.   

 

Fig. 1:BLDC motor 

The braking of BLDC motors is quite easier as 

these machines employ a permanent magnet as its rotor. The 

braking methods of a BLDC motor are similar to that of a 

direct current machine they are plugging, dynamic and 

regenerative[3]. This paper deals with regenerative braking 

and simulation results are presented. The braking energy can 

be given back to the power source. But it increases the 

complexity of the circuit. To overcome this problem an 

additional arrangement is used in this paper, it consists of 

rectifier, relay and battery. During motoring the relay 

contact is opened but when break is applied the relay contact 

gets closed. The generated energy is converted into DC by 

using rectifier and stored in battery. 

Design of robust controllers for a new generation 

of full variable-speed control of brushless motor types that 

have lower manufacturing cost and higher reliability, saving 

up to 25% of the energy used by fixed-speed controllers, 

reduced manufacturing and maintenance costs, more 

efficient and quieter operation due to less generation of 

torque ripple, resulting in less loss of power, lower 

vibration, and longer life [6]. In this paper the dsPIC 

controllers aredesigned to meet the needs of control-based 

applications.  

 
Fig. 2: IGBT inverter 

II. BLDC MOTOR AND CONTROLLERS  

BLDC motors are a type of synchronous motor as shown in 

fig 1. This means the magnetic field generated by the stator 

and Brushless DC Motors are driven by DC voltage the 
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magnetic field generated by the rotor rotate at the same 

frequency. BLDC motors do not experience the “slip” that is 

normally seen in induction motors. Brushless DC motors 

have been used in various industrial and domestic 

applications. Due to overweighing merits of this motor, 

there is continuing trend to propose improved control 

schemes to enhance the performance of the motor. Current 

commutation is controlled by solid state switches. The 

commutation instants are determined by the rotor position. 

The rotor shaft position is sensed by a Hall Effect sensor, 

which provides signals. Whenever the rotor magnetic poles 

pass near the Hall sensors, they give a high or low signal, 

indicating either N or S pole is passing near the sensors. 

Based on the combination of these three Hall sensor signals, 

the exact sequence of commutation can be determined. 

These signals are decoded by combinational logic to provide 

the firing signals for 120° conduction on each of the three 

phases. The rotor position decoder has six outputs which 

control the upper and lower phase leg IGBTs. IGBT is 

selected as power switch for the inverter as shown in fig 2 

instead of MOSFET because the former is more suitable for 

low voltage and high speed switching application. 

Hall 

sensor 

A 

Hall 

sensor 

B 

Hall 

sensor 

C 

Phase 

A 

Phase 

B 

Phase 

C 

1 0 0           NC 

1 0 1 NC           

0 0 1      NC      

0 1 1           NC 

0 1 0 NC           

1 1 0      NC      

Table 1: Commutation sequence for rotating the motor in 

clockwise direction 

Hall 

sensor 

A 

Hall 

sensor 

B 

Hall 

sensor 

C 

Phase 

A 

Phase 

B 

Phase 

C 

1 0 0              

1 1 0              

0 1 0              

0 1 1           NC 

0 0 1      NC      

1 0 1              

Table 2: Commutation Sequence for rotating the motor in 

Counter-clockwise direction 

III.  FOUR QUADRANT CONTROL OPERATION 

There are four possible modes or quadrants of operation as 

shown in fig 3 using a Brushless DC Motor. 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. 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 i.e. during 

breaking motor acts as generator converts the KE into 

electrical energy. 

The BLDC motor is initially made to rotate in 

clockwise direction, but when the speed reversal command 

is obtained, the control goes into the CW 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. In this paper 

instead of energization of main phase energization of battery 

is done through rectifier. 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-effect sensors are used 

to ascertain the rotor position and from the Hall sensor 

outputs, it is determined whether the machine has reversed 

its direction. This is the ideal moment for energizing the 

stator phase so that the machine can start motoring in the 

CCW direction. Commutation sequence for rotating motor 

in clockwise and anti-clockwise diection is shown in table 1 

and table 2 respectively. 

 

Fig. 3: Four quadrant operation 

 

Fig. 4:.operating modes 

IV. PROPOSED DRIVE SYSTEM 

A. Open Loop System 

In open loop speed control, the duty cycle is directly 

calculated from the set reference speed and there is no actual 

speed feedback for control purpose. 

The DC voltage source is applied to the inverter; 

Inverter output is connected to the 3 phase BLDC motor. 

The PWM module of the controller generates appropriate 

PWM signals, which are applied to driver circuit which 

provides interface between power switch and the control 

signal. The PWM signal from driver circuit is given to three 

phase IGBT inverter as shown in fig 5. Whenever there is a 
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reversal of direction of rotation it implies there is a change 

in the quadrant. When the motor is operating in the motoring 

mode, in the clockwise direction, the relay contacts are 

normally open. But when braking is applied or when a speed 

reversal command is received, the relay contacts are closed. 

