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Abstract —This paper introduces an adaptive control strategy of integrated UPFC for power
factor correction of induction motor ,as most of the industrial application use induction
motor ,which work on lagging power factor of the power supplied .This lagging power factor
will draw more current from the power factor is improved, automatically energy will be
saved. The power factor improvement is a goal of electricity conservation. At no- load,
power factor of the induction motor is very low and it improves no load to full load power
factor is still more improved by connecting integrated UPFC in shunt to the motor circuit.

Keywords -Adaptive control strategy. Power factor correction, Integrated UPFC(SAPF —
shunt active power filter),induction motor.

1. INTRODUCTION

The main objective of this study is to
design an energy saving scheme for an
industrial distribution network. This
can be achieved by decreasing the
network losses and improving the main
electric load operation to a better
efficiency level. The designed scheme
is concerned with improving the
power factor of the distribution
network by adding S A P F to the
network at optimal size and location.

Industrial power distribution networks
encounters increase in power losses
and increase in the type of load is
accompanied with low powerfactor
which leads to huge transfer of reactive
power from the utility through the
network. The main drawback of this
problem is increased the losses.It can
result in poor reliability, safety
problems and higher energy costs.

The actual amount of power being used
or dissipated in a circuit is called true
power. The reactive loads such as
inductors and  capacitors  produce
reactive power.The linear combination

of true power and reactive power is
called apparent power.Inductive loads
are Induction motors, transformers and
reactors. Low power factor does not
create much problem in domestic areas
but cause serious problems in industries
because large number of induction
motors are used in industries.

Il PRELIMINARIES
A) POWER FACTOR

In an AC circuits there is generally a
phase difference between tvoltage and
current. The term cos(@) is known as the
power factor of the circuit.If the circuit
is inductive,the current is lags behind
the voltage and the power factor is
called lagging power factor and if the
circuit is capacitive then the current
leads to voltage and power factor is said
to be leading power factor.

The average power in a ac circuit is
expressed in terms of rms current and
voltage.

P=VIcos(p)
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A purely resistive load (incandescent
lamps,electric heating elements)would
have a power factor of 1.0(unity).

activre ponarer (Baar)
Teactigre
ponarer
Apparert (krar])
D onareT (B )

Fig 1 Power factor triangle in terms of
power

From the figure
(KVA)?=(KW)?+(KVAR)?

Active power

Power factor cos(@y=———

Apparent Power

Thus power factor may also defined as
the ratio of active power to the apparent
power.

Power factor correction is a technique of
counteracting the undesirable effects of
electrical loads that create a power factor
that is less than one. Power factor
correction may be applied either by an
electrical power transmission utility to
improve the stability and efficiency of
the transmission network or correction may
be installed by individual electrical
customers to reduce to reduced the cost
charges to them by their electricity
suppliers.

Low power factor is an issue, which can be
solved by adding power factor correction
capacitors to the plant distribution system.
Capacitors work as reactive current
generators “providing” needed reactive
power (KVAR) into the power supply. By
supplying their own source of reactive
power, the industrial user frees the utility
from having to supply it, and therefore the

total amount of apparent power supplied
by the utility will be less. Power factor
correction capacitors reduce the total
current drawn from the distribution system
and subsequently increase the system's
capacity by raising the power factor level.

B) POWER FACTOR OF AN
INDUCTION MOTOR

The only possible source of excitation in
an induction machine is the stator input.
The induction motor therefore must operate
at a lagging power factor. This power
factor is very low at no load and increases
to about 85 to 90 percent at full load, the
improvement being caused by the
increased real-power requirements with
increasing load.

The presence of air-gap between the stator
and rotor of an induction motor greatly
increases the reluctance of the magnetic
circuit. Consequently, an induction motor
draws a large magnetizing current (Im) to
produce the required flux in the air-gap.

Q) At no load, an induction motor draws

a large magnetizing current and a
small active component to meet the
no-load losses. Therefore, the
induction motor takes a high no-
load current lagging the applied
voltage by a large angle. Hence the
power factor of an induction motor
on no load is low i.e, about 0.1

lagging.

