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Abstract

Power quality management is the main problem theat industry is facing today. This is mainly affectey the generation of
harmonics. The growing use of electronic equipnpeatiuces a large amount of harmonics in distribnt&ystems because of non-
sinusoidal currents consumed by non-linear loads.w& know for the better quality of power, the agdt and current waveforms
should be sinusoidal, but in actual practice is@mmewhat disturbed and this phenomenon is callearfitbnic Distortion”. Voltage
harmonics are generally present in supply of podrem utility. Even though electronic and non-linedevices are flexible,
economical and energy efficient, they may degramleep quality by creating harmonic currents and aaming excessive reactive
power. The STATCOM as FACTS controller can be agplo a single non-linear load or many. It providesntrolled current

injection to remove harmonic current from the seuside of electric system and also can improvetweer factor.

Keywords-: Controller design, Pl Controller, FACTS and STAJKZ.
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1. INTRODUCTION

Harmonic pollution is not a new phenomenon, issoés
harmonic components of voltage and / or currentvesr
occurred early in the industrial use of electricithe first
mention regarding to the use of harmonic analysia avay of
solving a practical electrical engineering problevas made in
1893 by Steinmetz. Nowadays, in modern industrpuals0%
of receivers an industrial customer are suppliedgusequency
converters (AC and DC adjustable drives), switchingde
power supply (for powering computer systems or @sSc
controllers) and electronic ballasts. Due to then-lioear
characteristics of these receivers (using diodegristors or
transistors to convert AC voltage in DC voltage &l voltage
in AC voltage or DC voltage in DC voltage), in irgdtal
distribution systems harmonic currents occur. Theaemonic
currents, leads to the distortion of the voltagevelat the point
of common coupling (and in other parts of the dstiion
system), so are affected and other customers, aomenic
polluting [1, 2]. Resonance phenomena can increise
harmonic components of voltage that will lead torgase the
voltage in different parts of the electricity suppbystem,
overloading of transformers and, in particular catoa [3].
Also, can causing losses increasing in overheactridines,
cable, transformers and capacitor banks, leadiragteleration
of insulation aging and reduction life. In four wisystems,
harmonic current with frequency multiple by threidl Wwe add
up in the neutral conductor, so the current throtinig reaches
high values. Given the negative consequences ahdrdc

distortion the measures must be taken that wouddl I
limitation of harmonic pollution in power networksleasures
can be undertaken involving: reduce harmonic casrérom
customers, changing the resonance frequency atedirfg of
the harmonic distortion using passive, active dirtdysystems.

The filter design has become essential for distidiousystems.
This work examines the feasibility of designing ikef size
such that the total investment cost, (in which geatable
voltage profiles must be correct and harmonic nbesteduced
within the permissible maximal value e.g. IEEE Sd9 [4]),
is keep at a minimum. Designing a harmonic filteasish
conventionally been by a trial and error approachrious
formulations for a more systematic approach to giesi
harmonic filters have been developed in the de¢hey 5-7].
Although effective in eliminating the harmonic, serof these
methods did not consider the cost of filter eleraehoreover,
other related investigation did not address whetrenot the
issue of the filters can adhere to the industnactications.
The harmonic filter design problem has a partialgcrete,
partially continuous formulation with a non-diffet@ble
nonlinear objective function. The non-differentiabhature,
originating from a circumstance in which the costapacitors
is step-wise, makes most nonlinear optimizatiorhnépues
difficult to apply. This type of problems has gealbr been
tackled by heuristic or approximate techniques. Ukition
results have been shown in this paper.
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As is well known, the current is proportional te thioltage in
case of a linear load as shown in Fig.1 (a) whetleasurrent
is not proportional to the voltage in case of nioedr load (as
shown in Fig.1 (b)). A linear load draws active ovfrom the
grid with only fundamental component being presienthe
current and absorbs/injects reactive power fronttte grid.
However, a non-linear load draws active power fitbma grid,
where the current has fundamental and harmonices&h
harmonics do not provide extra power but unnecédgsget
unavoidably, increase the system volt-ampere (VAhis
shows up as an increase in the rms current iririkee bnd leads
to an extra heating of the transmission conduciord system
elements. Hence, the compensation of reactive power
necessary for both linear and non-linear loads. ndaic

