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Power Factor Control Using Auto Tuning
Regulator

Gordon Ononiwu, Justine Onwumere, James Onojo, Longinus Ezema

Abstract- This paper presents the design of an auto tuning regulator that enhances the performance of the Static Var Compensator (SVC)
technique. The Control law presented in this paper is based on the difference between a set point and measured system parameters. The
scheme works on real time measurements from Instrument transformers, obtained from samples taken every 0.1s. Embedded Algorithms
enable the control system to calculate and display relevant information through a display. Since the demand and supply of reactive power
affects the power factor, instantaneous values of operating parameters are calculated through the embedded algorithms. The desired
power factor is set and the controller determines the corresponding Vars. The controller constantly compares the set and measured
values. With deviation, the controller tunes automatically to determine the new controller gains required to balance the disturbance. The
SVC technigue was used because it serves best when reactive power supply is to be localized at the point of demand. Models for SVC,
Proportional-Integral — Derivative (PID), and the control module were derived from which the overall system transfer function was obtained.
Simulation was carried out to validate the operation of the controller using a Matlab tool. A response of 0.199s rise time, 2.20s settling time,

2.64% overshoot shows an improved performance.

Index Terms - SVC, Regulator, PID, Power factor, Compensation, Control, Auto tuning, Reactive Power

1 INTRODUCTION

HE use of Static Var Compensation (SVC) for power

factor correction and voltage stability has been an age

long practice. Here, a controller is introduced to further
enhance the efficiency and performance of the SVC
technique. Various controllers have been implemented
using FACTS devices for power factor improvement on
distribution system [1]. = The adaptive controller offers a
solution to the difficulty experienced in tuning controllers
when non linear loads are connected across the load bus
[2]. This is easily tuned and the steady state error is reduced
to a barest minimum [3].
The architecture of the controller involves measurement
units, calculation unit, configuration unit, comparator, PID
controller, Firing pulse generator and power unit. All these
are required for the controller to monitor the network,
determine network parameters and operating conditions,
detect changes in network parameters, tunes automatically
to promptly normalize the network in terms of voltage
stability and power factor correction [4]. The controller
receives network data in real time while the system is
operating and functions based on Parameter Adaptation
(PA). Parameters in this context refer to observable and
controllable set of elements - the state variables. Adaptive
technology is used because the power system dynamics are
constantly changing and all the disturbance the network
might experience are not known in advance [5].
Conventional controllers with fixed parameters are not able
to adjust to network changes experienced during operation.
Adaptive  controller estimates wuncertain network
parameters on-line (real power, reactive power, power
factor etc) while using measured system signals (voltage
and current) [6].

1.1 Method of Adaptation

In [7], detail explanations were provided on various ways
in which a controller can adapt to process dynamics. This
ways includes: Gain Scheduling (GS), Model Reference
Adaptive Control (MRAC) and Self-tuning Adaptive
Control (SAC). Fig. 1 shows the block diagram of self
tuning adaptive control module.
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Fig. 1. Block Diagram of Self-tuning Adaptive Control (SAC) [1]
Where: S- Specifications
CP- Controller Parameters
PP- Process Parameters
R- Reference Input
O- Output

This paper proposes a Parametric Adaptive control based
on Self tuning Regulator to monitor and maintain power
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factor as close as possible to unity. Due to the importance of
power factor, several methods have been used in its control
[8] which includes:

% Static capacitors

.

% Synchronous condensers

% Phase Advancers

The above methods are able to provide partial, fixed or
over compensation due to their inability to adapt to the
power system dynamics [9]. For optimal compensation, an
adaptive controller is most recommended.

Adaptive approach is used due to the fact that power
system parameters are always changing and uncertain,
making other methods of control difficult to use. The
adaptive power factor controller is a self-tuning controller,
which provides real time monitoring and control based on
acquired system parameters. In this approach, the power
factor is controlled in a closed loop and the network
parameters are obtained on-line using sensors (instrument
transformer and current transformers) while the power
system is operating. The controller is set to refresh at
intervals for continuous monitoring and data acquisition,
accurate inventions are made in the control loop to fulfill
the desired power factor.