(i) When an induction motor is loaded,

the active component of current
increases while the magnetizing
component remains same. So, the
power factor of the motor is
increased. However, because of large
value of magnetizing current, the
power factor of the induction motor
even at full load exceeds 0.9 lagging.
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C) UNIFIED POWER
CONTROLLER

FLOW

Today, there has been large demand on
transmission network, and the demand will
continue to increase due to increase in
large number of non-utility generator and
intensified competition among them. To
satisfy the demand, either new
transmission lines have to be constructed
or capacities of transmission lines have to
be increased. As an effective solution,
FACT devices are used to improve the
power flow control.

Flexible AC Transmission
System(FACTS) have the potential to
increase the capacity of the transmission
network  through  both  Functional
Versatility And  Control  Flexibility.
FACTS controller have the capability of
direct control on transmission line by
changing the transmission parameters like
voltage, line impedance and power angle of
transmission line.

Among the FACT devices, Unified Power
Flow Controller (UPFC) and Interline
Power Flow Controller (IPFC) are the
more advanced devices. UPFC is the
combination of STATCOM and SSSC.
UPFC performs both Shunt Compensation
and Series Compensation.

Power flow through an alternative current
line is a function of line impedance, the
magnitude of sending and receiving end
voltage and the phase angle between these
voltages. The power flow can be increased,
firstly by, decreasing the line impedance,
secondly by, increasing the voltage and
finally by, increasing the phase angle
between the voltage. In this work power
flow is controlled by controlling the phase
angle.

D) DESIGN OF SAPF DEVICES

To obtain a suitable design template for the
power converter and passive components,
it is necessary to determine the
compensation requirements imposed by the
load. First step is to calculate the power
rating of the power converter used in the
SAPF. This power rating can be obtained
as a function of load characteristics,

J(sinp1)2+THD?2
S = ——————x* Sload
SAPF V1+THD?

Where, ¢l is the minimum angle of load
power factor and “THD” is the maximum
total harmonic distortion of the load
current. If only harmonic compensation is
required, the power rating of the Ssapr Can
be determined by

THD
SSAPF = —,m * Sload

The design of the DC link capacitor can be
developed by computing the energy
balance of the SAPF. Therefore, the active
power that is injected in to the SAPF
system by the power converter is expressed
as
Deonv(t) = ps(t) — p1(t)
= Pconv + P conv

where, Peony and P .ony are the dc and ac
component of  p.,np(t)  respectively.
Considering that converter power loss can
be approximated by a constant term p;,ss,
the magnitude of p.,,,,, can be given by

N |-

Vel —

pCO‘l’l‘U

VsIy(1y cos ¢(1))

WhereVs, I, and I;(4, are the rms of the grid
voltage, the load current, and the
fundamental of load current, and cos ¢4
is the load power factor. Therefore, the
energy stored in the DC Link capacitor can
be determined as
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1 _
E CAUg = (pconv - ploss) * At

Thus, the voltage ripple of the dc link is
expressed by

Av,

B \/(Vslz — Vsly1) €OS 1y — 2Pioss . At)

C

Therefore mentioned equation shows that
the ripple of dc link voltage can be
computed as a function of energy stored in
the capacitor. Based on this ripple, it is
possible to design the capacitors of the dc
link.

The design of filter inductor is based upon
the following criteria.
1. Limiting the high frequency
component of |nJected current.

2. Instantaneous generated by

(max)

the active filter should be greater
than of the load.

Based on these assumptions, the maximum
ripple of the filter current can be
determined as

1
Aig(0) = ﬁ] (vp () — vs(0))dt
fJo
Where [ is the filter inductance, v (t) =
G (1) ”Z—C and g, (t) is the switching
function, which defines the duty cycle of
power switches. Solving above equation
for the worst case, the filter current ripple
can be given by
A - 7'[(17(; - 21’7\5)
lf(max) = Zwswlf
Where, ¥ is the amplitude of the power
main voltage vector and w, is the
switching frequency of the power
converter. Next equation determines the
filter inductance based on maximum
derivative of the load current. This "estrietion
can be expressed analytically by

dlf (ﬁc R )
dt 1 ax 2

The restriction on dc link voltage for
achieving the desired the maximum
derivative filter current can be established
as

ve = 2(l) [%] + D
Based on the equation mentioned earlier, it
is possible to design the power rating of
the power converter and the main passive
components employed on the
implementation of SAPF.