1
K =—— 4
1+TH Di2
The total harmonic distortion is expressed as
K
snrms
THD, = "2 5)

sl,rms

Hence, in conventional ac supplies, power factqrrowement
means compensation of the displacement factor. imoae

compensation upto standard values and power factor general sense, the improvement of the power faemuation

improvement are the main issues for such loads. pgdweer
factor PF is defined as the ratio of the active powerto the
apparent powes . Thus

P

S

PF

1)

For purely sinusoidal voltage and current, the ddad
expression is obtained as

PF =cosg 2)(

Where COSg is popularly known as the displacement factor.

The classical expression of the power factor dagsapply for
non-sinusoidal current due to non-linear load. Henfor
sinusoidal voltage and non-sinusoidal current, gqagl) can
be expressed as:

Vs

_ srms’ sl,rms

cosp
V. |

srms' srms

PF

— I s,rms COS¢
I srms

=K » COSP (3)

_ I d,rms

The factor K P is a measure of the harmonic content

srms
of the current and is 1.0 at best when there ihawnonics.
Hence, PF depends on both the harmonic content and the

displacement factor@OSs¢ ). Kp is also related to the total

harmonic distortion THD, ).

(3)) to unity involves two issues:
(i) Improvement of fundamental power factor or tbgement

factor: For example: (af0os¢ = 1.0 for R-load linear and
cos¢g <10 for R—L and R—C load also linear. (b) For
diode rectifier load, OS¢ = 1.0 (assuming that DC load
current is continuous) and for an SCR (silicon oaligd

rectifier), COS¢ = COSa where @ is the triggering angle of

SCR. The fundamental power factor can be made umty
reactive power compensation.
(i) Presence of harmonics,

_ 2
I srms[_ \/I d,rms
systemVVA(= S) . Clearly, therefore, VAR is increased. But

increases true rms

2 .
+ZI syms] @nd hence also increases the

rms . . i
—2mS g unity always foR,R—L and R—L —C loads in
I srms
. . . rms
conventional ac systems feeding linear loads, vmeFeSL—
srms
will  never be unity for non-linear load unless

1/ZIimms=0. So, the only option is harmonic

compensation which is also known as active filtmati The

survey of the power factor for a year of the rumahsumers is
given in Table.l and spectrum analysis of the syppirent is
shown in Fig.2. Fig.2 shows the spectrum analy§isupply

current before compensation. The Total harmoni¢diisn of

the supply current is 30.44%.

Volume: 02 Issue: 12 | Dec-2013, Available @ http://www.ijret.org

787




IJRET: International Journal of Research in Engineering and Technology

el SSN: 2319-1163 | pl SSN: 2321-7308

Grid voltage and current

a

0 : Linear voltage and nonlinear custent
0 ()

Ed

Three Phase AC o o2 oo+ 0o 068 14

T kA2

Grid veltage and current -y
ol eih ) =
JAIA T i
NEERCAEN

VU

-40 Z'i Z'i
L] 002 004 006 008

Linear voltage and current

@

Three Phase Norlinear Load

Three Phase
Linear Load

Fig.1l: Linear and non-linear loads of consumers connected
supply system

Table 1: It shows the power factor of the rural consumers

Period of the Actual Actual
Year KW KVA Actual Power
(Month) Demand | Demand Factor (%)
(KW) (KVA)
January 200 245
February 150 224
March 125 175
April 224 256
May 208 289
June 210 299
July 223 289
August 211 278
September 204 265
October 198 245
November 156 198
December 201 265
THLD = A0.44%
0

Magz [*s of fndamental]

-
E=

||II||| .. uLL

Huormione orde

Fig.2: Spectrum analysis of supply current

Power electronic devices are gaining popularitydpplications
in the field of power transmission and distributgystems. The
reactive power (VAR) compensation and control héeen

recognized [8] as an efficient & economic mean#nofeasing
power system transmission capability and stability.

