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Abstract—Various electric motors have been used as the 

propulsion system of electric vehicles. This paper proposed 

advanced BLDC motor drive control with the principle of 

digital PWM which treats the motor like a digital system. The 

digital PWM control sets six gate switches on the inverter and 

selects variations of high duty, low duty, or skip state based 

on the speed error and the actual motor current. In addition, 

a proportional control provides a reference current limit. All 

processes of commuting and generating digital PWM are 

integrated into the driver. The digital PWM with 

proportional control can eliminate the process disturbance 

signal, give a good response, and has a good settling time, it has 

the potential to be integrated into a motor driver. The BLDC 

motor drive control with the principle of digital PWM 

implemented for electric vehicles. 

Keywords— Electric Vehicles, BLDC Motor Driver, 

Advanced Control, Digital PWM. 

I. INTRODUCTION 

Brushless DC motor (BLDC) is an electric motor as a 
generated system that is applied to electric vehicles as well as 
industries such as equipment, aerospace, medical, automation. 
The advantage of BLDC is reliability, high efficiency, high 
power density, easy maintenance, lighter weight, and low cost. 
In its implementation, the BLDC motor requires a driver to 
adjust the change of the stator winding based on the rotor 
position to the stator winding. Advances in permanent magnet 
materials, solid state devices, and microelectronics have 
resulted in drivers as motor drive control. The challenge in the 
design of the BLDC motor driver is the application of the 
motor control function (speed/torque) to make it more 
practical in its implementation [1], [2], and [3]. 

Generally BLDC motors are automatically relate to the 
commutator. The essence of the commutator is knowing the 
rotor position and giving a command to the gate switch to 
select the phase by giving consecutively voltages so as to 
generate torque as a motor drive. The voltage supply occurs 

when the stator winding is parallel to the rotor poles. It is 
done alternately. The rotation of the rotor position is to 
produce the speed motor control that is suitable and given the 
maximum torque motor. 

To determine the commutation timing, a position sensor 
is needed. One of the mechanical position sensors popularly 
used is the Hall effect sensor. Generally, three hall sensors 
are mounted on the stator part, it is done to get six different 
timing combinations. Each phase winding uses one hall 
sensor which provides phase voltage signal information with 
a wide position range of 600. While the magnet on the rotor 
passes through the hall sensor, then the sensor given a signal 
in a logic value “high” or “low” according to the 
displacement of the rotor poles (north or south). The hall 
signal is also used to generate the feedback signal that needed 
to control the gate switch which is generally a semiconductor 
device (solid state). The correct gate switch selection 
command produces accurate rotor position information. It 
ensures the built drive has stability and a fast dynamic 
response. By knowing these three combinations of hall 
sensors, the correct commutation sequence can be 
determined. Basically, the design of the BLDC motor driver 
in [4] describes motor speed control in a closed loop by 
measuring the actual motor speed and comparing it with the 
measured motor speed so that the gap or speed error is 
obtained. To eliminate the speed error, the use of 
proportional plus integral (PI) control can be applied.  

Generally, some adjustable control systems for BLDC 
motors are based on the principle of pulse width modulation 
(PWM). Conventional PWM schematics (sinusoidal PWM) 
or digital PWM generators in embedded systems. The 
principle of PWM works to set the six switches on the 
inverter (three- phase bridge) which produce duty cycle 
variations in the PWM signal. The variation of the PWM 
signal provides the variations for motor input voltage and 
motor speed and obtains high torque at high loads and high 
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efficiency at low loads [5]. Several studies have been carried 
out in the PWM technique, including in [6] presents an 
FPGA-based PWM technique for speed control of the 
BLDC motor with three commutation methods, there are 
trapezoid, sinusoidal, and field oriented control 
commutation. PWM technique using FPGA is more efficient 
and gives more smooth speed response. 

In [7] proposed PWM control method with the firing 
signals duty cycle length for speed control. The torque output 
is fed to the PWM for compare it with the triangular waveform 
which the comparator output is a low or high signal where that 
signal is change as a chopping signal of the inverter. In [8], 
methodology generating PWM signal with counter and 
decoder obtained accurate timing of pulse and pause with 
SPWM technique. Accuracy of the output signal based on 
compared a function and carrier signals which allows different 
phase. PWM digital generator produced signals allows 
avoiding of any outside disturbances accompanying analog 
signal methods and usage of additional generators. 