E) CONTROL SCHEME

Fig.2 presents the block diagram of the
proposed robust control scheme for the
SAPF. In this block diagram, the dc-link
voltage is regulated by a PI controller with
antiwindup. It is done by generating the
reference current i}, which determines the
system active power component. The
phase angle of the power-grid voltage
vector 6, determined by using a PLL.
Thus, the reference phase current can be
obtained by iy =i¢;cosfs and il =
ic;sin@; respectively. The reference
current iZ; is defined in a manner to
guarantee the active power balance of the
SAPF system. The phase current of the
power grid are indirectly regulated by the
proposed VS-APPC current controllers by
generated proper active  filter phase

current voltage v]f;* and ;q*,
respectively. These VS-APPS current
controllers will be described next. The
unmodeled disturbance ig,, and igz, can
be estimated and introduced into the
algorithm of VS-APPS current controllers.
However,  theoretical  studies and
experimental essays have shown that this
control scheme has the capability of

compensating such unmodeled
S
disturbance. Block xdq/ 123 perform

orthogonal transformations from the dg°
reference frame to the three-phase system,
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which is used for converting v]f;’gl and

vf{%. Based on these reference voltages, a
suitable PWM strategy determines the duty

cycle of VSI power switches.
v,

SAPPC— |
%y, | PN

o | SAPF

Xy Grid Voltage Vector Reference Frame

\:q - Synchronous Reference Frame
Fig.2 Block Diagram of the Control
Strategy

11l PROPOSED METHODOLOGY
A) VS-APPS current controllers

The first approach of VS-APPC
was presented in [26].However, this
control structure does not deal with
unmodeled disturbance.To overcome
this,a  modification was introduced
in[27]as a solution for current control loop
of an induction machine motor drive
system.Here,we use this control scheme
for implementing the current controllers of
the proposed SAPF.

Let us consider the first-order SAPF
current-voltage transfer function given
by(15) whose plant parameters as and b
are known with uncertainties.This main
objectives of the control strategy is to
estimate the values of parameters as and
bs to generate the inputs vs*qu so that the
power —grid phase current i°sq follow their
respective reference i so that the
closed-loop poles of the current control

loop are assigned to those of Hurwitz’s
polynomial A s(s) given by

As (5)=5%+0c, s%+oc; S+ocg*

Where coefficients o, ,oc;"and  o<q
determines the closed loop performance
requirements

As (5)=(s+ o)’

Where o, is the desired controller
bandwidth.The coefficients o ,x; ,and
g from the equation

A5(s) =§%+0C p87+0C 15+

Where coefficients o< 5. 1 andX 0
determine the closed-loop performance
requirements

A'(5)=(s+w)®

Where . is the desired controller
bandwidth. The coefficients a*;a 1and
a ofrom(26)are calculated by

*
a »=3w¢
* 2
a 1=3w
*
a’o=w

In order to estimate the parameters as and
bs consider the SAPF filter dq current-

voltage first order plant described by
dis

;—Stdq: 'asigdq - bsv;;
An adaptive law can be obtained for
generating estimates dsand bs by using the
observed signals v g and sy
.considering an arbitrary positive constant
am>0,we can rewrite(31) by adding and
subtracting the term amissdq as

ats

%dq = 'amigdq + (am - as)igéiq -
bsvia,
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Where ds and bs are the estimates for as
and bs respectively. The amplitude an
defines the convergence speed of the
estimated currents °sq[28].The estimation
error can be defined by