The use FACTS (Flexible AC Transmission System)aisvin
a power system can potentially overcome limitatiarfisthe
present mechanically controlled transmission systery
facilitating bulk power transfers, these intercorted networks
help minimize the need to enlarge power plants endble
neighboring utilities and regions to exchange powEne
stature of FACTS devices within the bulk power sgstwill
continually increase as the industry moves towardn@e
competitive posture in which power is bought antt sas a
commodity. As power wheeling becomes increasingly
prevalent, power electronic devices will be utitizenore
frequently to insure system reliability and stapiland to
increase maximum power transmission along various
transmission corridors. The FACTS device, suchTeST&OM
has been introduced more recently which employ$Shwith a
fixed DC link capacitor as a static replacement thée
synchronous condenser. In a traditional synchrogounslenser,
the field current of the synchronous motor conttbks amount
of VAR absorbed/injected and hence in a similar whg firing
instant of the 3-phase inverter controls the VABwflinto or
out of the STATCOM. Large numbers of capacitor sk
inductor banks are no more required. Only a fixed of
capacitor provides the required VAR control, withrapid
control of bus voltage and improvement of utilitgwer factor.
It offers several advantages over conventionalistyrised
converters [9] in terms of speed of response. SRATCOM
is a voltage source inverter (VSI) based devicaciwhegulates
distribution bus voltage using reactive power congaion.
The potential of STATCOM to improve supply qualiand
increase line utilization in weak distribution netks is well
documented [10,11]. However, many of the proposeautrol
strategies assume a stiff, balanced grid sourakitds is often
not the case in practice. Recently, there has besre research
focus on the performance of STATCOM devices opegati
under unbalanced supply conditions. Direct voltagatrol
algorithms used to compensate for supply unbalaimce
distribution networks were proposed in [12] and][Xwever,
the results in [13] show a relatively slow dynamasponse
because of the filters employed. Also, both algong have
been developed for a VSI device interfaced to fis&ridution
network through a simple inductive filter, and havat been
tested for the more complex LCL filter consideredhis work.
A multi-variable control strategy was proposed i@ for a
STATCOM with a LCL filter interface. Although thistrategy
is shown to achieve good steady state and dynagsigonses
under balanced and unbalanced supply conditiomscitmplex
and sensitive to variations in system parametehg Jenalty
paid for this improvement is in terms of introdoctiof some
harmonics, which requires separate handling usiotivea
filtration techniques. Moran et al [15] have showmndetails
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how the utilization of Sinusoidal Pulse Width Moditibn
(SPWM) techniques reduces harmonic distortion. d$ lalso
been shown that an increase of modulation indexaesl the
size of the link reactor and  stress on switchédwschv are
significant issues in practical implementation. Tim@deling

and analysis of STATCOM steady state and dynamic

performance with conventional control method haweerb
studied by Schauder
controller. In [17, 18] the dynamic responses ameédy state
behavior of STATCOM with Space Vector Pulse Width
Modulation (SVPWM) has been studied and the adeestaf
introducing SVPWM inverter with higher values of dutation
index are highlighted.

The controllable reactive power allows for a rapiahtrol of
bus voltage and power factor at the system oretidhd end.
To compensate for the distorted current drawn leyréctifiers
from the utility grid, the STATCOM and its curreadntroller
must have the capability to track source PWM (PW¢idth

Modulation) converters. The linear control is metgtable for
STATCOM application reported in [19, 20]. The prespaper
suggests the design of a linear current contratat voltage
controller on the basis of gain and time constatjisiment
along with the parameter of the coupling inductod atorage
capacitor.

The present paper goes on to develop closed loageinfor
investigating transient performance of the STATC®OW\using
controller parameter. First, in Section 2 focusesstate space
model of the STATCOM with the system. SecondlySection

3, a current and voltage controllers are desigiibd.simulated
responses with the designed controller parameterss a
presented. This scheme is both an extension angndicant
improvement of the scheme suggested by Shauddr [é6]a
and Sensarma et al [11].The results obtained hasen b
compared and appropriate conclusions have beemdraw

2. MODELING OF THE STATCOM AND
ANALYSIS
2.1. Operating Principle

As is well known, the STATCOM s, in principle, dasc
(power electronic) replacement of the age-old syorbus
condenser.
STATCOM at PCC through coupling inductors. The
fundamental phasor diagram of the STATCOM terminal
voltage with the voltage at PCC for an inductiveadoin
operation, neglecting the harmonic content in tid BCOM
terminal voltage, is shown in Fig.4. Ideally, inaseng the

amplitude of the STATCOM terminal voltag\éOa above the

amplitude of the utility voltag\e/Sa causes leading (capacitive)

and Mehta [16] using non-linear

Fig.3 shows the schematic diagram of the

—

current lea to be injected into the system at PCC as shown in
Fig.4.

