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ABSTRACT: Brushless DC Motor (BLDCM) has been widely used in industries because of its properties such as high
efficiency, reliability, high starting torque, less electrical noise and high weight to torque. The dynamic model of the
BLDC motor is developed and further analysis has been conducted for the selection of controllers. In this paper, the
transient performances of BLDC have been evaluated. The various methods of speed control for Brushless DC Motor
has been included and fuzzy controller provide better speed response. MATLAB/SIMULIINK environment is used to
carry out the above investigation to select the efficient controller.
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I.LINTRODUCTION

A brushless dc motor is defined as a permanent synchronous machine with rotor position feedback. The brushless
motors are generally controlled using a three phase power semiconductor bridge. The motor requires a rotor position
sensor for starting and for providing proper commutation sequence to turn on the power devices in the inverter bridge.
Based on the rotor position, the power devices are commutated sequentially every 60 degrees [11]. Instead of
commutating the armature current using brushes, electronic commutation is used for this reason it is an electronic
motor. Brushless dc motors are becoming widely used in low power applications such as blower motors, computer disk
drive spindle motors, cloth washers, room air conditioners, refrigerators, vacuum cleaners, freezers, copiers and laser
printers. These appliances have traditionally relied on classic electric motor technologies such as DC motors, single
phase AC induction motors, including split phase, capacitor-start, capacitor-run types, and universal motors [8].

For these applications, the brushless dc motor offers the following advantages: small size, reliability, no carbon dust
from brushes, precise speed control, and potentially high efficiency. Reliability and controllability are the two major
factors for industrial based motors. These can be achieved through proper choice of controllers. Industrial drives
require acute speed control and hence closed loop system with current and speed controllers coupled P, PI controller
and fuzzy logic controller. Hence the proper choice of controller is gives a better performance by reducing the problem
of overshoot, settling time, and fast response. In this paper, analysis is done to control the speed, and the various
parameters such as time of settling, peak overshoot, and steady state error using PI controller and fuzzy logic controller
is done and were observed in simulation [10]. Finally the performance comparison between the Pl controller and fuzzy
logic controller is done.

The construction of modern Brushless Motors is very similar to the AC motor, known as the Permanent Magnet
Synchronous Motor. The stator windings are similar to those in a Poly-Phase AC motor. Although it is said that
Brushless DC motors and Conventional DC motors are similar in their static characteristics they actually have
remarkable differences in some aspects. In a Conventional DC motors commutation is undertaken by brushes and
commutator in contrast, in a Brushless DC motor it is done by using semiconductor devices such as transistor. The
control of BLDC motor can be done in sensor or sensor less mode [8], the most common position/pole sensor in the
hall element, but some motors use optical sensors. Coming to sensorless, to reduce overall cost of actuating devices,
these control techniques are normally used.
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The advantage of sensorless BLDC motor control is that the sensing part can be omitted and thus overall costs be
considerably reduced. Traditionally, the stator resembles that of an induction motor however, the windings are
distributed in a different manner. Most BLDC motors have three stator windings connected in star fashion. Each of
these windings is constructed with numerous coils interconnected to form a winding. One or more coils are placed in
the slots and they are interconnected to make a winding. Each of the windings is distributed over the stator periphery to
form an even numbers of poles. There are two types of stator windings variants: trapezoidal and sinusoidal motors. This
differentiation is made on the basis of the interconnection of coils in stator windings to give the different types of back
Electromotive Force (EMF). The three-phase machine combined with a six-pulse full-bridge inverter often represents
the best trade-off of machine iron and copper utilization with the cost of the inverter. Because of the prevalence of two-
and three-phase devices, they are the brushless dc motors which have been analysed the most extensively.

Il. MATHEMATICAL MODELING OF BLDC MOTOR

Modeling of a BLDC motor can be developed in the similar manner as a three phase synchronous machine. Since its
rotor is mounted with a permanent magnet, some dynamic characteristics are different. Flux linkage from the rotor is
dependent upon the magnet. Therefore, saturation of magnetic flux linkage is typically for this kind of motors. The
source is not necessary to be sinusoidal [1]. Square wave or other wave-shape can be applied as long as the peak
voltage is not exceeded the maximum voltage limit of the motor. Similarly, the model of the armature winding for the
BLDC motor is expressed as follows. It is assumed that the BLDC motor is connected to the output of the inverter,
while the inverter input terminals are connected to a constant supply voltage, as shown in Fig 1. Another assumption is
that there are no power losses in the inverter and the 3phase motor winding is connected in star.