SOdq:issdq‘ issdq
In the traditional indirect APPC scheme,
adaptive laws driven by the errors
€odq are used for generating estimates ds
and bs can be estimated by using the
following switching laws
C:ls:_-dssgn(eoiqissdq)
bs:bsgn(deqVS fdq) +Ds(nom)
Since the following restrictions are
satisfied a@s>as and bs>bs-bs(nom),With bsnom)

being the nominal value of bs.This
guarantees that €,44=0 and those are the
globally asymptotically stable

equallibrium points. The pole placements
and tracking objectives of the proposed
VS-APPC are achieved if the following
control law is employed

Qu(S)L(S)Vfaaq(5)= -P(S)IFaq (5) - Isaq(S))

This addresses to the implementation of
controllers transfer functions

P(s)

Qm(s)L(s)

Where Qn(s) is the internal model (IMP) of
reference currents I5;,;P(s) and L(s) are the
polynomials(with  L(Ss) monic).Qn(s) is
chosen to satisfy Qm(S)I544(s)=0.For the
first-order SAPF current-voltage control
plant and considering that the VS-APPC
control algorithm is implemented on the
stationary reference

frame,which results in sinusoidal reference
currents,a suitable choice for the controller
polynomials are  Qm(s) = §° +
ws 2L(s)=l,and P(s) = p2s° + pls +
p0,where o5 is the angular frequency of the
voltage vector of source.This choice results
in a current controller with the following
transfer function

Tsaq(S) =

p2s® + pls + p0

Tsdq(s) # X

S"+ s

By solving the Diophantine equation for a

desired  Hurwitz  polynomial  Aj,the

coefficients p2,pl,and p0 can be
determined by

2

-G
p2="%"
S
I/?\ _ “’i—wéz
1 _ —
bg
— och—w .
Po E;
G(s)
5% s Current Controller SAPF
lSd‘i 7 8isa’q A A A 5% .
Bs'+Bs+py | Vi b | iy
=] s+ s ta
4 SAPF Model
A l-s -
b k) L]
» s t+ag t
“y AAA N
Qy s (ll\sbs s
az A /b\ aﬂsdq
2 Controller | _90s Parameter
Calculation Estimator
VS-APPC

Fig 3 Block diagram of proposed VS-APPC
controller

The control signal v7z, generated at the

outputs of VS-APPC controller can be
determined by

dx; _ x2S, (n 2.8 VoS
dr ~Ws x1+(p0 — Ws pz)gidq

S* S1A S
Vfaq= X1 1D2€jqq

Where &;,=i54q “isaq

The block diagram of the VS-APPC control
algorithm for a SAPF current control loop is
presented in fig 3.The SAPF model
generates the estimate of the source phase

currents lgq.The system  controller
+S1

regulates the phase currents iz, and
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compensates the modeled disturbances iz,
and igq,-The  comparison  between the
estimates of the phase currents ig;,and used
for computing the estimation errors &qgq. TO
attenuate the current harmonics above the
controller bandwidth,a afirst-order low-pass
filters is introduced in the main current
measurement,which is represented by block
Gi(s) given by

1

Gi(s) = 1+sTf
Where Tfis the low-pass time constant
based on the suitable cutoff frequency.The
errors €;4,,together with inputs V¢;,and

1544:and the set points @; and bg,bynompare
used for calculating the estimate of SAPF
parameters @, andb.These estimates are
used for updating the SAPF model and for
calculating the gains p2, p1, Dy Of the
system  controller and solving the
Diophantine equation.

B) Design of the current controllers

For designing the proposed VS-APPC
current controllers,the following steps are
necessary.

1. Step  1lldentify the  system
impedances Z;Z; in order to
calculate the parameters as and bs
The system model is obtained
substituting asand b values.

2. Step 2.Choose the current controller
bandwidth w, and calculate the
coefficients

3. Step 3.Choose a positive constant
am. A suitable choice is an>wc.

4. Step 4.Choose parameter as to be
used in the switching law. The as
value determines the as
estimation range. A suitable choice
IS as =~2a, where a; is the value
calculated in step 1.

5. Step 5. Choose parameters by
andbg(nomy 1o be used in the
switching law. These values
determine the estimation range. A
suitable choice is and ,where is the
value calculated in step 1.