2.2. Modeling

The modeling of the STATCOM, though well known, is
reviewed in the lines below, for the sake of corerce. The
modeling is carried out with the following assurops:

1) All switches are ideal

2) The source voltages are balanced

3) R, represents the converter losses and the lossée of t
coupling inductor

_Ie o

R L !
e e e T T By
R R R ey

HeE

Fig.3: Schematic diagram of STATCOM
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Fig.4: Phasor diagram for inductive load operation

4) The harmonic contents caused by switching actien ar
negligible

The 3-phase stationar@bc coordinate vectors with 12@part
from each other are converted in@f3 2-phase stationary
coordinates (which are in quadrature). Tére axis is aligned
with @ axis and leading axis and both converted into

dgtwo-phase rotating coordinates. The Park&bc to dq

transformation matrix is
Sinat) Sinfwt —277/3)  Sin(at + 277/ 3) (6)

2
K==
3| 142 12 12

The actual proposed circuit is too complex to armlas a
whole, so that it is partitioned into several basib-circuits, as

shown in Fig.3. The 3-phase system voltage,,. lagging with

Cogat) Codat-27/3) Codat +27/3)

the phase anglé to the STATCOM output voltag¥ and

gabc
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differential form of the STATCOM currents are defthin (7) The voltage and current related in the dc sidevisrgby

and (8).
dv,, _m.
—de =i, (14)
Ves Sin (wt - a) e d C
% = | Vgp :\EVS Sin(wt—a—z—”) .
s abc VZc 3 3 The complete mathematical model of the STATCOMdq
Sin(wt -~ a + ?” frame is obtained as given in (15)
* el & w0
LSE | gabe) = ~Rs! gabe *V sabe ™ Vo,.abe (®) . iy L (i, —Siny
. m \Y
. : qil 7| W L Ioq | +5| Cosr (15)
Where, V,,@, R,and L, have their usual connotations. The t v L L v L 0
dc | Vdc
above voltages and currents are transformeddigdrame 0 m 0
c |
d . . . :
s \e)="Rdg ~WLJ 4 +V, —V, a .3. Steady Stateand Transient Analysis
Ldtq Rq L +Vg, q (9a) 2.3. Steady Stat aT t Anal
The detailed steady state and transient responsis the
d Table.ll are given in Fig.5-8 and responses sugtieststatic
Ls_(icd)= WL, —Ri +V, —V,, (9b) and dynamic conditions of the STATCOM. It can berséhat
dt a the transient responses take about one and halémoycle to

reach at their steady state values.
The switching functiors of the STATCOM can be defined as

follows

Sin (wt )

S
a 2 2
S =15, = ,/—m]| Sin(wt - —)
3 3

2
Sin(wt + —)
3

(10)

The modulation index, being constant for a prograwm®WM,
is given by,

Vo,peak |2
Ml = =.|—m
Vd 3

c

(11)

The STATCOM output voltages irdq transformation are

=mo 1 0] vy, (12)

Vaqdo

The dc side current in the capacitordi transformation

|dC:m[0 1 O][Icq g 'co} (13)

Table 2: It shows the system parameters

S| | Parameters Symbol | Values

Frequency f 50 Hz

2 Angular Frequency W 314 rad/sec

3 RMS line-to-line| \/ 230V
Voltage °

4 Coupling Resistance R, 1.0Q

5 Coupling Inductance L, 5.0mH

6 DC-link capacitor C 500 uF

7 Modulation Index M 0.979

8 Phase angle a 750

9 Load Resistance R 520

10 | Load Inductance L, 126mH

11 | Load Power factor ¢ 079

e, 1500 ad o]

QG(KVAR) Pe(ki)

Lo a2 =2 a1 o 1z a2 ¢

aaaaaaaaa

(b)
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TRANSIENT RESPONSE of icq