Fig. 1 Brushless DC Motor Model

For a symmetrical winding and balanced system, the voltage equation across the motor winding is as follows:
Applying Kirchhoff’s voltage law for the three phase stator loop winding circuit’s yields [3], [7]:

Vo =Ry + L 2+ ML+ M +e, (2.1)

Vo = Ryip +Lp 2+ M2+ M + ey 2.2)

Ve =Ric+ L+ M2+ M + e (2.3)

Where the back EMF waveforms, e,, e, e, are functions of angular velocity of the rotor shaft [6],[7], so

e, = Kewy, F(6,) (2.4)
2

ey = Kewy, F (6, - ) (2.5)
2

ec = Ky, F (8, +Z) (2.6)

where K is the back EMF constant.
V., Vi, V, are the phase voltages
i, i, ic are the phase currents
Ra, Ry, Rcare the stator winding resistances and is equal to R due to symmetrical winding
L, Ly, Lcare the stator winding inductances and is equal to L due to symmetrical winding
M is the mutual inductance
F(8,) is the reference back-emf function

Copyright to IJAREEIE DOI:10.15662/1JAREEIE.2017.0601016 415


http://www.ijareeie.com

ISSN (Print) : 2320 — 3765
ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An ISO 3297: 2007 Certified Organization)
Website: www.ijareeie.com
Vol. 6, Issue 1, January 2017

Electrical and Mechanical angle of rotor can be related as
P

0, =-6,, (2.7

2
Where 6, is the electrical angle of rotor
6, is the mechanical angle of rotor
The valve of F(8,) can be represented as [7]

(1 0<6, <27/,
| 6
1—;(96—27-[/3) 27-[/3S96ST[
F(9.) = 5 (28)
I -1 <6, </
k—l +%(9€ — 57-[/3) 57-[/3 < He <2m
So the BLDC motor mathematical model can be represented by the following equation in matrix form:
L MM ia Va R 0 O0][ia €a
M L M|[=|ig|=|%[—-]0 R 0]|in]—(&b (29
M M L i Ve 0 0 RIli €c
The electro mechanical torque is expressed as
Te—T =152+ Bw, (2.10)

But the electromagnetic torque for this 3-phase BLDC motor is dependent on the current, speed and back-emf
waveforms, so the instantaneous electromagnetic torque can be represented as:

T, = leala + epiy + e icl— (2.11)

m

The symbols V, i and e denote the phase voltages, phase currents and phase back-EMF’s respectively, in the three
phases a, b and c. the resistance R and the inductance L are per phase values and T, and T, are the electrical torque and
the load torque. J is the rotor inertia; Ky is a friction constant and wy, is the rotor speed. The back-EMF and the
electrical torque can be expressed as respectively; Where K, and K; are the back EMF constant and the torque constant.
The electrical angle times the number of pole pairs [7]. The function F gives the trapezoidal waveform of the back-
EMF. One period of this function can be written as above. Machine models are often transformed to a rotating
reference frame for simplification and to improve computational efficiency. This approach is not used here as it has
been shown that when the supply voltage is not sinusoidal, such transformation will not improve computational
efficiency.

111. CONTROLLERS FOR BLDC MOTOR

In servo applications position feedback is used in the position feedback loop. A BLDC motor is driven by voltage
strokes coupled by rotor position. The rotor position is measured using Hall sensors. By varying the voltage across the
motor, we can control the speed of the motor. When using PWM outputs to control the six switches of the three-phase
bridge, variation of the motor voltage can be obtained by varying the duty cycle of the PWM signal [9]. The speed and
torque of the motor depend on the strength of the magnetic field generated by the energized windings of the motor,
which depend on the current through them. Hence adjusting the rotor voltage and current will change motor speed.
Commutation ensures only proper rotation of the rotor. The motor speed depends only on the amplitude of the applied
voltage. This can be adjusted using PWM technique.

The required speed is controlled by a speed controller and is implemented as a conventional proportional-Integral
controller, Fuzzy Logic Controller. The difference between the actual and required speeds is given as input to the
controller. Based on this data PI controller controls the duty cycle of the PWM pulses which correspond to the voltage
amplitude required to maintain the desired speed. When using PWM outputs to control the six switches of the three-
phase bridge, variation of the motor voltage can be achieved easily by changing the duty cycle of the PWM signal. In
case of closed loop control the actual speed is measured and compared with the reference speed to find the error speed.
This difference is supplied to the PI controller, which in turn gives the duty cycle. PMBLDC motor is popular in
applications where speed control is necessary and the current must be controlled to get desired torque. Fig 2.shows the
basic structure for closed loop control of the PMBLDC motor drive [11]. It consists of an outer speed control loop, an
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inner current control loop for speed and current control respectively. Speed loop is relatively slower than the current
loop.

