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Abstract—Voltage Sourced Static Var
Compensators such as the StatCom need to be
able to handle wunbalanced voltages. Mild

Figure 1 shows a single phasguivalent ofthe StatCom.
A voltage source inverteproduces aset of three phase
voltages, Vc, that are in phase with the system voltage, Vs. A

Imbalance can be caused by unbalanced loads whilesmall reactance, Xc, is used to link the compensator voltage to

severe short-term imbalancecan he caused by
power system faults. A synchronous frameoltage
regulator is presented that works even whehree
phase symmetry is lost. This regulator addresses
voltage imbalance by usingseparate regulation
loops for the positive and negative sequence
components ofthe voltage. The regulator allows
the StatCom to ride through severe transient
imbalance without disconnectingfrom the power
system and, further, to assist in rebalancing
voltages. The regulator maintains sufficient
bandwidth to perform flicker compensation. The
controller’'s performance is simulated for a
StatCom in amodel distribution system where it
is subjected to a severe single line to grouridult
and a rapidly varying three phase load.

Keywords: StatCom, Inverter, Static Var
Compensation, synchronous reference frame,
unbalance, imbalance.

I. INTRODUCTION

the power system.When Vc>Vs, a reactive currentjc, is
produced that leads Vs and when Vc<Vs, the current lags Vs.

The StatCom can based toimprove the quality opower
provided toindustrialandcommercial consumers bieducing
voltage flicker and correcting small voltage sags.

Effect of Unbalanced Voltages

One problem that th&tatCom mustdeal with in the
distribution system is voltage imbalan&eady-state voltage
imbalance can aristfom unequal loading oreachphase or
from unbalancedaults on thepower system, whichcause
single phase voltage sagehese sagsan rangdrom mild to
severe depending on the distance to the fault.

Voltage imbalancecan be quantifiedising the following
definition [5]:

Vdev
\Y

avg
where \fHey is the maximum voltagedeviation from the

% Imbalance = 108

@)

Static var compensation can be utilized to regulate voltag@werage and M/gis the average voltage.

control power factor,andstabilize power flow [1]. Most var

compensators employ a combination fofed or switched
capacitanceand thyristor controlled reactanceStatic var

compensatorpased on avoltage sourcedinverter, known as
StatComs,have been proposeshd demonstrated [2-4] in an
effort to further improve performance,decreasesize, and
increase flexibility.
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An imbalance of more than 1% is detrimentalcétuses
heating in motorsequiringthem to bederatedFor example,
with 5% imbalance, the motoderating factor is0.76.
Imbalance caralso affect sensitive single phadeadsbecause
it creates undervoltages on one or more of the lines.

Voltage imbalance also causes a problem forStetCom.
As shown in figure 1, the StatCom looks like a voltage source
behind asmall transienteactance. Whethe system voltage,
Vs, is unbalanced, negativ@quencecurrents carflow into
the compensator limited only by the StatCom reactance, Xc.
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Figure 1. StatCom single phase equivalent model.

Power
System

Prior StatCom work hasindicated the existence of
problems caused by imbalance. In [8&vere imbalanctrces
the StatComconverterinto standby modewhereGTO firing
is blocked. This iglone toprevent excessive rippleurrent in



the dcbus capacitor. As aesult, theconverter is off-line and of as separately representing eitliee positive ornegative
provides novoltage support folOOmsafterthe imbalance is sequence circuit. This assumption is helpful in simplifying the
removed. problem, though it is not strictly truor many conceivable

In [4], an analysis of theffect ofimbalance onStatCom situations, such as when Zs is not equal in all three phases.
currents is presented. The analysis assumes that a multi-pulseNonetheless, the compensator voltage maysysehesized
inverter is used wherehe inverter modulation idixed. The using only ameasurement of theegulated bus voltage.
magnitude of the voltage igaried by changing the dc bus Consider thecasefor the negativesequenc&omponent of the
voltage. The results of this analysise used tosize the
inverter's dc bus capacitor to avoid resonancehenever
unbalancedroltagesare present. Even with aarefully sized
capacitor, the compensatastill experiences uncontrolled

compensator voltagesetting thecompensator voltage,;:v

equal to k times the regulated bus voltagfa, Vresults in the

negative sequence currents. negative sequencecomponent of theregulatedbus voltage
being
II. CONTROLS FOR HANDLING IMBALANCE
Z -