This paper proposed advanced BLDC motor drive control 
with the principle digital PWM which treats the motor like a 
digital system. The PWM control sets the six gate-switches on 
the inverter and selects variations a high duty, low duty or a 
skip state based on the speed error and the actual motor 
current. In addition, a proportional control provides a 
reference current limit. All processes of commuting and 
generating digital PWM is integrated in the driver. The PWM 
control has potential to be implemented in an Arduino Nano 
which is used to generate the control signals and gives a good 
speed response. 

The rest of this paper is organized as follows; Section II 
describes the BLDC motor drive. It is followed by the 
technique of digital PWM in Section III. Simulation, 
validation, and discussion are then presented in Section IV. 
Section V finalizes the paper with the main conclusion. 

II. BLDC MOTOR DRIVE 

Each BLDC motor has two main parts, namely a rotor in 
Fig. 1. and a stator in Fig. 1b. The rotor is the part of the motor 
that rotates due to the electromagnetic force generated by the 
stator. The rotor is composed of 2 to 8 pairs of rectangular 
permanent magnet poles which are mounted together with 
epoxy. The number of magnetic poles is directly proportional 
to the motor torque, but opposite to the rpm. If the number of 
the rotor pole magnets is large then the torque generated is 
getting bigger, but consequently the motor rpm decreased. 
Torque is also affected by the magnetic flux density. The 
greater the magnetic flux density, the greater the torque. The 
stator is a stationary part of the motor, which functions as a 
rotating motor field to provide electromagnetic force to the 
rotor. The stator is made of laminated steel piles and a place 
for the wire windings. The stator consists of 12 windings and 
connected by three wires, each of which represents a phase to 
be plugged in the motor driver circuit. The magnetic field 
generated by the stator and the rotor rotate at the same 
frequency. 

BLDC motors use a commutation system and controller 
so that the on-off selection of the supply voltage to the stator 
winding must be arranged sequentially and regularly. The 
commutation change is based on signal information from the 
hall sensor. The BLDC motor uses three hall sensors as 
shown in Fig. 2, it  mounted on the stator body at a distance 
of 1200 to detect the rotor part that is affected by the magnetic 

flux. The hall sensor is a transducer that produces a variable 
voltage and detects the rotor phase in the form of magnetic 
flux also provides the information of the commutation 
transfer to the controller so that the current flowing remains 
constant in each phase. Therefore, the commutation process 
can run simultaneously and continuously [3]. 

 

BLDC motor is a type of permanent magnet synchronous 
motor that is supplied by a DC power source and requires a 
three-phase AC power source to drive the motor rotor. The 
fed voltage generated between the coil and the stator winding 
will move the rotor or is called the back electromotive force 
(EMF). The rotor movement shifts because only two phases 
are supplied with voltage while one phase is not supplied 
with voltage. The phenomenon causes a BLDC motor as well 
as a DC motor, because the current flowing in the stator coil 
is similar to a DC motor even though it is actually powered 
by a three-phase current. 

The following shows how a three-phase BLDC motor 
rotates clockwise and the hall sensor is assigned a north pole 
by default, as shown in Fig. 3. The three hall sensors are 
defined as H1, H2 and H3, while the magnetic flux source in 
the stator winding is defined as A, B and C. The commutation 
process consists of six steps that are repeated and shaped a 
cycle which caused the motor to rotate continuously as long 
as the DC current source is still present. The following 
describes the steps [9].  

In the first step on Fig. 3a, the hall sensors H1 and H3 
have high values (“1”) as a result of the changing magnetic 
field so that the controller will flow current in windings B 
and C. Winding B becomes the north pole and winding C 
becomes the south pole. The north pole of winding B exerts 

           

                     (a) Rotor                                      (b) Stator 

 

Fig. 1. Motor main part.  

 
 

Fig. 2. Sensor hall and its position.  
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repulsion on the north pole of the rotor magnet, while the 
south pole of winding C attracts the north pole of the rotor 
magnet. In the second step on Fig. 3b, only the H1 sensor has 
a high value, so the controller will instruct that windings A 
and B must be energized. Winding A becomes the south pole 
and winding B becomes the north pole. The south pole of 
winding A will repel the south pole of the rotor magnet, while 
the north pole of winding B will refuse the north pole of the 
rotor magnet. 