2REVIEW OF RELATED WORKS

The use of filters to reduce harmonic distortion allowing
only waveforms with frequency 50/60Hz to pass through
the system was proposed in [10]. The idea is to linearize
non -linear loads as the harmonic currents are filtered out.
The simulation showed a reduction of harmonic distortion.
By reducing the apparent power drawn from the ac supply,
they achieved better power quality and minimized the
power losses but were not able to make the load circuitry
entirely resistive and linear. The amount of compensation
required also poses a problem to rating of the filter. The
higher the compensation required, the higher the value of
the high-current inductors needed which are bulky and
expensive.

In [11], Pulse Width Modulated Voltage Source Inverter
(PWM-VSI) for power factor correction was proposed. It
operates with fixed switching frequency providing
compensation for reactive power and the harmonic current
of non-linear loads. The active filter, DC capacitor cancels
the initial distortion caused by the non -linear loads by
injecting equal and opposite current harmonic components
at the point of connection. Thereby improve the power
factor of the power system. It functions on a simplified
circuitry but reactive power compensation is done without
sensing and computation of required data which poses a
compromise on accuracy of compensation.

The laboratory prototype of power factor correction circuit
was designed and implemented on a brushless DC motor
control in [12]. Two PI controllers were used- one for the
current control loop and the other for the voltage control
loop. The results present a workable and cost effective

power correction scheme for a Brushless DC Motor but yet
to be implemented on the distribution network.

3METHODOLOGY
A. Design Objective

The aim of this design paper is to optimize the power factor
control using PID design technique. The major objective is
to design a controller that will adapt to power system
dynamics and improve the performance of Static Var
Compensation method. The controller is targeted to
provide fast response to commands with minimized
overshoots and oscillations, return and maintain the power
factor to desired value after a disturbance. The system
architecture is presented in Fig. 2.

B. Design Specification
The controller design specifications aimed at in this design
using MATLAB tool are as follows:

e Overshoot less than 5%
e Rise time less than 3 seconds
e  Settling time less than 3 seconds

C. Design Architecture

The load bus is monitored through current and voltage
signals from the Instrument Transformers which is referred
to as the measuring module. These signals are displayed to
the operator through the Human Machine Interface (HMI).
Real Power, Reactive Power, Power factor, Total Harmonic
Distortion are determined from these signals through
embedded algorithm. The control Law is to determine the
error between the set power factor and system operating
power factor. This error is fed into the PID controller which
tunes automatically to determine the required pulses and
compensation to stabilize the system. The compensation is
divided into stages.
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Fig. 2. Architecture of Adaptive Control System
CosOref - reference power factor, a - Thyristor firing

NSER©2014 angle, FPG- Firing pulse generator, PU - Power Unit,

Qref- Reference reactive Power
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3.1 Mathematical Models

A. Modeling of SVC

This paper presents a Thyristor Control Reactor (TCR) and
Fixed Capacitor (FC) model of SVC. There are several
models of SVC [13], TRC/FC models is used because this
model function better where reactive power generation and
absorption is required ([13].

This enables the reactor to function as a controllable
susceptance, in the inductive sense, which is a function of
the firing angle a [14].

V1
Case 1: Full conduction, a = E

.. . . . T
When no harmonics is generated into the circuit, o= E

The thyristors are gated into account and the reactors are
fully conducting. Then current flowing through the reactor
at this point is sinusoidal and lags the voltage by almost 90°
(r/2). This condition corresponds to a firing angle of /2
which is the current zero-crossing measured with reference
to the voltage zero-crossing [14].

{‘TCR ”)
Ao Gate
node )
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K)
V(1) Th2 Thi
@) (b)
Fig. 3. (a) Basic thyristor-controlled reactor (TCR);
(b) thyristor circuit symbol [13].

o=2(r-a) (1)

Where o- conduction angle of the thyristor, a - firing angle
of the thyristor

Case 2: Partial conduction, %< a<r (1a)

When the firing angle is increased above 1/2, the TCR
current waveform becomes non sinusoidal thereby
introducing harmonics into the system [15].

icr = j VOt But V() =V sinet )
breq = ﬂ (coso —cos mt) 2
ol

2
For a < ot < (x + o)elsel
The fundamental current is derived using Fourier analysis,

Vv
Itcgp1= w5 [2(7 - 0)+ Sin2a]

Jrewl
®)
_ 4V [sin(h+ Da | sin(h-1)a sin(ha)
Trern = joL| 2+ 1) | 2(i-1) cosa(—, =)
@

Where h=3,579,11,13
V and v(t) = voltage signals
itcr = Current flowing through the reactor
Itcrn = harmonic signal

But the power system installations are three phase. Using
filters, these harmonics currents are cancelled [15]. If the
firing angles of Thl and Th2 are balanced, no even
harmonics are generated[16].