Errcor

Reference Dty Commutation
—_— I—— Controller — - Inverter
Cycle Logic P P

r

Actual

Hall
Signal

Fig. 2 Closed Loop Control of BLDC Motor

A. Proportional Controller: In the proportional control algorithm, the controller output is proportional to the error
signal, which is the difference between the set point and the process variable. In other words, the output of a
proportional controller is the multiplication product of the error signal and the proportional gain. Mathematically, it can
be expressed as:

A(t) = K,e(t) (3.1)
So if , the Proportional Gain, is very high, the Proportional Band is very small, which means that the Band of
Controller Output, over which the final Control Element, like a Control Valve, will go from minimum to maximum (or
vice versa) is very small. This is the case with ON-OFF Controllers, where K, is very high and hence, for even a small
error, the Controller Output is driven from one extreme to another.

B. Proportional and Integral Controller: A proportional integral is control loop feedback mechanism used in
industrial control system. In industrial process a Pl controller attempts to correct that error between a measured process
variable and desired set point by calculating and then outputting corrective action that can adjust the process
accordingly. The PI controller calculation involves two separate modes the proportional mode, integral mode [3]. The
proportional mode determine the reaction to the current error, integral mode determines the reaction based recent error.
The weighted sum of the two modes output as corrective action to the control element. PI controller is widely used in
industry due to its ease in design and simple structure. PI controller algorithm can be implemented as

A(t) = Kye(t) + K, [ e(t)dt (3.2)
Where Kyand K; proportional constant and integral constant respectively.

C. Hysteresis Controller: The Hysteresis current controller contributes to the generation of the switching signals for
the inverter. Hysteresis-band PWM is basically an instantaneous feedback current control method of PWM where the
actual current continually tracks the command current continually tracks the command current within hysteresis-band.
The control circuit generates the sine reference current and it’s compared with actual phase current wave. The
hysteresis current controller can be used for limiting the stator current of BLDC motor within the limit chosen by the
hysteresis band limit, which can switch ON/OFF the power switches. The switching patterns are follows [10]:

If izev>UL, S1 is on and S2 is off.

If i;er< LL, S1is off and S2 is on.

If iper>UL, S3 is on and S4 is off.

If iperr< LL, S3is off and S4 is on.

If icer>UL, S5 is on and S6 is off.

If icer< LL, S5 is off and S6 ison
Where, ise=current error (i,"". - i,°"®; UL is Upper limit and LL is lower limit of hysteresis band. Depending on the
rotor position, the values I*, -1* and zero for three-phase reference currents (i*, ip*, i.*) are generated and is listed in
the Table-1 [4]. The magnitude of the reference current (1*) is determined by using reference torque (T*) and the back
emf constant (Kb) as

T
=1 (3.3)

Copyright to IJAREEIE DOI:10.15662/1JAREEIE.2017.0601016 417


http://www.ijareeie.com

B YW 3 ISSN (Print) : 2320 — 3765
| ISSN (Online): 2278 — 8875

—

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)
Website: www.ijareeie.com
Vol. 6, Issue 1, January 2017

Table -1: Rotor position signal Vs Reference Current

Rotor Position Reference Currents (i.*, i,*, i.*)
0°-60° I* -1* 0
60°-120° I* 0 -1*
120°-180° 0 I* -1*
180°-240° -1* I* 0
240°-300° -1* 0 I*
300°-360° 0 -1* I*

Thus the equivalent circuit is obtained for which the method to obtain the reference currents is also discussed above.
The speed control which is the main criteria is achieved by implementing proper controller. Here PI controller and
fuzzy logic controller were discussed.

IV. FUZZY CONTROL SCHEME

Fuzzy Logic as an program of artificial intelligence is a branch on engineering that concerned with the construction of
control programs based on the study of human thinking process, Fuzzy Logic outlook is mainly based on taking
decisions with non-specific, uncertain and inaccurate information, it is a power tool to construct complex controllers. It
gives a simple control mechanism which is facile to understand and also Fuzzy Logic Controller offer more efficient
and controlled performance as compared to conventional control methods. In conventional set theory based on Boolean
logic, a particular variable is either a part of a given set or not, on the other hand in fuzzy set theory based on fuzzy
logic a particular variable has a degree of membership function that can have any value between range of 0 and 1. To
define the shapes of all the membership functions associated with each variable. The range of each membership
function is obtained from the knowledge of the system parameter [4]. The fuzzy variable error and change in error has
seven sets: positive big (PB), positive medium (PM), positive small (PS), zeros (ZE), and negative small (NS), negative
medium (NM) and negative big (NB), with each set having its own membership function. Triangular membership
functions are usually used. Mamdani type of fuzzy controller with 49 rules is designed. In our work we use seven
membership functions for both input and output. The membership function for error is shown in Fig. 3. The
membership function for the change in error is shown in Fig. 4. The membership function for output is shown in Fig. 5.

