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Abstract: Recent developments and advancements in the areas of permanent magnets,
power electronics and modern control technologies have significantly influenced the
wide-spread use of Brushless DC (BLDC) motor drives. BLDC motors are now, widely
used in many applications such as servo drives, computer peripheral equipments and
electric vehicles due to their high power density, high efficiency, compact size and
easier control. In this paper a control scheme is presented which uses the traditional PID
controller for the speed control of BLDC motor. PID controller is designed both by
Zeigler-Nichols tuning method and Genetic Algorithm. A controller based on fractional
order PID is also designed using Genetic algorithm and the performances of fractional
PID controller are compared with the performance of PID controller.
MATLAB/SIMULINK software is used to simulate and test the performances of the
designed controllers.

Keywords: BLDC motor, PID controller, fractional order PID controller, genetic
algorithm

1. Introduction

Conventional DC motors are highly efficient and their characteristics make them suitable
for use as servomotors. However their only drawback is that they need a commutator and
brushes which are subject to wear and require maintenance. When the functions of commutator
and brushes were implemented by solid state switches, maintenance free motors were realized.
These motors are known as brushless DC motors. The function of magnet is the same in both
brushless DC motor and the DC commutator motor. The most obvious advantage of brushless
configuration is the removal of brushes. Brush maintenance is no longer required, and many
problems associated with brushes are removed [1].

A Brushless Direct Current (BLDC) Motor has a rotor with permanent magnets and has no
mechanical commutator which leads to many advantages over brushed DC motors and
induction motors. An advantage of the brushless configuration in which the rotor inside the
stator is that more cross sectional area is available for the power or armature winding. At the
same time conduction of heat through the frame is improved, generally an increase in the
electrical loading is possible, providing greater specific torque. The efficiency is likely to be
higher that of a commutator motor of equal size and the absence of brush friction help further
in this regard. A few of these are: better speed versus torque characteristics, high dynamic
response, high efficiency, long operating life, noiseless operation, compact size, cost
efficiency, higher speed ranges. BLDC motors are used in high performance industries such as
appliances, automotive, aerospace, conveyors, medical electrical bed, rolling transmission
equipment, packing machine, pressure pump equipment, cutting machine, labeling print
machine, servo drives, computer peripheral equipments, industrial automation equipment and
instrumentation[1].

The rest of the paper is organized as follows: In section 2 the modeling of BLDC motor
was discussed. In section 3, PID controllers and its tuning methods were given. In section 4,
the Fractional PID controllers were discussed. In section 5, the simulations results were
discussed in detail and finally conclusions were made in section 6.
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2. Modeling of BLDC

The star connected, three phase motor with 8 pole permanent magnetic rotor is driven by
standard three phase inverter [2]. Figure 1 shows the basic block diagram of Brushless DC
motor. The circuit consists of DC supply, three phase inverter and logic circuit. BLDC Motors
are driven by DC voltage. BLDC motor is the combination of a permanent magnet
synchronous motor and a frequency inverter. Stator is a classic three phase stator like that of an
induction motor and rotor has surface mounted permanent magnets. The inverter plays the role
of commutator of a conventional DC motor. Hence the combination of permanent magnet ac
motor and electronic commutator is said to be Brushless DC motor.
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Figure 1. Block diagram of Brushless DC Motor

A. Electrical subsystem

The electrical part of DC Brushless motor and relationship between current, voltage, and
back electromotive force and rotor velocity is derived using Kirchhoff’s voltage law [2]:
dia

dip dic

Va = Raiq + Lo 52+ Mgy 224+ My o+ ey (1)
di, di,
Vb_Rb1b+Lb d +Mba dt +Mbc dt +eb
_ di, di, diy,
VC=RC1C+LCE+MCE}E Mch+ec

where Ra, Rb, Rc : stator resistance per phase [Q]
La, Lb, Lc : Stator inductance per phase [H]
Mab, Mbc, Mca : Mutual inductance between phases [H]

ia, ib, ic : stator current per phase [A]
va, vb, vc : phase voltage of windings [V]
ea, eb, ec : back emfs [V]

B. Mechanical subsystem
A Mathematical relationship between the shaft angular velocity and input voltage to the
brushless DC motor is derived using Newton’s law of motion.

dor

]?zTe_Tm_Fmr (2)
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where J : inertia of rotor and coupled [kgm®]

Te : total torque output [Nm]

Tm : load torque [Nm]

F : Friction constant [Nm/ (rad/sec)]

or : rotor speed [rad/sec]

The angular position is obtained from the integration of the angular velocity.