In the third step on Fig. 3c, the sensors H1 and H2 will be 
high, so the controller will instruct the windings A and C to be 
energized. Winding A remains at the south pole and winding 
C becomes the north pole. The south pole of winding A will 
refuse the south pole and attract the north pole of the rotor 
magnet, while the north pole of winding C will attract the 
south pole of the rotor magnet. In the fourth step on Fig. 3d, 
only the H2 sensor is "high", so the controller will instruct the 
B and C windings to be energized. Winding B becomes the 
south pole and winding C remains the north pole. The south 
pole of winding B will refuse the south pole of the rotor 
magnet, while the north pole of winding C will refuse the north 
pole of the rotor magnet. 

In the fifth step on Fig. 3e, the sensors H2 and H3 will be 
high, so the controller will instruct the windings A and B to be 
energized. Winding A remains at the north pole and winding 
B becomes the south pole. The north pole of winding A will 
refuse the north pole and attract the south pole of the rotor 
magnet, while the south pole of winding B will attract the 
north pole of the rotor magnet. In the sixth step on Fig. 3f, only 
the H3 sensor is "high", so the controller will instruct windings 
A and C to be energized. Winding A becomes the north pole 
and coil C remains the south pole. The north pole of winding 
A will attract the south pole and refuse the north pole of the 
rotor magnet, while the south pole of winding C will attract 
the north pole of the rotor magnet. 

Based on how the BLDC motor works, in the design of the 
BLDC motor driver, the following points must be considered, 
which stator winding should be electrified, and setting the 
angular motor speed. Therefore, the design of the BLDC 
motor driver as shown in Fig. 4, which consists of a 
commutation module, a driving switch module, a three phase 
inverter module, and a generate PWM (pulse width 
modulation) module. 

The inverter module in Fig. 4 (red box) is an electric 
circuit that functions to drive the motor. The main 
components are solid state (MOSFET or IGBT) as many as 
six gate switch that function as switching. The performance 
regulates and provide electricity to the switch in turns 
according to the switching time on the command of the 
driving switch module in Fig. 4 (blue box). The 
commutation module serves to provide information on 
signal changes to the driving switch based on the value of the 
hall sensor signal. Generally, the commutation uses the six-
step method as shown in Fig. 3. Therefore, regulating the 
commutation process, setting the switch and determining the 
phase voltage sequentially are carried out on these modules. 

For setting the angular speed motor is done in the 
generated PWM module in Fig. 4 (green box). In general, 
PWM is the manipulation of signal width expressed by pulses 
in one period to obtain different average voltages. PWM 
performance is to create a square wave that has a ratio of high 
pulses to certain low pulses, usually on a 0-100% scale. The 
square wave has a fixed frequency but the high and low pulse 
widths are set in one period. The ratio of the high to low pulses 
will determine the amount of power supplied to the motor. 
The motor speed control by the PWM technique is set the 
duty cycle as desirable. The larger the duty cycle, the faster 
the motor speed, and conversely the smaller the duty cycle, 
the slower the motor speed. A duty cycle is a pulse condition 
at the peak of the wave or the high value in one period. An 
example can be seen in Fig. 4 (yellow box), square pulses 

  
a) 1st Step                                                        b) 2nd Step                                         c) 3rd Step 

 

   
d) 4st Step                                                        e) 5st Step                                         f) 6st Step 

 

Fig. 3. Procedure BLDC motor [9]. 
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sent with a duty cycle of 25% and 50%. The duty cycle in 
PWM can be expressed as follows: [10] 

� =
���

��������
× 100%  (1) 

Based on (1) that the change in duty cycle changed the 
output voltage as follows: [11] 

�
�� = � × ���  (2) 

with � is duty cycle, ��� is high pulse time, ���� is low 
pulse time, ���� is output voltage, and ��� is input DC voltage. 

III. THE TECHNIQUE OF DIGITAL PWM 

PWM is a technique to get an analog signal from a digital 
device. PWM can be generated analogously using an op-amp 
IC or digitally using a microcontroller. The digital PWM 
generator is affected by the PWM resolution (the number of 
variations in the value changes in the PWM), for example, the 
PWM has a resolution of 8 bits, meaning that this PWM has a 
variation value of 256 (0-225) which represents a 0% to100% 
duty cycle. 