Fig. 4 Membership Function to change in error
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Fig. 5 Membership Function to Output

The design of a Fuzzy Logic Controller desires the choice of membership function, after a appropriate membership
functions are chosen, a rule based should be created, it consists of If-Then rules that completely determines the
behavior of the system, these rules very much resembles the human thought process and thus provides artificial
intelligence to the system. The rules table is shown in Table-2 and the implemented rules for the control of BLDC
Motor with the help of DC link voltage topology in Rule Base Editor is shown in Fig.6.

Table-2 Rules Table to Fuzzy

E
é\ NL |{NM | NS | Z | PS |PM | PL

NL | NL | NL | NL | NL |[NM | NS | Z
NM | NL |NL | NL |[NM| NS | Z | PS
NS |NL |NL |[NM| NS | Z | PS |PM
Z |[NL|NM| NS | Z | PS |PM| PL
PSINM|NS| Z | PS |PM | PL | PL
PM | NS| Z | PS |PM | PL | PL | PL
PL | Z | PS|PM | PL | PL | PL | PL

File Edit View Options

1. If (ERROR is B} and (CHANGEINERROR is NE) thsn (output! is NSJ (1) =
OR is MM) then (output! is NB) (1)

2. If (ERROR is M) and (CHAI
3. If (ERROR is NB) and (CHANGEINERROR is NS) then (output! is NEJ (1)
4 If (ERROR is ME) and (CHANGEINERROR is 7] then (output! is MB) (1)

5. If (ERROR is MB) and (CHANGEINERROR is PS) then {output? is NM) (1)
&. If (ERROR is MB) and (CHANGEINERROR is PM) then {output? is NS) (1)
7. If (ERROR is NB) and (CHANGEINERROR is PB) then {output! is Z) (1)

& If (ERROR is NM) and (CHANGEINERROR is NE) then (output! is NB) (1)
9. If (ERROR is NM) and (CHANGEINERROR is MM) then (output] is MNE) (1)
10. If (ERROR is NM) and (CHANGEINERROR is NS) then {outputt is NE) (1)

11. If (ERROR is NM) and (CHANGEINERROR is Z) then {output? is NIM) (1) v
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Fig.6 Rule Base Editor for Fuzzy Logic System
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V. SIMULATION AND RESULTS

The Simulink model to BLDC using P, Pl and Fuzzy controllers and their simulation is carried out in
MATLAB/SIMULINK environment. The simulation diagram for BLDC motor speed reference input of 2000 rpm and
with different speed control methods are shown Fig. 7.

Mode! of Brush-less DC Wotor

Continuous C . o e — = I S
Vbe iete ﬁ
troll L_I
S T S e
Fig. 7 Simulink Model for BLDC Motor using P Controller
The Simulink diagram for controller with Praportional is shown in Fig.8
<)l L&D
h Cs1
Add1
Gain3 Integratort
Fig. 8 Simulink Model for P-Controller
The Simulink diagram for controller with Praportional Integral is shown in Fig.9
o S ' >I>
wref .
Gain2
%
1 Cs1
w s Add1

Gain3 Integratar1
Fig. 9 Simulink Model for PI-Controller

The Simulink diagram for controller with Fuzzy Logic is shown in Fig.10

&)
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Unit Delay

Fig. 10 Simulink Model for FUZZY -Controller
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VI. RESULTS AND DISCUSSION

The simulation results for BLDC motor with speed reference input of 2000rpm and with different speed control
methods are shown below. The rotor is standstill at time zero with onset of the speed reference, the speed error.

Fig.11 shows the trapezoidal back emf waveform. Here we have considered 120 degree mode of operation.

T——

Fig.11 Three Phase Back-EMF Vs Time

Fig.12 shows the rotor position in degrees with respect to time

Fig.12 Rotor Position in Degrees Vs Time

Fig. 13 shows the closed loop speed response of BLDC motor with P controller

Fig. 13 Speed Vs Time with P-controller

Fig. 14 it shows the closed loop speed response of BLDC motor with PI controller

Fig. 14 Speed Vs Time with Pl-controller
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Fig. 15 it shows the Closed loop control of BLDC motor with Fuzzy controller

Fig.15 Speed Vs Time with FUZZY LOGIC controller

VI. CONCLUSION

A detailed Simulink model for a BLDC Motor drive system with stator current control by using Simulink blocks has
been developed and operated at rated speed. Three different control schemes i.e. P (Proportional), Pl (Proportional
Integral) and Fuzzy Logic control schemes have been developed here. A mathematical model is easily incorporated in
the MATLAB simulation and the presence of numerous tool boxes and support guides simplifies the simulation of
large control system. The output waveform for speed with different controllers proves that Fuzzy Logic controllers are
better than P, PI controllers. The simulation with Fuzzy Logic controller allows faster simulations with reduced time
and computational resources. A speed controller has been designed successfully for closed loop operation of the BLDC
Motor drive system so that the motor runs at the reference or commanded speed. The modelled simulated system has a
fast response with least error thus validating the design method of the speed controller.
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