0, = fcordt

Generated 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:

Te=L(eaia+ebib +ecic) 3)
(2

C. Transfer function

The transfer function of the BLDC motor is given by [13, 14]

o _ Kt/JLa @

V  » JRa+FLa_ FRa+KiKe

s7+ S+
JLa JLa

where Kt is torque constant
and Ke is back emf constant

Considering the following assumptions:

1. The friction constant is small, i.e. F tends to 0, this implies that
2. JRa>>FLa and

3. KtKe>>FRa

The transfer function can be written as
w Kt

w_ %)
V  s?JLa+sJRa+ KtKe

Motor Parameters
Table 1 show the BLDC motor specifications which is used in the present simulation study.
The rated power of the motor is 1kW. 500V bus voltage is applied to the system.

Table 1. Parameters and constants of BLDC motor

Rated Speed 3000 rpm

Supply Voltage (V) 500V

Stator Resistance 2.8750 ohms
Stator Inductance 8.5 mH

Moment of Inertia 0.8e-3 Kg-m”
Friction Co-efficient le-3 N/ (rad/sec)
Back emf constant 84.64V/krpm
Torque constant 1L4AN.m/A

D. Description of driving circuit
The equivalent circuit of BLDC is given in Figure 2. The circuit consists of three phase
power converter which utilizes six power transistors to energize two BLDC motor phases
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concurrently. The rotor which determines the switching sequence of the transistors is detected
by means of 3 hall sensors mounted on the stator [15].

Figure 2. Equivalent circuit of BLDC

By using Hall sensor information, decoder block generates signal vector of back EMF. The
basic idea of running the motor in opposite direction is by giving opposite current. Based on
that, we have Table 2 and Table 3 for calculating back Emf for clockwise and anticlockwise
direction of motion as shown below. The gate logic to transform electromagnetic forces to the
6 signal on the gates is given below in Table 4 [2].

Table 2. Clockwise rotation

Hall sensor A | Hall sensor B Hall sensor C EMFA | EMFB | EMFC
0 0 1 0 -1 1
0 1 0 -1 1 0
0 1 1 -1 0 1
1 0 0 1 0 -1
1 0 1 1 -1 0
1 1 0 0 1 -1

Table 3. Anticlockwise rotation

Hall sensor A | Hall sensor B | Hall sensor C | EMF A EMF B EMF C
0 0 1 0 1 -1
0 1 0 1 -1 0
0 1 1 1 0 -1
1 0 0 -1 0 1
1 0 1 -1 0
1 1 0 0 -1 1
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Table 4. Gate logic

EMFA | EMFB | EMFC T1 T2 T3 T4 TS T6
0 0 0 0 0 0 0 0 0
0 -1 1 0 0 0 1 1 0
-1 1 0 0 1 1 0 0 0
-1 0 1 0 1 0 0 1 0
1 0 -1 1 0 0 0 0 1
1 -1 0 1 0 0 1 0 0
3. PID CONTROLLERS

The Proportional-Integral-Derivative controller is the most common and useful algorithm in
control systems engineering. In most cases, feedback loops are controlled using PID
Algorithm. The PID controller is always designed to correct error(s) between measured
value(s) and set point values in a system.

A. Designing PID controller using Ziegler Nichols method
The PID controller design by using Ziegler-Nichols method was done using the open loop
transfer function and thereafter obtaining the necessary parameter values needed for the
evaluation of the P, PI and PID parameters. This method requires the step response of open
loop system [5, 6, 8].The step response of open loop system is characterized by two main
parameters, the delay time parameter (L) and time constant (T). These two parameters are
computed by drawing tangent to the open loop step response at its inflection point as shown in
figure 3.
o 4 Tangent line at inflection point

X

»
il

> L — 17—

Figure 3. Figure showing the tangent at inflection point

The Ziegler Nichols PID tuning rules from the values of L and T are given in Table 5.