The kinetic energy which will be wasted as heat energy is 

now converted into electric energy which is rectified and 

stored in a chargeable battery. 

 

Fig. 5: block diagram of open loop 

B. Closed Loop System 

The DC voltage source is applied to the inverter; Inverter 

output is connected to the 3 phase BLDC motor. The Hall 

sensors give the position of the rotor which is fed to the 

controller. The controller compares actual speed with the 

reference speed and generates an error signal. Depending on 

the error signal the PWM module of the controller generates 

appropriate PWM signals, and applied to driver circuit 

which provides interface between power switch and the 

control signal. The PWM signal from driver circuit is given 

to three phase IGBT inverter as shown in fig 6. 

The position signals obtained from the Hall sensors 

of the motor are read by the I/O lines of the dsPIC 

controller. Whenever there is a reversal of direction of 

rotation it implies there is a change in the quadrant. When 

the motor is operating in the motoring mode, in the 

clockwise direction, the relay contacts are normally open. 

But when braking is applied or when a speed reversal 

command is received, the relay contacts are closed. The 

kinetic energy which will be wasted as heat energy is now 

converted into electric energy which is rectified and stored 

in a chargeable battery. The frequent reversal of direction of 

rotation will result in the continuous charging of the battery. 

The energy thus stored can be used to run the same motor 

when there is an interruption of power supply. 

Fig. 6: block diagram of closed loop 

 

C.  dsPIC Controller 

The digital pulse width modulation control of BLDC motor 

will be efficient and cost effective. Different types of dsPIC 

controllers available like dsPIC30F2011, 

dsPIC30F4011/4012. In this paper the digital control of the 

four quadrant operation of the three phase BLDC motor is 

achieved with dsPIC30F4011. This digital controller 

combines the Digital Signal Processor features and 

microcontroller features, making it versatile. The 

dsPIC30F4011 device contains extensive Digital Signal 

Processor (DSP) functionality within high performance 16-

bit microcontroller (MCU) architecture. The PWM module 

generates multiple synchronized Pulse width modulation 

(PWM) outputs. It has six PWM I/O pins with three duty 

cycle generators. The three PWM duty cycle registers are 

double buffered to allow updates of PWM outputs. For each 

duty cycle, there is a duty cycle register that will be 

accessible by the user while the second duty cycle registers 

holds the actual compared value used in the present PWM 

period. The output compare module generates an interrupt to 

trigger the relay circuit during regenerative mode. The 

device is programmed in open loop and closed loop using 

MPLAB Integrated Development Environment (IDE) tool. 

For execution of C-code, MPLAB compiler is used. 

D. Relay 

The relay circuit is shown in fig 7 whenever there is a 

reversal of direction of rotation it implies there is a change 

in the quadrant. When the motor is operating in the motoring 

mode, in the clockwise direction, the relay contacts are 

normally open. But when braking is applied or when a speed 

reversal command is received from dsPIC, the relay contacts 

are get closed. The K.E which is wasted as heat is rectified 

and stored in battery. This energy can be used further when 

there is an interruption of power supply. 

 

Fig. 7: Relay 

V. REGENERATIVE BRAKING 

In locomotives, precise control over stopping of machine is 

important along with start. In such a case to stop the 

machine quickly and accurately, braking methods are useful. 

Braking is nothing but stopping the machine at a desired 

position. Braking of locomotive can be done as electric 

braking or mechanical braking. In mechanical braking the 

motion is restricted by the friction applied by mechanical 

brakes which is preferred during low speeds. In electric 

braking the motor works as a generator developing a 

negative torque which restricts the motion. The purpose of 

electrical braking is to restrict the motion of the machine as 

quick as possible. In regenerative braking, instead of 

wasting the power in external resistance the power 

generated during retardation is fed back towards the source 

i.e., the motor works as a generator developing a negative 

torque which opposes the motion and the generated energy 

is supplied to the source. For the generated energy to be 

supplied to the source two conditions should be satisfied [4]. 

(1) Back emf should be greater than supply voltage (E 

> V) for all speeds. 

(2) Current has to reverse its direction. 
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The regenerative breaking in proposed system is as shown in 

fig 8. In proposed system when break is applied the relay 

contacts are gets closed. The kinetic energy which will be 

wasted as heat energy is now converted into electrical 

energy and is given back to the power source. But it 

increases the complexity of the circuit. To overcome this 

additional rectifier, relay and battery is used. Now the 

generated energy is rectified and stored in a chargeable 

battery. The frequent reversal of direction will result in the 

continuous charging of the battery. The stored energy can be 

used to run the same motor when there is interruption of 

power supply. 

 

Fig. 8: regenerative breaking 

VI. Result 

The motor is operated in four steady state operating modes 

of torque-speed plane. At first, the motor is operated in 

forward motoring mode, after 1.5 secbrake is applied i.e. 

when a speed reversal command is given; the motor 

undergoes braking operation in forward direction, with 

speed tending to zero and starts rotating in reverse direction. 