RN
H

L Inductive meide 210 \
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Fig.5: Responses: (a) steady statécgf, I .4andV,., (b)
steady state oP.and Q_,(c) transient of cq in capacitive and

inductive and (d) transient of ;. in capacitive and inductive

3. DESIGN OF CONTROLLERS:

. -— —w |-
E{',Cq} Ls {'CQ}ri Ysa|_| Vog
dt led w _& led] Ls Vsd Vod
s (16)

With the assumption of the system voltage and STAWVC
output voltage are in phase and hence the equét®ncan be
modified as given in equation (16). So the equatibs) is a
Multiple Input and Multiple Output (MIMO) system drits
input and output are given as

=] o= |

The block diagram of the STATCOM in d-q transforioatas
per (16) is shown in Fig.6.The instantaneous veltaf the
system and the STATCOM are independent, but tHeeaand
the reactive currents are coupled with each otheyugh the
reactance of the coupled inductor. So it is vergeasal to
decouple the active and reactive current from eztbler and
design the controller for tracking the requiredueal

Fig.6: Equivalent Diagram on a.c.side of STATCOM

3.1. Design of Current Controller:

The current controller design for the above systam be done
using the strategy [15-16] attempts to decoupledthad g axes
equations, so that the MIMO system reduces to two
independent Single Input Single Output (SISO) systdence,

the control inputsyy 4 and Vogq are configured as

*
Vod = Vod T Wslcd *Vsd

The equation (19) can be obtained by replacing (46)18).
Hence each row of (19) is independent of each atherthus
defines an independent SISO system. Conventioaguéncy-
domain design methods can now be directly appledcdirrent
controller. Taking the Laplace transformation ottbgides of
(19) and rearranging terms are given by (20) anelirth
decoupled SISO system is shown in Fig.7.

_& o *
ch} | Ls [icq} 1 Voq (19)
. = ) +
ed 0 _ﬁ 'ed] Ls v*
Le od
|q© 1 |d(3) 1
GO=—"—= GO=——= (20)
Vodd Fs+sls Vo FRetsls

T
R, +il,

g
R, 45,

Fig.7. Current control of inverter of equivalent decoup& SO
systems

For similar dynamic behaviour of thd and (- axis currents,

both thed and Q- axis controllers are identical and its transfer
function is given in (21)

9= I(;q(s) led® 1

TNV Vog®  Re*sls

(21)
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The transfer function of a Pl controller is

L
Where, T, =—> which is taken as 0.3mseconds and with the
P
1 ; ; —
Gpi(9 =K| 1+— | =K +— 22) parameters given in Table-ll, value oK =169 and

st S
i Ki = 33x10° are calculated. These parameters are used

ind and Q- axis current controller. The structure of the

With K b= K,K; =—. The transfer function in open loop of effective closed loop system is shown in Fig.8 mneplicated

T in both thed and Q- axis current controllers. Bode plot of the
PI controller associated with the transfer functam the a.c. system with controller is shown in Fig.9, whichaisirst order
system is system.
P+ =, | 1 i o
L }/Rs d K+ | &, + =L, -
[G (96 (s)]:K 1+— | ——— (23)
P ST L%
i | 1+s
Rs | .
Fig.8: Effective closed loop current control system
L .
While taking 7, = —S and on simplification reduces to 3.2. Design of VVoltage Controller:
R
S The relation between dc voltagg and dc current  is
C
K
The closed loop transfer function is
The transfer function can be written as
1
T= 25
Ls = _Vde _ 1
1455 Gy(s) =~ = (29)
Thus the system behaves like a first order witlagparent time YL e .
constant as = li T
- ~
| .
|_S e
I, =— (26) . T
K 7
- —
The gain of K can be adjusted such a way thati# ibcreased T e T
too high then the system behaves as second orthewise . )
responses very slow. Hence the numerical values for Fig.9: Bode plot of the system with PI controller

K p andK; are decided from the circuit parametegandRg Neglecting the power loss in the source resistancepower

from the required value of K. So the parameterBlafontroller losses in the switches, balancing the power on idis,
are defined as

Vsdi cd = Vdci dc (30)

_ KRg 27)
- L From the above equation, we have

?&:h:&:@: 046 (32)
g Ve V4 500
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With V. as the reference, the voltage control loop is shiow

Fig.10 and it consists of innedl - axis current control loop.