Table 5. Zeigler Nichols tuning rule
Parameter Kp Ti Td
PID Tuning rule 12xX 2xL 0.5xL
L

B. Design of PID controller using genetic algorithm
Genetic Algorithms (GA’s) are a stochastic global search method that mimics the process
of natural evolution. It is one of the methods used for optimization [3, 4, 7]

Initialization of parameters

The Genetic Algorithm has to be initialized before the algorithm can proceed. The
Initialization of the population size, variable bounds and the evaluation function are required
[11]. These are the initial input that is required in order for the Genetic Algorithm process to
start. The initial choices for the present case are given in the Table 6.
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Table 6. Initial choices of GA

Population size 100

Bounds 50

Crossover type Arithmetic crossover
Mutation type Uniform mutation

Obijective function for Genetic algorithm

Objective function is required to evaluate the best gain values of PID controller for the
system. An objective function could be created to find a PID controller that gives the smallest
overshoot, fastest rise time or quickest settling time. The error functions such as Integral of
Absolute error (IAE) is used as objective functions in this work. To minimize the error, the
fitness function is define as

. . 1
Fitness function =—
IAE

4. Fractional PID Controller
Fractional Calculus:
The concept of fractional order controller describes the controllers which are described by

using fractional calculus [12]. Fractional calculus involves a fundamental operator , Dtr , called

fractional operator, where a and t are the limits of the operation [10]. The continuous integro-
differential operator is defined as

;
d— R(r)>0
dt”

aDf = 1 R(r)=1

j(dr)‘l R(r)<0
(6)

where r is the order of the operation. A commonly used definition of the fractional

differentiation is the Riemann-Liouville definition which is given in [5].
t
1 d" J~ f(7) .
r(n-rydt"J (t- 2-)("*nJrl)
a (7)

aD{ f(D)=

Another definition for fractional differentiation, is the Grunwald-Letnikov definition and is
given by

(t-a)/h r
Dff(t)=limh™" DI | f(t=jh
aD{ ()= lim JZ(;()(J.](J)

®)

The operator DtIr is the common for fractional derivative and fractional integration. The

fractional order differential equation can be written as
a,D™yt)+a, D™ yt)+...+a,Dy(t)
=b, D’ u(t)+b,_ D u(t)+...+b,Du(t) ©

The transfer function of the fractional order system is given by
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Y(s) _bus™ 4+, 8" +...b,s"
Ues) as™+a, s +..a,5"

(10)

Fractional order PID controller is denoted as Pl *D* which involves an integrator of
order Aand a differentiator of order £/. These orders can be real numbers as against the
conventional integers. The transfer function of such a controller can be written as

K ,
GC(S)=KP+S—;+ Kys* where A4, >0 (an

The main advantages of the FO controllers are,

(1) To increase the speed of the response, and to decrease the steady state error and relative
stability, for proportional action.

(i1)) To increase the relative stability and the sensitivity to noise, for derivative action

(i) To eliminate the steady state error and to decrease the relative stability, for integral action

The control signal u(t) can be expressed in the time domain as

u(t) = Kpe(t)+ K, D~%e(t) + K p D¥e(t) (12)

If A=1, =1, the controller is a integer order PID controller. If A =1, =0 the

controller is a integer order PI controller. If A >0, £z =0, the controller is a fractional order
PI controller. The classical integer order PID controllers are special type of fractional order
controllers with 4 =1, 2 =1. It is always expected that the fractional PID controller may
enhance the system performance and provide better control of dynamic systems.

Design of FOPID controller using genetic algorithm

‘Genetic Algorithms (GA’s) can also be used to design the parameters of FOPID controllers
similar to that of integer order PID controllers [11]. The additional parameters to be tuned
using GA are the order of integrator and the order of differentiator.

Initialization of parameters

The Genetic Algorithm has to be initialized before the algorithm can proceed. The same
initialization parameters used in Table 6 for the population size, variable bounds and the
evaluation function are chosen.

Objective function for Genetic algorithm

Objective function is required to evaluate the best gain values of FOPID controller for the
system. An objective function could be created to find a FOPID controller that gives the
smallest overshoot, fastest rise time or quickest settling time. The error functions such as
Integral of Absolute error (IAE) is used as objective functions in this work. To minimize the
error, the fitness function is defined as,

. . _ 1
Fitness function =—— (13)

5. Simulation Results

Response of Closed loop system using PID controller (Ziegler Nichols Method):

Ziegler Nichols method uses open loop response of the system to determine the PID
parameters. The open loop speed response for a step change in the input is obtained. By
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drawing tangent at inflection point, delay and constant time parameters are obtained. With

these parameters, PID gain values (Kp, K;, and Kp) are obtained. The values obtained for the
chosen BLDC motor are given in Table 7:

Table 7. Controller values using Ziegler-Nichols method

Parameters Values
Kp 1.182
K; 1744 .80
Kp 2.002

By using the controller gain values shown in table 7, the closed loop speed response for the
BLDC motor is obtained and is shown in figure 4.
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Figure 4. Speed response tuned by Ziegler Nichols

From the figure 4, it is found that the performance of the closed loop system with controller
(obtained using Zeigler-Nichols tuning method) has high peak overshoot and more settling
time. Transients are very high after applying the load and are shown in figure 5. From figure 5,
it is clear that sudden load changes create huge transients in the output response of the closed
loop system. The transients die out after long time only.
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Figure 5. Speed response tuned by Ziegler Nichols
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In order to minimize these transients and reduce the peak overshoot, we design parameters
of the PID controller using Genetic Algorithm
Response of Closed loop system using PID controller (GA tuned):

Genetic Algorithm, the global optimization method is used here to tune the PID gain values
(Kp, Kj, Kp).In this method the initial population is chosen as 100 with different variable
bounds. PID parameters obtained using GA optimization (IAE minimization) is given in table
8.

Table 8: Controller values designed using GA
Kp K Kp

0.0666 49.9185 0.0076

By using the above gain values in the PID controller, the speed response for the closed loop
system is obtained and is shown in figure 6.
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Figure 6. Speed response tuned by GA

From the graph of figure 6, it is observed that the peak overshoot is reduced considerably as
compared to the Zeigler Nichols PID controller. The motor is subjected to different types of
loading. Speed of the motor increases or decreases after applying the load, but the response
settles faster to the steady state value. It is found that the speed response obtained by using PID
controller obtained by minimizing IAE has very less overshoot.

Response of Closed loop system using FOPID controller:

Genetic Algorithm is used here to tune the FOPID gain values (Kp, K, Kp A p). In this
method also the initial population is chosen as 100 with different variable bounds. FOPID
parameters obtained using GA optimization (IAE minimization) is given in table 9.

Table 9. FOPID Controller values designed using GA.
Kp K Kp A 1!
0.044 49.73 0.153 0.97 0.39

The speed response of the system with the FOPID controller is shown in figure 7. It is
found that the peak overshoot has been reduced drastically and the response settles to the
steady state value smoothly. On application of sudden load the closed loop response shows
very small deviation and that too settles immediately.
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Figure 7. Speed response of FOPID controller

Comparison of Controllers:

The conventional PID controller and Fractional order PID controller are tuned by Genetic
Algorithm and the responses are compared on loading condition and different reference speeds.
The Speed response of BLDC with FOPID and PID are shown in figure 8.
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Figure 8. Speed response of BLDC with FOPID and PID
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Figure. 9. Speed response of BLDC with FOPID and PID
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From the graph of figure 8, it is clear that the response of the closed loop system with
FOPID has less peak overshoot. After applying load, speed decreases slightly and then
controlled to the desired speed.

The system is subjected to different speeds at different intervals and the response for
system with PID and FOPID are shown in figure 9.

The Reference speed is changed at different time intervals. When the speed is changed, the
response of the system shows more overshoot and undershoot in case of PID controller
whereas in Fractional order PID controller speed settles smoothly without any remarkable
overshoot and undershoot. The various parameters such as peak overshoot, settling time and
error are compared for the closed loop system with PID and FOPID controller and are shown in
Table 10

Table 10. Comparison of performances of controllers:

Performance measures FOPID PID
PEAK OVERSHOOT (%) 5.12% 22%
SETTLING TIME(sec) 0.1 0.16
IAE 0.055 0.176

6. Conclusions

In this work, the control of BLDC using integer order PID and Fractional order PID control
algorithms was analyzed. In this work initially the BLDC motor was analyzed with voltage
supply of 500 volts. The speed of the BLDC motor in this open loop configuration remains at a
constant value. When the load is applied, the response has steady state error. Hence to maintain
the speed at rated value even after applying load, controller was used.

For PID controller, the PID gain values were obtained by using Ziegler Nichols method and
Genetic Algorithm. For the FOPID controller, the controller parameters are tuned using the
Genetic algorithms. The performance of the system with these controllers was analyzed and it
is found that the performance of the system with FOPID controller is better in terms of
reduction in peak overshoot, good settling time, good tracking of reference speed and
maintaining the speed even while applying the torque.
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