When a speed reversal command is issued again i.e, at time 

2.3 sec the motor undergoes reverse braking and operates in 

Forward Motoring mode. The simulation results for four 

quadrant are shown in figure 10 to 14. The Hall sensor 

signals are shown in figure 10, the three phase currents  Ia, 

Ib, Ic are shown in figure 11, the Back EMF Ea ,Eb, Ec is 

shown in figure 12,actual speed and reference speed is 

shown in figure 13. In this paper 800 rpm is taken as 

reference speed.  Energization of battery is shown in figure 

14. The speed is controlled by proportional integral 

controller. 

A. simulation result 

 

Fig. 9: Simulation model 

 

Fig. 10: Hall sensor signal A,B,C 

 
Fig. 11: Phase currents Ia, Ib, Ic 

BLDC motor simulation model is shown in fig 9 is 

simulated using MATLAB/SIMULINK software. The 

inputs for the motor model are three phase terminal voltages 

and the torque..the motor model gives the three phase 

currents, back EMF, speed and rotor position as output. Hall 

sensor gives the rotor position. The gate signals are 

generated by comparing the actual speed with reference 

speed. Thus closed loop control is achieved with the help of 

PI control 

 
Fig. 12: Back EMF Ea, Eb,Ec 

 
Fig. 13: Reference speed and Actual speed 
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Fig. 14: Energization of battery 

B. Experimental result 

Fig 15 shows the hardware implementation of proposed 

system  consist of  power supply board, three phase inverter 

board with driver circuit, dsPIC control board, relay 

arrangement  and a three phase BLDC motor. The 

developed three phases Inverter Bridge is connected to 

dsPIC through driver circuit (IR2011) which provides 

isolation between the power and control side and turns on 

and turns off the corresponding switches according to 

sequences. A Hall sensor gives the rotor position of motor. 

Hall sensor signals A,B are shown in fig 16 .The Hall sensor 

inputs give the position of the rotor which is fed to the 

dsPIC4011 controller. The controller compares it with the 

reference speed and generates an error signal. The required 

direction of rotation either clockwise or counter clockwise 

can also be fed to the digital controller. Controller generates 

the PWM pulses for g1 and g2 are shown in fig 17. These 

PWM pulses are applied to the inverter bridge at the 

appropriate time to trigger the appropriate switches. Fig 18 

shows back EMF Eab similar waveforms are obtained for 

back EMF Ebc and Eca but they are displaced one another by 

120˚. The phase currents Iais  shown in fig 19  respectively. 

Initially moor is running in forward motoring mode, after a 

time interval break is applied, the motor stops decelerating 

at this point the battery starts charging. Output of rectifier is 

shown in fig 20.  A Digital Storage Oscilloscope has been 

used to store 

 
Fig. 15: Hard ware Kit 

 
Fig. 16: Hall Sensor A, C Signal 

 

Fig. 17: PWM gate pulses g1, g2 

 

Fig. 18: Back EMF Eab 

 

Fig. 19: Phase Current Ia 

Description Value 

Rated voltage 24 V 

Rated current 2.3 A 

Rated speed 3000 rpm 

Rated power 60 W 

Number of poles 8 

Table 3: BLDC Motor Specification 

Experimental values for open loop 

Duty Cycle Actual Speed (Rpm) 

15 740 

25 1285 

50 2096 

75 2495 

85 2597 

Table 4: values for Open loop control 

Duty Cycle Voltage(V) 

15 3.2 

25 6.5 
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50 11.8 

75 20 

Table 5: Generated Voltage during Regenerative Braking 

Experimental values for closed loop 

Set Speed 

(Rpm) 

Actual Speed 

(Rpm) 

300 295 

1000 1004 

1500 1497 

2000 2003 

2500 2497 

Table 6: Speed Values For Closed Loop 

Speed (rpm) Voltage (V) 

300 1.8 

1000 7.2 

1500 11.4 

2000 16.7 

Table 7: Generated Voltage during Regenerative Braking 

VI. CONCLUSION 

In this paper a control scheme is proposed for BLDC motor 

to change the direction from CW to CCW and the speed 

control is achieved. A dsPIC4011 controller is used to 

control the speed of the BLDC motor. Speed control is done 

in open loop and closed loop by a IGBTs inverter. The 

generated voltage during the regenerative mode is stored in 

battery which will result in considerable saving of power. 

The generated energy can be used to run the motor 

whenever there is a power supply failure.  This concept may 

well be utilized in the rotation of spindles, embroidery 

machines, washing machine, fans insmall power application. 

In large power application like in industry, electric 

locomotive and in satellite where there is frequent reversal 

of direction of rotation of the motor taking place. 

Advantages of this proposed method are: simple 

hardware circuit, excellent speed control, smooth transition 

between the quadrants and efficient conservation of energy 

during regenerative breaking. 
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