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Abstract: Brushless DC Motors play a significant role in numerous applications. Power density and efficiency are two prominent
factors associated with design of these motors. Three phase brushless DC motor is a synchronous permanent magnet motor with
rectangular or trapezoidal supply. These motors have a four pole permanent magnet rotors. Stator is a three phase winding supplied
by DC voltage. Connecting and disconnecting DC supply depends on the rotor position. For each 30 mechanical degrees of rotor, the
supply of windings changes. To detect the position of rotor various methods might be utilized such as hall effect sensor. In this paper
a brushless DC Motor is modeled and simulated using MATLAB/SIMULINK.
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1. INTRODUCTION

Outstanding characteristics of DC motors have
increased their application in industry as servo motors;
however, they need commutator and brush which, in turn,
cause erosion and necessitates periodic repairs. Using
solid state switches instead of commutator and brush, has
brought about new DC motors called brushless DC motors
with  diverse telecommunications, electronics and
industrial applications [1-3]. Brushless DC motors are
similar to synchronous AC motors. But, despite
synchronous motors which have sinusoidal counter
electromotive force brushless ones generate rectangular or
trapezoidal counter electromotive force. Both types of
motors have rotating magnetic fields of stator which
generates torque in the motor [2-5]. Brushless DC motor
is widely applied as low power control motors. Actually,
it is not a DC motor but it is a synchronous permanent
magnet motor. If this machine is supplied with a source
whose frequency is always equal to machine rotor speed it
would change to a brushless DC motor. Calling this type
of motor as DC does not mean that it is similar to DC
motors; yet, it is called DC as its performance
characteristics are similar to shunt DC motor with
constant field current. The appearance of the system is
similar to a three phase permanent magnet synchronous
machine. This machine is usually supplied by a six pulse
inverter which converts a constant voltage to three phase

voltages whose frequency corresponds to instantaneous
velocity of rotor. The combination of inverter and
machine has characteristics similar to terminal and output
characteristics of shunt DC motor. Speed control in this
motor is performed using Pulse Width Modulation
(PWM) of phase voltages. Phase voltages are alternatively
switched to zero [1], [2].

2. THE OPERATION PRINCIPLES OF BLDC MOTORS

In each step of current variation in BLDC motor,
one of the stator windings is connected to positive supply
via power switches, the second one is connected to
negative supply while the third one is left open circuit.
Torque is generated as a result of mutual effect between
magnetic field, resulted from stator windings, and
magnetic field of rotor permanent magnet. Ideally the
maximum output torque is achieved when two mentioned
fields have 90 degrees phase difference. When the fields
move toward each other the generated torque decreases.
For thrust force to continue the magnetic field generated
by windings must change its position as rotor approaches
stator field. A method called “six-level current change”
determines supply order of windings.
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3. SWITCHING SEQUENCE OF POWER DEVICES FOR
CHANGING CURRENTS OF STATOR WINDINGS

The undergoing Figure (Figurel) illustrates output
signals for Hall effect sensors with respect to counter
electromotive force and phase currents.
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Figure 1. Hall Effect sensors outputs with respect to back EMF and
phase currents

Switching combination which must be generated
considering the hall sensors conditions.
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Figure 2. Switching consideration considering Hall effect sensors

It is worth mentioning that the order of numbers in Figure
1 matches numbers shown in Figure 2. At each 60 degrees
of electrical rotation (as it has four poles it would be 30
mechanical degrees) one of the Hall effect sensors change
their condition. Thus, six steps occur during completion of
one electrical cycle. Phase currents switching is
performed for each 60 electrical degrees simultaneous
with output signals of Hall effect sensors. Anyway, an
electrical cycle does not match a complete round of
mechanical rotation. The number of electrical cycles
which must be completed to obtain a complete mechanical
rotation is determined by rotor pole pairs. For each pole

pair there would be one electrical cycle in each
mechanical round. Therefore, number of electrical cycles
in each round of mechanical rotation is equal to number of
rotor pole pairs. Figure 3 depicts block diagram of a
BLDC motor controller. Q0 to Q5 denote power switches
which are switched by a special microcontroller. Based on
rated current and voltage of the motor, these switches are
selected among MOSFET, IGBT or BJT transistors.
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Figure 3. Block diagram of BLDCM controller