The PWM signal generated can be seen in Fig. 5, PWM 
signal is produced by comparing the voltage control signal 
(Vcontrol) in a DC signal with the sawtooth signal (Vsawthooth) 
in a triangular signal [10]. If the voltage of the control signal 
is greater than the sawtooth signal, then the switch is turned 
on for current conduction, and if the voltage of the control 
signal is less than the sawtooth signal, then the switch is 
turned off. The difference in duty ratio can be achieved by 
varying the amplitude of the control signal. The average 
voltage applied to the stator winding can be changed by 
modulating the switch duty cycle within the switching 
interval time. The DC voltage is kept constant while the 

 
Fig. 4. BLDC motor driver [11]. 

 
a) duty cycle 10% conducted by 600 

 
b) duty cycle 25% conducted by 1200 

 

Fig. 5. PWM signal generator [10].  

 
a) Conventional PWM Control  

 

 
b) Digital PWM Control  

 

Fig. 6. PWM technique. 
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current in the stator winding is determined at a low 
frequency at the inverter output voltage so that the output 
current becomes small. Furthermore, the output voltage 
switches only one of the two switches or switching both the 
switches. Therefore, PWM strategies can be obtained [11]. 

The paper proposed an advanced digital PWM control that 
treats BLDC motor drives like a digital system in Fig. 6b, 
which is a modification of the conventional PWM control in 
Fig. 6a. PWM systems may only operate in a low duty (DL) or 
high duty (DH). Motor speed control is achieved by 
alternating between low duty and high duty which built 
advance digital PWM control and BLDC motor drive design 
simpler. The concept of the operate digital PWM for speed 
control, including; i) if the actual motor speed is less than the 
reference speed, and if the motor current is less than the 
limiting current then the duty high condition (DH). ii) if the 
actual motor speed is greater than the reference speed and if 
the motor current is greater than the limiting current, then the 
condition is low duty (DL), and iii) if the motor current 
exceeds the limiting current then perform a skip state (zero 
duty). 

The PWM control has no built-in current, so a current 
limiter must be specified. A proportional control provides a 
reference current limit. The current is always kept within the 
maximum and minimum limits (Ilimit = 1.5 times the rate motor 
current). The minimum value of Ilimit decides the steady state 
error and defined as the ratio of a percentage (1%) of the rated 
torque to the torque constant. The value of the proportional 
constant Kp is calculated as shown below 

�� =
� �� ! ",!$%

&'
  (3) 

with a desired speed ripple (Δ) = |+,-- × 2|) and +,--  is 
speed error. 

IV. EXPERIMENTAL SETUP AND DISCUSSION 

An experimental setup was built for the implementation 
and validation of the system with simulation on the testbed as 
shown in Fig. 7. The testbed consists of a 350W/36V BLDC 
motor, driver (Arduino Nano and gate driver module), 3 phase 
inverter (IGBT), current and voltage sensor module, lithium- 
ion battery (36V/20AH), throttle (setting point), on/off switch 
and PC (display and store data in real-time). For experimental 
purposes, a sampling time (Ts) of 0.2ms is determined, and 
the measurement data is obtained in real-time and stored on a 
PC while the BLDC motor is rotating. The data obtained from 
the sensor are in the form of phase current and phase voltage, 
while the PWM duty cycle data and hall signal are obtained in 
the form of logic values from Arduino Nano. 

Based on the driver design in Fig. 6. To see the 
commutation process running sequentially, a driving switch 
data is needed in the form of a signal from the driver (Arduino 
Nano) which contains a six-steps cycle based on hall signal 
variations. The six-steps cycle will give the command gate 
switch in the inverter where the voltage will be applied. In the 
experiment, the BLDC motor is given an input voltage of 
25VDC so that the motor can work at a speed of 210 rpm. The 
measure results of the phase voltage and hall signal can be 
seen in Fig. 8. It can be seen that the phase voltage and hall 
signal response work sequentially, therefore the commutation 
process runs well. 