To dealwith the issue of imbalance, a StatCorltage V. =V C—ZS )
regulatorbuilt upon sequenceomponent theory iglescribed. r S Z_ + (1-K) Zs
The controller unbalanceshe compensator voltages in c
response to the imbalance on the distributsystem. By As the feedbackgain, k, goes to infinity, thenegative

doing this, two benefits can be realizedFirst, negative -
sequencecurrentflow into the StatComcan be controlled. Sequenceomponent of theegulatedous voltage, Y , goes
Second, theStatComcan be used to rebalantkee system g zero.
voltage regardless of the source of imbalance.

In [3-4], the generation of negativeequence in the Ill. SYNCHRONOUS FRAME TRANSFORM FOR
inverter's voltage isot examined because dfie constraints UNBALANCED CONDITIONS
on modulation inherent in the multi-pulse converters used. The

inverters could not produce unequal voltages on each phase Ie(ﬁ.T_O achievethe infinite feedbackgain valuerequired for
However, byusing a PWM or multi-level type inverter, the €limination of the negativeequenc&omponent as in (2), the
fixed modulation index constraint is removed andmore regulation should bgerformed inthe synchronouseference

advancedcontrol can be appliedFor a StatCom rating of frame. In the synchronous frame, thegulated quantities
several MVA or less, these alternatives are viable. appear as dc rathéhan as 60Hz acBecausethe regulated

quantitiesare dc,integral gaincan be used to increase the
effective value of k to infinity in thesteady—stategiving
perfect command tracking.

The traditional synchronous frame transform [6] can be used

The proposed voltage regulatorseparatesthe voltage to indicate the positive sequencecomponent of voltage.
regulation into two parallel problems: Regulating the positive4owever, it has problems when the phase voltages are
sequenceomponent of the voltagandthe negativesequence unbalancedThe transfornproduces amutput that contains a
component of the voltage. Using theeparateloops, the seconcharmonic component imddition to a decomponent.
negative sequence component can be driven towardsvb®  The positive sequence component is no longer cléadigated
the positivesequencecomponentcan be driven towards its because othe loss ofthree phasesymmetry in the input
desired value. quantities_
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Figure 2. Reduced model for regulator circuit. Figure 3. Single phase synchronous frame transformation and
filtering

Formulation of the Unbalanced Voltage Regulation
Problem

Figure 2 shows a simplified single phas®edel of the
compensator in a distributiosystem. Thepower system To eliminate theneedfor three phasesymmetry, a single
Thevenin voltage is Vs and the Thevenin impedance is Zs. Thghase synchronoudrame transform is introduced. The
StatCom’s voltage is Vandthe StatComreactance is Xc. transform projectseach phase voltage onto an orthogonal
The aggregate load impedance &. Assuming that the synchronouseferenceframe andthen later, the synchronous
seguence components are not coupled, figure 2 caémobght  frame phase voltagesire combined toobtain the sequence



components. The blockliagram ofthe synchronoudrame
transformation is shown in figure @hdthe detailed equations
of transformation are presented in appendix A.

The advantage othe modified transform is that itcan be
used during balanced or unbalancedonditions, without
modification. Also, thesequence&omponentsre easily found
by algebraicmanipulation of the synchronousame phase
voltages.

The synchronous frame transformation in figureaBisists
of heterodyning the time domain phase voltage withsiD)
and 2 cos) to produce dc plus a second harmonic. $éeond
harmonic is filtered out toevealthe projection of the voltage
onto the synchronous reference frame.

The new transform, howevesuffers from anadditional
delayimposed byits requirementfor filtering of the second
harmonic. The step response of tsecondharmonic notch
filter plus low pass filter of figure 8etermineghe bandwidth
of the transformation.

