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and fuzzy logic (FL) controllers were used with the dynamic Pouppy i Quupply FCC v .
voltage restorer (DVR) to neutralize the impacts of voltage sags Zsupply|—| Zline —(U)E ProaatiQuoaa
on an induction motor. DVR was used to protect the induction .
motor from symmetrical voltage sags. DVR with PI/FO-PI + A L
controller has a simple structure. Precise tuning of the gains in Vsupply T Viond o
controller is a major issue being dealt with in the Pl as well as ~ Puu+iQuy |

FO-PI controllers. Changing system parameters and operating
conditions do not render desired output with fixed gains. Fuzzy
logic controllers are widely used to cover the variations in the
machine parameters and operating environments. This study
demonstrates the utility of a fuzzy logic controller in
counteracting the ills of voltage sags on induction motors.
Modeling and simulation of a DVR using PI/FO-PI and fuzzy
logic controllers was designed in the MATLAB/Simulink.
Dynamic state of the motor during sag and the voltage source
inverter's switches are non linear. Fuzzy logic being a non-linear
controller, excellent DVR output with it was achieved. Simulation
results validated that DVR with fuzzy logic control system is fast,
flexible and efficient for voltage sag compensation. Performance
of the proposed controllers are evaluated and compared based on
controller's efforts and time domain performance indices such as
IAE, ISE and ITAE. Results show that proposed fuzzy logic
controller provides a smoother mitigation of voltage sag with
lesser controller effort and time domain indices.

. INTRODUCTION

Voltage sags in any industrial process lead to adverse effects
on its efficiency, production and quality [1]. Three phase
induction motor is a workhorse of electrical power industry
because of its rugged structure, simplicity, low cost and
reliability. Voltage sags caused by symmetrical/unsymmetrical
faults on the power system affect the performance of induction
motors in the form of transient in currents and torques [2].
Loss in speed, loss in electromagnetic torque, increase in other
losses leading to drop in efficiency, temperature rise causing
decrease in life of insulations, vibrations and acoustic noises
etc. [3, 4]. In addition, voltage sags leading to tripping of
induction motors connected directly to the supply affects the
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Fig 1. Distribution system with DVR

production and its economy [5, 6]. Hence it is imperative to
minimize the impact of voltage sags in the system and the
processes where the induction motor is used. As shown in
Fig.1 a prominent tailor made device Dynamic voltage restorer
(DVR) is meant to compensating the power quality problems
related to voltage sags.

Installation of DVR is reported in [7, 8], to protect
induction motor from frequent tripping because of the voltage
sags in the refinery. The focus of this study was to design a
controller that achieved a desired mitigation of voltage sag.
The functioning of a control system solely rests on the control
strategy employed. Therefore, fast transient response and
steady state output are most critical essential attributes of a
controller [9]. Different control methodologies linear and non-
linear in nature are employed in the industry. The regulators
viz. the ramp-comparison current, the synchronous PI, the
state feedback [10] and the predictive and the dead-beat [11-
13] make the linear controllers whereas the non-linear
controllers include the neural network and the Fuzzy
controllers [14, 15]. PID (proportional integral derivative)
control mechanism is ideal for industrial operations thanks to
its robust structure and reliability [16]. In recent times,
growing interest for upgrading the execution of conventional
PID has prompted extensive consideration towards FOPID
controllers [17-19]. The efficiency of the controllers can be
increased by introducing two degrees of freedom in the use of
integrator and differentiator fractional orders imparting a
greater elasticity to FO-PID [20-24].

In the present study the simulation of the DVR with PI,
FO-PI and fuzzy logic controller was performed using



MATLAB/SIMULINK. The comparative analysis of Pl, FO-
Pl and fuzzy logic controllers were performed to enhance the
performance of DVR to mitigate the effects of voltage sags on
an induction motor. In conventional Pl controllers, the gains
are fixed, hence give good performance at that operating point.
When the operating point is changes due to change in system
parameters, fault level, etc., parameters of PI controllers need
to be redesigned. In the present study, the gains and orders of
the controllers are fine-tuned using the FOMCON tool box
available in the MATLAB [25]. In the absence of gain
rescheduling of the PID/FOPID controllers, it is difficult to get
optimum output if the non-linearity in the plant, load and
frequent variations are present in the system. A PID/FOPID
controller tuned to meet given performance criteria at one
point may not encounter those criteria as variations in system
take place. Owing to the ability to mitigate the variations in
the parameters viz. load, non-linearity in the system/load, the
fuzzy logic controllers is the viable alternative as also
observed in the present study. The very basis of design of
controllers is the reduction in time domain performance
indices viz. Integral Absolute Error (IAE), Integral Square
Error (ISE) and Integrated Time Absolute Error (ITAE) and
the controller's efforts. Fuzzy logic controller gives superior
results amongst all controllers.