We now consider a three phase Thyristor Controlled
Reactor (TCR) as shown in fig. 4
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Fig. 4: Three Phase Thyristor Controlled Reactor [14]

This shows the three branches and current distribution of the
three phase TCR.

We assume that harmonic components are cancelled; we
now focus on the fundamental components of current.
Re-arranging equation 3, we have;

ITCRfl = BV ©)
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[2(7 - @)+ sin2a]
7L

By linear transformation technique, the three phase nodal

admittances of a TCR can be obtained. Rearranging

equation 5 we have:

Where Brcg = = Reactor susceptances

Itcr1| | JBrera 0 0 Vi
Itcro|= 0 - jBrcr2 0 v, (6)
Itcrs 0 0 - JBrcrs||Vs

The connectivity matrices for phases a, b, c:

1%} /s 1 -1 0|V,
Z|,

Vy|l= —F— -1V, (7)
3
Vs \/_ -1 0 1|V,
Itcra 77) -1 Lrcr
Irerp|= _\/§ -1 1 0flrcre ®)
Ircre 0 -1 T1|lrcrs

Substituting equation 7 into 6 and the result is substituted
into 8, we have;
V., Viyand V. are voltage in phases a, b and c respectively

Incra| . | J(Brcri* Brcgs) jBrer: jBrers Vs
Ircgo|= 3 jBrert - j(Brer1 * Brega) 7Brera vy
Ircge jBrers JBrera - J(Brega * Bregs )|V
©)

If jBrcri= jBrcra= jBrcrs, then 9 reduces to:

Itcra -J2Brcr  jBrecri jBrers |Va

Itcge|= 3 JBreri -j2Bregr  jBrera ||Vp| 10

Itcre JBrcrs JBrera - 72Brer|Ve

Equation 10 can be represented using zero (0), positive (1)
and negative sequence (2) components of a three phase
system as shown in equation 11.

Itcry| |0 0 0 IV

Itcray|= |0 - Brer 0 |V 11

- JBrer||Vi2)

It is deduced from equation 11 that zero sequence current

does not flow into system as the reactors are connected in
delta.

Itcrezy| |0 0

Using the technique above, the capacitor model can be
derived as follows. For a capacitor bank, in most cases, the
susceptances of the capacitors in each branch are not equal
[14]. Therefore;

BCl ¢BCZ # BC3 (12)

Where Bci, B2, Bes are susceptance in branches 1, 2 and 3
respectively

It follows after performing Kron’s reduction on equation 9
for capacitor model we have;

B Bél -BCZBC1 ~BC3BC1

-j(Bc1 - AB I7AB AR

Ifﬂ C2 C Vﬁ

b AB 2" AB AB b

I » ||V

“« . Bc1Bcs . Bes || €

- E JBrcra -j(Bes - ABC)

(13)

Where: AB- = Bgy+ Bey+ Bey By = @Cy, By = oGy,

= oC3,
But if Boy= Brp= B3, then equation 13 simplifies to
equation 14 below

ICa ]ZBC _jBC _jBC 14
ICb = 5 _jBC jZBC 'jBC Vb (14)
IC _jBC _jBC ]2BC v

c

B. SVC model

A three phase model of SVC is presented in Fig. 5
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Fig. 5. Three-phase static VAR compensator [14]
This shows the interconnection and current flow of
the SVC

The effective model of the SVC is derived by combining
equations 10 and 14.

ISVCa ITCRa ICa
Isver|= Hrere|t Lcow
ISVCC ITCRC ICC
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j2(Bc -Brer)  -j(Bc - Brer) -jBc-Brer) [Va
= 3| jBc-Brer)  j2(Be - Brer) -jBc -Brer) Vi
-jBc-Brer)  -j(Bc-Brer)  j2(Be-Brer) |V

(15)

Equation 15 can be converted from phase co-ordinates to
sequence co-ordinates by applying the matrix of
symmetrical components and its inverse to equation 15
resulting to equation 16 [15].

Isyca 0 0 0 Vo)

Isyep|= 3 0 j(Bc -Brcr) 0 Va (16)
Isycc 0 0 J(Bc - Brer)|Vi2)

It can be deduced from equation 16 that zero sequence

current does not flow into system as the star point of the
capacitors are floating.