Step Response of Notch + LP Filter

Step Response []

0 0.005
Time (sec)

0.01 0.015

A. Magnitude Regulator

The sequencemagnitude iscompared toits commanded
referencevalue producing aerror signal, which isfed into a
proportional-integral-derivativeontroller. The output of the
PID control is a signalcorresponding tothe voltagedrop
across thesStatCom reactanceXc. By limiting the value of
this voltagedrop, the invertecurrent islimited. The voltage
drop across thereactance ighen added tomagnitude of the
system voltage to create tkemmand foithe inverter voltage
magnitude.

B. Angle Regulator

The angle of the invertgrositive sequenceoltage isused
to control the inverter'sotal dc bus voltage. The dc bus
voltage regulatorconsists of a Pl loop, whiclgenerates a
power referencesignal. Thepower referencesignal is then
compared with the actual positive sequence power andritbie
fed to a proportional gain regulator wilimits. The output is
the difference inangle betweerthe measuredsystemvoltage
positive sequence angle and the inverter's angle.diffegence
angle is theradded toangle of the system voltage to get the
inverter’'s angle.

Since the positivesequencengle isused tocontrol the dc
bus voltage, the negative sequence angle is free fos@eval
purpose. In the multi-level inverter, the negatisequence
power is used tohelp controlindividual dc bus capacitor
voltages. If the multi-leveinverter isnot used, thenegative
sequence power can be set to zero.

When the five-level inverter is used, the voltages of the
inner capacitors, C2 and C3, amampared tahat of theouter
capacitors, C1 and C4. A PI control logpnerates a negative
sequence power command based on the difference between these
voltages. Without this loop, the capacitor voltages can become

Figure 4. Step response of cascaded notch and low pass filtelgnequa| when the compensator is producing negatigaence
Figure 4 shows the step response of the overall notch plgsrent.

low pass filter. The filterequiresabout 7msfor its transient
response teettle. As a result, theegulatorusing this filter
can’'t beexpected to respond iless than half an acycle.
However, half-cycle response #&lequatelffast for attenuating
voltage flicker.

IV. SEQUENCE COMPONENT REGULATOR

Using the new transform, a synchronduame voltage
regulator isdeveloped ashown in figure 5. Theegulator
measures the bus voltage asgparates itnto its positive and
negative sequence componeiier each sequenceomponent,
separate regulation loopse applied tothe magnitudeand the
phase angleldentical loops are usedfor the positive and
negative sequence components.

Below the mainregulatorloop in figure 5, two additional

With the magnitudesand angles of invertersequence
voltages determined, these values are transformed back to phase
quantities and summed tocreatethe total inverter voltage
command. The multi-level inverteeceivesthesecommands
and uses a harmonically optimized lookup table dmate
gating signals which synthesize thdesired fundamental
component voltages.

V. SIMULATION MODEL

The operation of the regulator is simulated in a distribution
level StatCom using thElectromagnetic Transients Program.
Figure 6 shows the one lindiagram of the distribution
system, whichincludes resistive-inductive loadsdjustable
speed drives, and a large induction motor.

The distribution system model sased orthe work in [8]

control loops are shown, one for dc bus voltage regulation andith reference to [9-10]. Table Il gives the distribution system

one for balancing ofcapacitorvoltages in the multi-level
inverter.
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Figure 5. StatCom voltage regulator using separate regulation loops for positive and negative sequence components. The dc bt
voltage regulator and the multi-level inverter capacitor voltage sharing loops are shown separately, below the main loop.

model parameters. Notehat the transformer per unit .
impedances argiven on thetransformer's powebase. The B. Simulated Events
adjustable speed drives are modeledirspulsediode rectifiers

loaded by a dc bus capacitor and load resistor. The regulator'sperformance isshown in response to two

conditions. The first condition is a single phase fawhijch
shows the compensatortompatibility with imbalance and
A. StatCom Model ability to reduceimbalance. The fault consists of a low