Il. INDUCTION MOTOR MODEL

A. Voltage Sag Detection Techniques and synchronisation

The set of voltage, flux and mechanical differential
equations define the dynamics of a machine. The voltage
equations transferred to the stator windings is written as in (1)
and flux linkages of the motor can be expressed as in (2) and
torque equation can be expressed as in (3).
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where,

Vanes-the phasor of stator voltages; Vg, - the phasor of
rotor voltages; lics-phasor of stator currents; Iy - phasor of
rotor currents; wanes and ae- Stator and rotor flux
respectively; Rs, Rr - stator and rotor resistances respectively;
Ls, Lr - stator and rotor inductances respectively. Te-
electromagnetic torque; T,.- Load torque; J- inertia of the
system; B- friction co-efficient.

I1l. DYNAMIC VOLTAGE RESTORER

A. Voltage Sag Detection Techniques and synchronisation

The sag detection techniques at the disposal of a designer
are the use of rms values, peak values, d-q transformation
frame, Fourier Transform (FT) and Wavelet Transform (WT).
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The present study considered the transformation of the three
phase voltages to a two dimensional (dq) frame for detection
of voltage sags. Three-phase line voltages are converted in to
their equivalent two-phase system called stationary reference
frame using d-q transformation. Fig. 3 depicts the transformed
synchronous reference frame using these quantities. In order to
find information about phase angle and frequency of utility
voltage, a phase locked loop (PLL) was used in the control
scheme. Pcc voltages and load voltages were transformed to
Vgq Using Park’s transformation as in (4)

Cos @ -Sin@

v/
\Y 4
3 3 3 vl @

E 2 2 27
Vi|=%|Cos(@-"=) -Sin(6-
VLO

Cos(9+2§) -Sin(9+2§)

1

2

1
)3
1
2

Unit vectors are used to extract reference load voltages
which are also converted into rotating frame.

Using (5) and (6), DVR control voltages are obtained.

vV =V -V (5)
cd sd Ld

vV =V -V (6)
cg sq Lg

The voltage error between reference DVR control voltages
and actual DVR control voltages are calculated using (7) and
(8).

* * *

vV =V -V @)
cd sd Ld
* * *
V =V -V (8)
cg sq Lg

In this study, the DVR voltage error obtained in (7) and (8)
are compensated using PI, FO-PI and fuzzy logic controller.
These compensated voltages are converted to abc frame using
inverse Park's transformation which further used in SPWM
pulses generation as shown in figure 2.
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Fig 2. SRF based control for DVR

B. Methods of compensation

Methods of voltage compensations are: Pre-fault
compensation, in-phase compensation and phase advanced
compensation that depend upon different loading condition,
types of sags, DVR power rating, etc. The pre-fault
compensation technique was used in the present study. The
phasor diagram of injection voltage compensation techniques
is given in Fig. (3). Equations (9) and (10) gives injected
voltage and its phase angle.
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C. Filter Design

In order to minimize the switching harmonics generated by
the SPWM control of voltage source converters (VSC) the
filters are inserted. Equation (11) describes the transfer
function of the filter.

VC (s) ~ 1
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Fig 4. Fuzzy logic controller

Filter parameters are tuned with the help of frequency
response shown in Fig. (4). Tuned filter components are:
f=3.5m; Rf=1 Q and Cf=18pF.

IV. DVR CONTROLLER DESIGN

Since the execution of the general control framework to a
great extent relies on the quality of the connected control
technique, a superior controller with quick transient reaction
and great steady state attributes is required. In the present
study three types of control systems have been proposed viz.
PI, FO-PI and FL controllers. Conventional Pl and FOPI
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controllers are the linear whereas the fuzzy logic controllers
are the non-linear type of controllers.

A. PID Controller

PID controllers are universally employed and are the vital
parts of industrial automation. They are used as a standard
check to compare with other control plans. Equation (12),
gives the controller's transfer function, where, K, K;and Kq
are the proportional, integral and differentiator gain values.
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—LiK
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q (12)
In this study, parameters of the PI controller shown in Fig. (3),
viz. K, =2 and K; =1.5 are tuned up using FOMCON toolbox.
Equation (13) shows PI controller's transfer function,

o (9—25+09
P17

(13)

B. FO-PID Controller

The generalized form of the fractional order PID controller
in the form PI"D* was first introduced in [17]. The fractional
calculus is the basis of fractional order controllers due to its
ability to tackle the real powers of operators (differential or
integral). The definition of fractional calculus as generalized
in (14) is universally adopted.

da
Da =d— a>0
t
=1
t

=[(dr)%a <0
0

0

o= (14)

where, a is a real number.

Fig. (5) depicts the FO-PID controller's block diagram and
(15) describes its transfer function.
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Fig 5. Fractional order controller



Kp, Ki, K- are controller gains and A and p are the orders of
integrator and differentiator respectively. If order of integrator
(A) and differentiator (u) is one, then (15) changes to transfer
function of PID controller as presented in (13).