4, SENSORLESS CONTROL OF BLDC MOTORS

As mentioned, current of motor windings is
changed in accordance with rotor position which is
determined by Hall Effect sensors. Nevertheless, current
variation of BLDC motors can also be obtained using
counter electromotive force instead of Hall sensor effects.
As previously said, in each step of current variation one
winding is set to positive supply, another one is connected
to negative supply and the third one would be open
circuit. When counter electromotive force voltage changes
from positive to negative or vice versa, output signal of
Hall Effect sensor jumps. In ideal conditions, this happens
during zero crossing of counter electromotive force;
however, there would be time delay due to motor winding
characteristics. The time delay is compensated by micro
controller. Figure 4 demonstrates block diagram of BLDC
motor control system. Since counter electromotive force is
proportionate to rotor speed, its amplitude is relatively
small in low speed; consequently, zero crossing detection
is not possible. Hence, low speed is critical condition
which must be noticed. To address this problem, the
motor is controlled in open loop manner at the beginning
of movement. Subsequently, when the counter
electromotive force is large enough, the motor is
controlled based on counter electromotive force. The
minimum speed, whose counter electromotive force is
measurable, might be calculated using counter
electromotive force. Obviously, utilizing this method in
current changing, Hall Effect sensors could be eliminated
which results in simple structure and lower cost. The latter
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characteristic is advantage of BLDC motors; because,
when motor works in presence of dust and humidity the
maintenance of sensors would not be a challenge.
Moreover, sensorless control is beneficial if the motor is
going to work in hardly accessible places.
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Figure 4. Block diagram of BLDC motor control system

5. MODELING OF BRUSHLESS DC MOTORS

To obtain electrical model of brushless DC
machines, numerous equations including lots of constants
and variables must be solved. In order to simplify
simulations, a few general assumptions are considered
which are as follows: the inductance of each phase is
considered to be constant during simulation; rotor
reluctance is constant with respect to changes of its angles
i.e. all poles of the rotor are assumed to be flat; the
connection of stator windings is star connection; three
phases are balanced; motor moves with its rated speed;
there are no damping windings. Considering these
assumptions, one may write:

.o d . . .
Vg =Ryig +m(|-aa'a + Lpaip + Leale) +€5

Cod, @
Von = Rplp "’a(Lab'a + Lppip + Lepic) +€p
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Laa =Lppb =Lcc =Ls
Lpa =Lap =Lca =La =Lpc=Lsp =M
The equations of this motor which demonstrate the

relation between voltage, current and flux of magnet in
the three phase abc system are as follows.

dependent on rotor position and time, solving
aforementioned equations is difficult and time consuming.
Transforming to rotating reference frame (Park's
transformation) is exploited to convert variable
coefficients to constant numbers independent of rotor
position. In this condition, reference frame rotates with
synchronous speed; thus, variable coefficients change to
constant ones. Using a proper transformation, three phase
equations might be transferred to a two-axis stationary
reference frame. Figure.5 presents Vao.Vbo.Vco voltages
which are middle point voltages of used DC link for
machine terminals. Each phase of motor is demonstrated
by armature resistances (Ra.Rb.Rc), inductances
(La.Lb.Lc) and counter electromotive forces (Ea.Eb.Ec).
Mutual inductances are neglected in this study.
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Figure 5. electrical Equivalent circuit of three phase brushless DC
Motor

Furthermore, a three phase BLDC motor is known by
undergoing equations:

v, = R(ia—ib)+L%(ia—ib)+ea—eb
vbc:R(ib—ic)+L%(ib—ic)+eb—ec 4

Vo = R(i, —i, )+ L%(ic Ci)te e,

da,

T, =kio, +J +T,

Where back-EMF is calculated using following equations.
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State space equations of motor could be derived from
above equations. Among three voltage and currents one of
them is dependent; so, in the equations merely two of
them are utilized.

I, +1, +1,=0
v, = R(l,

. d . .
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As a result:
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6. SIMULATION OF BRUSHLESS DC MOTOR

Figure 6 illustrates generic view of brushless DC
motor control system. It consists of motor, six-pulse
inverter, hall sensor and its decoder, inverter switch fire
command generator and PI controller. The existing model
in Simulink software is utilized for motor and inverter.
MOSFET switch with reverse diode is exploited in
inverter. Snubber resistance is 5000 Ohms and its
capacitance is 1uF.
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Figure 6. View of Motor control system at the MATLAB
environment.

Hall sensor converts rotor position to electrical signal
and its operation is implemented through the block shown
in Figure 7.
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Figure 7. Hall Effect sensor operation

The outputs of sensors are decoded and fed to inverter
fire pulse generator. The implementation blocks of these
sections are shown in Figures 3 and 4, respectively.