The StatCom izonnected abus 4 infigure 6. A five— impedance to ground placed on phase A of line 4.
level inverter isusedfor the StatCom with ratings given in The secondcondition is a three phadead variation at 5
Table I. It should be noted that the compensator’'s MVA ratingdz. This is used to show that the regulator maintatfegjuate
is chosen to be fairly large in order to give a substardimle  bandwidthfor flicker reduction evemvith the transformfilter
of voltage control. delays. Theload variation is introduced by putting a
The inverter usefundamentafrequencyswitching but due —Squarewave pulsating load torque on the shaft of motor M1 on
to its step-like output voltageaveform, it is possible to bUs 4.
reduce aew low-orderharmonics. A switching angle lookup
table is used, whicminimizes 5thand 7th harmonicver a VI. RESULTS
wide range of modulation indices. No side energy source is
usedbut the dc busapacitor islarge. The dc bus voltage is A. Single Phase Fault
held at a fixedvalue while the modulatiomdex is varied to
control fundamentaloltage. The operation of the multi-level ~ The phase A voltage magnitude sbstation bus 2 is
inverter is described in greater detail in [6]. reduced to 50% when the single line to ground fault is applied



230KV . ) TABLE |. BASE QUANTITIES AND COMPENSATOR
Transmission Equivalent RATINGS
L1 ) Base Quantities | Compensator
1 A Substation Vbase 13.2 kV Reactance 0.2 pu
13.2kV T1 T v  Transformer Zbase 11.620 MVA Rating | 1.5 pu
2 — | | Pbase 15 MVA
| b1 l__2_| wbase 377 rad/s
Lol
L4 LS TABLE Il. DISTRIBUTION SYSTEM MODEL DATA
3 B SLG A 8 Line # Type Length (ft) Impedance (pu)
P2 L3 aut g e L1 0.00016 +j 0.001
T 7 —t L2 overhead 8,200 0.0228 + j 0.0847
4 L3 overhead 4,000 0.0290 + j 0.045
i 5 \\g DP“ “ L4 overhead | 14,400 0.0142 + j 0.16178
T4 X L5 overhead | 2,000 0.0145 + j 0.0225
-J 5 M14160V 9 T % 4s0v L6 cable 5,300 0.031 + j 0.031
A I:I p5(A) 450 Hp Trimr # | Type Rating Impedance (pu)
T2 Y 480V I ASD T1 A-Y 15 MVA 0.00765 + j 0.0765
6 T2 AY 1.5 MVA 0.006 + j 0.06
T3 T3 lg L-L 10 kVA 0.002 + j 0.02
450 Hp P3D AU T4 Y-y 2.5 MVA 0.0055 + j 0.055
ASD PLC T5 Y-y 5 MVA 0.006 + j 0.06
Load # | Type Rating
; fetp ; ; ; P1 RL 5 MW, 0.95 pf
Figure 6. Distribution system model for simulations. P2 RL 1.5 MW, 0.9 pf
at precisely0.2 seconds. During théault, the compensator P3 R 0.5 MW, 1.0 pf
remains within itscurrentlimit as shown infigure 7, while P4 RL 1.5 MW, 0.9 pf
actively supportingand rebalancingthe voltages. Thdault P> R 1.5 MW, 1.0 pf - .
clears at precisely 0.3 seconds. Figursh8ws themagnitude M1 Ind. Motor | 1200 Hp Inertia = 15 kg m"2

of the positive and negative sequencecomponents of the
voltage. When the compensator is active, the magnitude of the

. . e . —_ 0,
negative sequence isreducedand the positive sequence is IV+], [V-| Phase A Sagged 50%

increasedsubject to thecurrentlimit of the converter. The 1 w/ Comp. -
percent imbalancgoes from 17.7% without theompensator Vi ;
% wi 0.8f o T
down to 9.3% with the compensator. wlo Comp.
Compen. Currents w/ SLG fault on A 3z
0.6
1.5 °
(@]
8
. 1 5 0.4
= >
= /o Comp.
0.5 ... wotomp.
% 0.2 |
pust V_
g 0 0 / w/ Comp. - \
2 o5 0.1 0.2 0.3 0.4
'E:: Time [S]
-1 Figure 8. Magnitude of positive and negative sequence
15 components during single line to ground fault with and
01 015 02 025 03 035 without StatCom.
Time [S]

] ) B. Three Phase Load Variation
Figure 7. StatCom compensator currents during severe

transient imbalance due to SLG fault. The fault is present ~ Figure 9 shows the variation in thbree phase voltage
during the interval from 0.2 seconds to 0.3 seconds. ~ When theload onmotor M1 is varying at 5 Hz. During the
load variation, the rms voltage at buvaties by 2%without
the compensator vs. less than 0.5 % with compensator.
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Figure 9. Three phase voltage during 5Hz load variation wit

and without StatCom.