In this study, gain and order namely, Kp=2 and K,=1.5

and A=0.9 were chosen with the help of MATLAB -
FOMCON toolbox. Equation (16) gives the fractional order
controller's transfer function.
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C. Fuzzy Logic Controller (FLC)

The concept of fuzzy logic and its applications are time
tested and pondered upon for their merits and limitations. The
aim of fuzzy logic has been to mimic our computers like
human beings. The input and output variables are determined
by fuzzy sets and its membership functions. Its knowledge
domain has a database defining various variables. With the
help of rules of knowledge base, it maps fuzzy input variables
E with fuzzy output U. Fuzzy principle is employed to
determine the output associated with individual rule. The
fuzzy outputs arrived at from individual rule are pulled and
defuzzified to develop a crisp output. Fig. (6) shows a basic
structure of an FLC. In this study, two input variables were
incorporated whereas output variable was a signal to control

SPWM pulses [Fig. (7)].
a. Implication Relations

An implication relation (R(x/y)) is the analytical form of
an ifithen rule. Following are the implication relation
operators (®) commonly used in FLCs.

Zadeh Max-Min Implication Operator:

(@) [pa(®), na(]= (Ha(X) A 1 (¥))(1-pa(X))
Mamdani Min Implication Operator:

(D) [1a(x), pe(]= (ma(X) A pe ()
Larson Product Implication Operator:

(@) [pa(x), us(V)]= pa(X) * ps(Y)

E - - Fuzzy - - U
)
Fuzzy

Knowledge Base

Fig6. Fuzzy logic controller
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Fig 7. Fuzzy logic control scheme

In the present study, Mamdani Min implication relation
was used. Forty nine fuzzy rules were employed to associate
with each combination of input-output variables.

The width of zero level error membership function can be
used to reduce the steady state error. Keeping this membership
function thin, the steady state error was maintained at a low
level. Centroid type of defuzzification is used which gives
switching signal for SPWM. Figure (8) shows the surface
viewer of the proposed FLC.

Fig 8. Surface viewer of FLC

V. SIMULATION RESULTS

The proposed DVR with PI, FOPI and fuzzy logic
controller were simulated using MATLAB/SIMULINK. DVR
was inserted between 440V, 50 Hz supply and the 3-phase
induction motor. With a view to verify the reaction of
symmetrical voltage sags, an induction motor was modeled
using the Park model [26] with parameters mentioned in Table
1 [27]. A symmetrical voltage sag of 40 per cent was
considered, which starts at 0.4 sec and lasts for five cycles.
The gain and orders of the Pl and FOPI controllers are as
mentioned in Table 2. The effects of voltage sags on voltage,
current, torque and speed of an induction motor are given in
Figs. (9a) whereas the Figs. (9b) show the injected voltage and
restored voltage of the system using fuzzy logic controller.
Figs. (10-12) shows the control signal efforts of PI, FOPI and
FL controllers whereas Table 3 shows the time performance
induces viz. IAE, ISE and ITAE for the three controllers.
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TABLE |. PARAMETERS OF 3-PHASE INDUCTION MOTOR

T Rs Q) Rr Q) Xs Q) X Q) Xin(Q2) J
11.9 0.435 0.816 0.754 0.754 26.13 0.089
TABLE Il. GAIN AND ORDER VALUES OF CONTROLLERS
Controllers Kp K, A n
Pl 2 15 1 1
FO-PI 2 1.5 0.9 1

TABLE Ill. TIME BASED PERFORMANCE INDICES FOR ERROR SIGNAL

Controllers IAE ISE ITAE
Pl 546.9 1.78x 10° 358.9
FO-PI 193.6 5.43 x 10° 73.72
FLC 81.16 2.12 x10° 38.33
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V1. CONCLUSION

Fully automated production processes require a precisely
regulated supply voltage. In the absence of this the complete
process may get shut down due to a transient drops in voltage
leading to losses in production and economics. Voltage sag
affects the performance of three-phase induction motor
adversely. DVRs ensure the viable alternative to safeguard the
induction motors from voltage sags and other power quality
issues. In this study modeling and simulation of DVR with
fuzzy logic control is performed in MATLAB/SIMULINK
and the findings are out wayed with Pl and FO-PI controllers.
A major limitation of Pl and FO-PI controllers is that it
requires frequent correction in tuning of the controller gains in
tune with the changes in parameters. Many control objects are
of fractional order, therefore FO-PI's application is useful. The
PI/FO-PI controllers may fail to make amends required for
controlled performance with fixed gains in situations of
variable system parameters. Complex mathematical modeling
of the system is required. Fuzzy logic controller covers a wide
range of operating conditions hence integrating it with DVR
becomes simple, fast and adaptive control mechanism in order
to safeguard the induction motor from all types of power
quality issues(viz. sag, swell, harmonics, flicker, etc.). By
changing the membership functions and rules you can get
different response characteristics. Fuzzy logic controller's
effort is quite less as compare to other two controllers. Again
the time performance indices of fuzzy logic controller are less
compared with its counterpart. Hence fuzzy logic controller is
most efficient, flexible and adaptive controller to mitigate sag
effects on an induction motor.
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