Isycqy= jBsveViy 17)
Where:
Beye = Be -Byer = ;(X X—C[Z(ﬂ a)+ sin2a])
svc ¢ ~ Prcr XX, B
1
X, = oL, Xr= — 18
L= WL, Ac oC (18)

Bsvc -susceptance of the SVC
Xt Inductive reactance, Xc - Capacitive reactance
® - angular frequency

3.2SVC Control Module

SVC node
Ve -
— " Slope Lgve
Measuring N ; | Measuring |
Circuit JXg Circuit -
jxi'
Thyristor
Distribution |
o i JJ’*"

Fig. 6. Basic SVC Model [15]
This shows the different module of the SVC.

The SVC Control comprises of following elements [16]:

® The voltage and current measuring (and filtering)
circuit.

® A regulator including possible additional signals fed to
the reference point.

® Additional control signals are used for system
damping improvement.

® A distribution unit.
® A model of the Thyristor susceptance control module.

® A model of the interface with the power system
A. Measuring Module

The measuring module for current and voltage will be
represented by approximated Transfer function as [16]:

1

Current meas >

TVoltage | ST, + 1| Vo

Hence transfer function of measuring module, M(s) is given
as:

1
sT +1

m

M(s)= (19)

Where: T,, is measuring circuit time constant

B. Voltage Regulator Module

B max

—_—) el —
\Y% Bref

error

B min

Hence transfer function of measuring module, R(s) is given
as:

K;
R(s)= S (20)

Where K; is integrator gain

C. Thyristor susceptance control model

e_STd

STb+ 1

Bret —»B

\ 4
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Hence transfer function of measuring module, T(s) is given
as:
—STd

e
I(s)= ST+ 1 1)

Where: gating delay (dead time) Ty is neglected as it is very
small (= 1/12 th cycle of the fundamental), [16]

Ty,is the effect of Thyristor firing sequence control.
V= Vit IsycXsr (22)

V- Output voltage, V.- reference voltage, Isvc - SVC
current, Slope reactance

D. Distribution Unit

This module determines the number of stages of capacitor
bank and/or reactor required for reactive power
compensation.

3.3 Modeling of Discrete- Time PID Controller

The PID controller has a transfer function as given below
[17]:

KI
G.(s)= K, + =t Kp(s) 23)

In time domain, equation 23 becomes:
t

Ut)= Kye(t)+ K; Je(t)dt+ Kpe () a
0

Where: K; = Integral gain and K = Derivative gain

Where: u - controller output (controlled variable),
e - The control error.

e(t)= r(t)- y(#) (25)
Where: r is the reference or set point, y is the process

measurement, €; is the filtered control error. It is the output
of the following low-pass filter:

1
es(s)= T ot 1 e(s) (252)
f
Where: T; is filter time constant
T; = aTp , ais typically 0.1

Differentiating equation 24 and solving for U) gives the
Discrete - Time PID Controller,

_ Ko
Uy = Uggery + Kplepy € ey I+ T €yt
! (26)
K,Tp
—n [€ ftr) - 2€ 51y + € f(t-2) ]

4SYSTEM INTEGRATION

Having derived models for the various components, the
models are integrated. Putting equations 17, 19, 20, 21, 22,
into block, the simplified SVC block is derived as presented
infig. 7.

Vies ST+ 1pbp T2 ‘-+ "'_'" - VT

[y

Fig. 6. Basic SVC Model [15]
It shows the different modules and transfer functions
derived for the SVC. They are integrated together from
which the overall system transfer function is derived.

From fig. 7, the overall system transfer function is derived
easily as follows:

| | 1 |
MO [ ReTEDEMGE]
(27)

)
1+ R(s)T(s)D(s)M(s)

Transfer function of SVC control system when the SVC is
either generating or absorbing reactive power is given in
equation 28 below.

AV _ R(s)T(s)D(s) 78

AV ¢ 1+ R(s)T(s)D(s)M(s) )
o _ 1 A

Where: M(s)= T 41 T(s)= ST, 41 D(s)= o R
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K
R(s)= —2—
sT+1

The response of the system when the SVC is neither
generating nor absorbing reactive power is determined
from equation 29. At this point, V ;= 0

AVr(s) _ 1
AVs(s) 1+ R(s)T(s)D(s)M(s)

(29)

Substituting Standard SVC data into equation 28 results in
the transfer function given below:

AVr(s) _ 0.3s%+ 0.1s+ 0.02

G(s)= = 2
AVg(s)  1.425°+ 0.05s+ 0.03

(30)

5 RESULT AND DISCUSSION

The performance of the system represented by equation 30
is tested using Matlab tool and the response is as presented
in fig.8:
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Fig. 8: System Response without PID controller
It is the basics for the analysis of the design.
Overshoots, settling time, rise time are obtained from
it.