The motor speed reference is set digitally by changing the 
throttle as a set point by giving the valve value from 0% (idle) 
to 100% (full). Motor speed control using the digital PWM 
method may only operate in a low duty (DL) or high duty 
(DH). Speed control is achieved by alternating between low 
duty and high duty. In the experiment, given the reference of 
the motor speed as shown in Fig. 9b (green line), the motor 
speed varies from 0-300 rpm. Thus it can be seen how the 
PWM digital signal works as shown in Fig. 9a., for example, 
while the motor speed reaches 75 rpm for 10 seconds in Fig. 
9b., DH and DL obtained 25% and 75%, respectively. This 
value lasts as long as the speed is constant at 75 rpm, and the 
PWM signal can be seen in Fig. 9a. (red line). Likewise, for 
the motor speed reaching 200 rpm in Fig. 9b, the DH (67%) 
and DL (33%), and the PWM signal can be seen in Fig. 9a. 
(blue line). The DH and DL values are in the form of logical 
values which are output from Arduino. The combination of 
DH and DL provides information for the driving switch in 
determining the gate switch to drain the voltage.  

The PWM signal is also controlled using a speed error 
which is the difference in the ratio of the actual speed to the 
speed reference for determining the PWM duty cycle. The 
speed error is corrected by a proportional gain calculated in 
real-time from eq. (3) and how it works as shown in Fig. 6b. A 
proportional gain (Kp) is then multiplied by the current limit 

 
Fig. 7. Testbed. 

 

 

 

 

 

 
Fig. 8. PWM Signal Generator.  
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value. The current limit is the sensing of DC link current and 
keeping it minimum or maximum current limit when the 
motor is sped up from zero speed or speed down from max to 
zero speed. If the DC link current value is over the limit, it will 
automatically set the duty cycle value to zero. 

In the experiment, a comparison of the response for the 
speed motor is carried out by giving the same speed response 
based on without/with proportional gain integrated into the 
digital PWM control. As seen in Fig. 9b and Fig 9c, the motor 
speed response without proportional gain has a slight 
overshoot before reaching steady-state, while the motor speed 
response with proportional gain can eliminate the overshoot. 
Thus proportional control is an important thing in digital 
PWM techniques, because of the current limiting so that there 
is no process disturbance in the drive system which gives rise 
to overshoot. Both responses have different settling times in 
reaching a steady state. As can be seen, the actual speed (red 
line) takes 2 seconds (system with proportional control) and 3 
seconds (system without proportional gain) to reach the speed 
reference (green line). There is a difference in settling time of 
about 0.1 seconds. However, the system still has a good 
response for speed and motor torque. 

V. CONCLUSION 

In general, BLDC motors are three phase motors, but in 
performance not all phase voltages are electrified like three 
phase motors in general. The phase voltages of BLDC motors 
must be arranged sequentially and regularly, so the 
commutation process is an important in design BLDC motor 
driver. Therefore, the commutation process can run 
simultaneously and continuously. In addition, the important 
the performance of the BLDC motor is the motor speed 
control. The motor speed control conducted by generating 

PWM. The technique of the PWM generate has a conventional 
and a digital PWM. The paper presents the technique of the 
digital PWM control that may only operate in a low duty (DL) 
or high duty (DH). Speed motor control is achieved based on 
the variation of a high duty, low duty or a skip state based on 
the speed error and the actual motor current. In addition, the 
proportional control provides a reference current limit as an 
advance digital PWM control. All processes of commuting 
and generating digital PWM is integrated in the driver 
(Arduino Nano). 

To see the best response system, a comparison of digital 
PWM control designs for with/without proportional control 
have been carried out. In order to obtain a fair comparison, 
both designs were given the same speed response and the same 
sampling of data for 80-100 seconds with a sampling time of 
about 0.2 milliseconds. Based on the experimental results, it 
found that the digital PWM control design with proportional 
control can eliminate the process disturbance signal, gives a 
good response, and has a smaller settling time than the PWM 
control digital design without proportional control. The digital 
PWM with proportional control (namely advance control) that 
integrated in the microcontroller has the potential to be 
implemented in BLDC motor drives for electric vehicles. 
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a) Signal PWM 

 
b) Speed Motor with P Controller 

 
c) Speed Motor without P Controller 

 
Fig. 9. Duty cycle and speed motor response. 

Authorized licensed use limited to: Badan Riset Dan Inovasi Nasional. Downloaded on January 24,2023 at 01:09:52 UTC from IEEE Xplore.  Restrictions apply. 