6. Step 6.

Calculate  controller

parameters p2 , p; and py

Fig 4 Block diagram of the dc-link voltage
control loop.

Based on the simulation and in the
theoretical studies, it can be observed that
the, magnitudes of the switching laws
asandb, determine how fast the VS-APPC
controllers converge to their respective
references. However, high values result in

high amplitudes of control signals v]f;’;l,

which can address to the nonlinear behavior
of the SAPF control system.

DC-Link Voltage Controller

The block diagram of the dc-link
voltage control loop. Block R\(s) refers to
the standard Pl controller which transfer
function is

R(5) =~

Where k is the gain and T; is the integration
time constant of the PI controller used in the
dc-link voltage regulation. The algorithm of
the Pl dc-link voltage controller is
implemented with an ant wind up scheme.
The delay introduced by the current control
loop is neglected and its representation on
this diagram is omitted. To obtain a smooth
current command i, at the output of the dc-
link voltage regulator, a first-order low-pass
filter is introduced in the dc-link voltage
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measurement, which is represented by the
block G(s)given by

1
1+7yS

Gy(s) =

Where t, is low-pass filter time constant
used in the dc-link

Voltage measurement.the parcel isrelated to
the harmonic compensation is considered as
a disturbance to be compensated by the dc-
link voltage controller. Therefore, the
dynamic model of the dc-link together with
the low-pass filter can be given by

Go(s)= -

Cs(1+sty)

Thus,if the controller is included in the
transfer function before the dc-link voltage
open loop is

K(1+sT;)
CT;s%(1+sTy)

Gop(s) =

Source voltage | Es =110V(rms),f;=60
and frequency Hz

Impedance Z;=(0.2+s0.0001)Q

Filter Impedance | Z;=(2+s0.001)Q

CurrentController | o = 1080Hz
Bandwidth

Current Controller | A, = 15000
constant

Switching ~ Law | @;=2000,h,=2000and

Parameters Ds(nom) =1500
Capacitor C=2200uF
Table 1.SAPF PARAMETERS

The parameters are used in this paper are
based on the above table. These parameters
are rms phase voltage,frequency,line and
filter impedance and capacitor value.

IV. SIMULINK MODEL

Power Factor Correction using Integrated UPFC
for Induction Motor

Fig 5 Simulink diagram of power factor
correction using integrated UPFC

CAPACITOR VOLTAGE

[ E3

Fig 6 capacitor voltage

Initially the capacitor stores the energy
through the converter and it maintains
constant DC voltage in capacitor. Whenever
the lagging power factor is occurred in the
induction motor the converter(SAPF)
supplies  the  reactive  power  for
compensation the above graph shows the
capacitor charging and maintaining constant
DC voltage that is 900v.
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SOURCE CURRENT

Fig 7 source current

Initially the induction motor draws 5to 6
times of rated current From the supply
when the induction motor runs it draws
minimum current from the supply and also
it charges the capacitor. when the capacitor
reaches the reference value it starts to
discharge.

VOLTAGE AND CURRENT FOR PER
PHASE

SOURCE VOLTAENa W VOLTS & SOLREE CORRENTI| IN ANPS

Fig 8 voltage and current for per phase

The above graph represents the unity
power factor voltage and current
waveform.It describes,initially there is a

lagging power factor ana at the fifth cycle
UPFC is switched on,the capacitor starts
charging.When the capacitor reaches the
reference value,it discharges the reactive
power and hence the unity power factor is
achieved.

VOLTAGE AND CURRENT FOR

Fig 9 voltage and current for three
phase

This waveform represents the voltage and
current waveform.

V. CONCLUSION

This paper presented a adaptive control
strategy of Integrated UPFC(SAPF)for
power factor correction.It provides fast
dynamic operation.It reduces penalty paid
by the industry.Integrated UPFC is a most
advanced technology for power factor
improvement.It looks like a shunt active
filter but it provides both the operation of
shunt and  series  compensation.lts
maintenance cost is low and life time is
more.So it is the most advanced than other
FACTS devices.
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