The active power is supplied by tt@-axis current which is
nothing but the ripple current of the capacitor. Make the
steady state error of the voltage loop zero Progmat control

is adopted here and it produces the refereflcaxis current

for the control of thed -axis current. The design of voltage
controller is as follows:

The open loop transfer function of DC bus voltagetoller is

_K*ch

G
o sC

(32
The closed loop transfer function with unity feexth gain is

!
C;cl - sC

1+~
K* Ky

(33)

C
Wherel, = ———
*
dc
parameters of Table. |, the value Kf,. = 1.08

and takingr,, =1msecond and with the

‘ v
Kp 1

K = s

current controller

Fig.10: DC link voltage control loop

Then Proportional Integral controller is considgrifor the
voltage control. Hence, the transfer function ofcBitroller in
(22) is associated with the transfer function orside is

1 1
v
After taking 7, = C and on simplification
1+srt,
[Gv (9).G, (S)]o. = K(Fj (35)

The transfer function in closed loop

6. 96,9, =|

1+sr, +

(36)

So the system behaves like a second order systesn.
2

4
T, >>—"- and magnitude plot in Fig.9 shows the initial stdp
K

break point is approximately —20db/decade and dieihc
reduces to first order system. The value of K camlétermined
form root locus with approximate settling time ageg in (37)

and implementation block diagram is shown in Fig.14

K
Kpy =K = 015K, = =200 (37)

The control loop shown in Fig.11 It is interestitmynote that
the controllers designed for linear loads are fotmbe capable
of working with non-linear load too with minor bessential
moadifications. The only change is the inclusioraaitage of the

high pass filter (HPF) used before thle-axis controller. Here
also three different Pl-controllers are neededawtrol ( -axis

current, i

,ieq» d-axis current ,i 4, and the DC-link voltage,

V,.. The reference input for thé,, controller is generated

from the sum of the output of the DC-link voltagentroller
and the high frequency components of the load otrrdhe
adopted scheme is a usual one and also used imdingtry.

t 4 4+ 4 4 4
Pl

|t

S

Vod

Fig.11: Implementing scheme

4. SMULATION RESULTS:

The simulated plots of the grid_,and i, (when STATCOM

is off) are shown in Fig.12 (current magnitude &®IA (rms),
as sensor multiplying factor is 10) respectively. shows
rectangular shape of the current waveform of tloelelirectifier
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without capacitor at the DC output voltage. It é&sgto see that I MRS IAn SRC O Sl By S
the harmonics are reasonably reduced. It is velrésting to : : ' : :
note that when STATCOM is on the simulated respené¢he

grid vg,and I, (harmonics eliminated and var compensated

which improves power factor) are in full agreemeiith each
other (shown in Fig.13). The harmonic spectrum tred grid

Magntude hased on "Base Peak’ - Parameter

i, (rectifier load phase-a current) in simulation atetted in B ? 2 DN S A A 1; - 14 - 15 —
Fig.14 (a). It depicts that both the plots compamarkably e e
well (as simulation shows thafHD, .of the grid i, (load (b)

current) is 31.07%). There is a close agreemerittdD, of the

L i _ Fig.14: (a) Simulated waveforms of harmonic spectrun gf
grid I in simulation (wherg@HD; = 1209%) as plotted in

Fig.14 (b) when the STATCOM is switched offTHD; = 3107 ), and
(b) simulated at the STATCOM is orTHID; = 1205%)

Grid phase-a voltage

CONCLUSIONS

=L . s - i —— = The investigations of the performance of the STANC@r
the harmonic reduction with non-linear loads hagerbcarried
out. With proposed model catering non-linear lohdse been
performed very well. The STATCOM works as an acfiiter.

T} in A

) N S S S S — The simulated waveforms confirm the validity of thentrol
Time in seconds strategy. It has also been shown that the intenadietween a
) STATCOM device and a supply system makes the rural
Fig.12: Simulated traces of thé_ and 1, (for 3.506) when consumers healthy and wealthy.
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