The performance of the system is determined using Matlab
tool as follows:

Rise Time: 4.8322s
Settling Time: 235.9588s
Overshoot: 65.9052%
Undershoot: 0

From the response presented fig. 8 and system performance
stated above, it can be deduced that the operation of the

system is prone to vibration. The settling time for response
is very high resulting to increased inaccuracy and possible
instability. The percentage overshoot also shows the system
precision can be improved. Hence, PID is introduced to
further enhance the performance of the SVC technique.

The performance of the system with the addition of PID
controller shows an improved and optimized system as
presented in fig. 9.
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Fig. 9. System Response with PID controller
It is the basics for the analysis of the design.
Overshoots, settling time, rise time are obtained from
it.

The following parameters were obtained after the addition
of a PID controller to the control system:

Rise time = 0.199s

Settling time = 2.20s

Overshoot = 2.64%

Peak =1.03

The controller has been used to optimize the compensation
process of reactive power given faster, more accurate and
stable response. The controller is tunes automatically
following a disturbance. At the instant of tuning, the PID
controller has the following gain:

Kp = 0.00047329

K; = 102040.816

K;=0

N= 100 (31)

The controller transfer function when connected in parallel
form is given as:

N

1+ N

Substituting equation 31 into equation 32, gives:

KI
Ge(9)= Kp+ ==+ D (32)
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TABLE 1
TYPICAL PARAMETERS FOR SVC MODEL [15]

Module FParamestar Value
Measuring | Tm 0.001 -0.005s
Thyristor Td 0.001s
Control Sk 0.003 - 0.0058=
Ei Adjustable
W50 0.01 - 0.05pu.
Time T 0.002 - 0.005s
constant
ESL 4 1
i ™
X Impedance (0.072+0.12)0
Parameter | Definition Value
0.001 - 0.005s
0.001s
0.003 - 0.005=
Adjustable
0.01 - 0.09pu.
0.002 -0.003s
(0.07240.12)02
%alue
0.001 - 0.003s
0.001s
0.003 - 0.004=
102040.816
Ge = 0.00047329+ —————— (33)
S

Tablel shows standard SVC parameters substituted into the
corresponding equations to derive a dynamic equation
representing the performance of the design

The closed loop transfer function consists of the transfer
functions of the controller and SVC.

_0.0001419s> + 1.215% + 40415+ 808.3
1.425% + 1.21252 + 4041s+ 808.3

G(s)

It is very important for the entire to maintain its stability
after the connection of the controller. The operation of the
controller should not create disturbance or make the
network unstable. Hence, the stability of the controller with
the SVC is tested using Nyquist stability criterion as
presented below. Equation 34 was tested using Matlab tool
for stability. The stability of the system is presented in fig.
10.
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Fig. 10.Nyquist plot showing system stability
It is used for stability analysis of the design

All the roots of the dynamic equation must lie on the left-
hand side of the s-plane for it to be stable. Equation 34 has
no positive root indicating that all the roots lie on the left-
hand side of the s-plane.

In [17],Nyquist stability criterion was presented as follows:
“A feedback system is stable if and only if the contour ,TL
in the JL(s)-plane does not encircle the (-1, 0) point when
the number of poles of L(s) in the right -hand s-plane is
zero (P = 0)”.

The Nyquist plot presented in fig. 10 shows that the
contour does not encircle (-1, 0) point and equation 34 has
no positive root indicating that all the roots lie on the left -
hand side of the s-plane. Therefore, the design presented in
this paper is stable.
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Fig. 11. Control System Algorithm
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Control system Algorithm is presented in fig. 11. The
control law is the difference between measured reactive
power and a set value determined from a reference power
factor. Upon a deviation between reference and set values,
the PID tunes automatically to determine new controller
gains, firing angle of thyristor and required compensation
to return and maintain measured value to be equal to set
value

6 CONCLUSION

The simulation results show a good improvement in the
transient response of the control loop. The gain of the
controller is tuned automatically following a change in
network dynamics to balance and maintain stability. The
percentage overshoot shows an improvement on
compensation accuracy. The results show that the controller
is efficient and easy to implement.
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