Operator 1

This modle implements the foloing rue table

AND L f convert ha | B | he | emia | emib | emic

o
H

Figure 8. Decoding Hall Effect sensor output

To control the system a Pl controller with steady state
error cancellation capability is employed. Integrator
coefficient is 16.6 and proportional coefficient is 0.013
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which are set using trial and error. Figure9 demonstrates . . . — . . . . .
this system. 450 /
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Figure 9. PI controller Time (Sec) x10°

In the following a system whose motor is presented in
appendix 1 is simulated.

7. SIMULATION OF RESULTS

First off, no load and full load setup conditions are
investigated and compared. Figure 10 depicts motor
speed during no load starting. It can be seen that motor
shows normal operation owing to appropriate controller.
Figure 11 demonstrates motor speed during full load
setup. As can be seen at the beginning speed experiences
a drop and delay as a consequence of load inertia. The
beginning of the movement in no load condition is shown
in Figure 12 which confirms this issue.
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Figure 10. Motor speed during no load starting
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Figure 11. motor speed during full load starting

Figure 12. motor speed during no load starting

Torque in these two conditions is shown in Figures 13
and 14, respectively. It is clear that setup torque in full
load condition is 5 Nm larger.
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Figure 13. Motor torque during no load starting
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Figure 14. Motor torque during full load starting

Starting currents in these two conditions are depicted in
Figures 15 and 16, respectively. As can be seen setup
current in full load condition is 4 A larger. Besides, in no
load steady state current is almost 0; whereas, in full load
condition it is3 A. In the following figures merely phase
A current is shown which is sufficient as the phases are
balanced.
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Figure 15. Motor current during no load starting
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The voltage of AB line is demonstrated in Figures 17and
18. Additionally, Figures 19 and 20 depict Back-EMF
associated with phase A. As shown in the figures line
voltage during full load condition is slightly larger while
induction voltage is almost the same. It is due to constant
flux of permanent magnet.
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Figure 17. Motor line voltage during no load starting
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Figure 19. Motor phase induction voltage during no load starting
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Figure 20. Motor phase induction voltage during full load starting
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To achieve engineering perspective Hall sensor output in

no load conditions is shown in Figure.21.

HIl effect signal A
o o o

» o [os] =

T T T |

]

]

]

]

]

]

]

]

]

]

]

]

]

]

o
)
T

d d d i 4
0.05 0.06 0.07 0.08 0.09

Time (Sec)
Figure 21. Output signal of motor Hall sensor during no load starting
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In the next analyses, applying the load in operating
conditions in rated speed is investigated. Motor speed
while a 3Nm load is added at t=0.2s is shown in Figure
22. As can be seen, the speed drops 160 rpm and it will be
restored. In presence of load, speed curve experiences
oscillations depicted in Figure 23. Figure 4 demonstrates
the torque when the load is applied. It is evident that
oscillation amplitude and motor torque considerably
increase. Current of phase A is shown during load
application in Figure 25. As expected the current
increases.
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Figure 22. Motor speed when load is applied
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Figure 23. Motor speed oscillations while load is applied
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Figure 24. Motor torque while load is applied
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Figure 25. Motor torque while load is applied

Then, the reverse procedure i.e. load reduction is
investigated. Speed, torque and current of motor are
illustrated in Figures 26-28. Sudden increase in speed,
reduction of torque and current and decrease of torque
oscillation amplitude are effects of removing the load.
Line voltage and induction voltage could be found in
figures 29 and 31. During load removal voltage drops
slightly but induction voltage is restored after an
instantaneous increase resulted from speed increase.
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Figure 27. Motor torque during load removal
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Finally the effect of changing command speed in the
motor is investigated. In Figure 32 it can be seen that
speed is decreased from 3000 rpm to 1500 rpm.
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Figure 32. Motor speed during speed command change

8. CONCLUSION

Since copper loss is constant in stimulation winding,
conventional DC motors with brush have low efficiency
in low speeds. Furthermore weight and volume of such
motors encouraged engineers to either provide solutions
to deficiencies of these motors or replace them with other
electrical machines. An option is brushless DC motor
which is a low power control motor with higher efficiency
in lower speeds. Moreover, they are lighter. In this paper a
Brushless DC motor (BLDCM) was modeled and
simulated by MATLAB/SIMULINK. Simulation results
revealed the efficiency and performance of the motor.

TABLE I. CHARACTERISTICS OF BRUSHLESS DC MOTOR
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Figure 30. Phase induction voltage of motor during load
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