The StatCom’sresponse to line to line faultand three
phase faults has also been simulated and observecdetqubly
well behaved.

The voltage total harmonic distortion at bus 4 is 4.91 %
with the compensator vs. 0.7 % without the compensator. At

substation bus 2, the THD is 1.6 % with tbempensator
versus 0.34 % without the compensator. The T¢dDsed by

the compensator can be reduced by using a seven—level inverter

or a PWM inverter with moderate switching frequency.

VII. CONCLUSIONS

A StatComcontroller for specifically handlinginbalanced
conditions isintroduced.The new controller allowsStatCom
to control negativesequencecurrent flow and to rebalance
distribution system voltages withouequiring any net real
power from the compensator.

A modified synchronoudrame transform isused tohandle
the unbalanced condition. The controller's succedsaimdling
distribution system faults haveen simulated inmodel
distribution systemwhere it was shown that the&statCom
currentsarewell controlled even during sevemmbalance. It
was shown that the voltageegulator retainsadequate
bandwidth for flicker reduction everthough the transform
introduces an additional 7 ms filtering delay.
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IX. APPENDIX A

The transformation from timdomain quantities to phasor

positive, negativeand zero sequenceuantities is described

pits vector representatidv;i =

Each phasevoltage is assumed to be fundamentally a
sinewave at some phase angle/g) =V ,[sin(  6+@

) Any harmonic distortion isassumed to be removed by
filtering.

v:bc 120Hz  180Hz (_qd
T R T Vi
f 0

0 qd

Figure Al. Synchronous frame sequence component transform
block diagram

The timedomain voltage phase voltage timnsformed to
an —j \{ja wherethe vector
componentsareits projection onto the orthogonal gdes as

shown in figure A2. The qd axes rotate synchronously with the
fundamental phase voltage, wih- wt.

d-axis

Figure A2. The synchronously rotating qd axes.

Transformation to the synchronous gffame is
accomplished by multiplying each phase voltage by — B)sin(
and 2cos@) in a heterodyningprocess. Using trigonometric

relations, the vector components %(ty can be simplified to
Va = |Vl Rin@ )+sn@  ,+2 O)f

Vg ==1  V, | @cos(@a)—cos(@ A +2 e)ﬁ

The heterodyned signals consist of a sin(J¥as(d) term
plus asecondharmonic. Filtering thesecondharmonicleaves
only a dc quantity, sin(&) or cos(@gpresenting thehase
voltage vector’s projection onto qd axes.

After filtering, the phase voltagesre represented as
synchronousframe quantities. The transformation relation

described in the matrﬂ?e .

below. Figure Al shows the transformation process from time

domain phase voltages to synchronoframe sequence
components. The zero sequence equations are includedligut
required when a four-wire compensator is used.
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synchronous frame representation of the
phase voltages.

Next, the positive, negative, and zeseguence&eomponents
of the voltage are identified from the qd voltages. $éguence

components are defined as
V=R Vet oa Ve a® Vg
v :%{ Vg + a2Vb+ a Vg
W0 =%{va+ Vp+ Vg

wherea is the complex phase shift vectars exp@ Z_T%= -

L +J‘,2— Substituting in for }j{ Vb , and \é and using their

qd representation gives the sequence components in qd reference
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WhereT+, T—, and TO arghe positive,negativeand zero
sequence transforms defined as
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With this representation, theequencesomponentscan be
readily manipulatednside the controller. The transformation

back to phase quantities\i%zC -7t V+;jo with

The voltagesare transformedack to time domain phase

quantities with the transformation

abc -1 abc -1
= Te qu ,and Te =

[Tos( 6) —sin( 6 0 O 0 0 O
0 0 cos( 0) sin( 6 0 0 N
[0 0 0 0 cos( 6) —sin(  0) [

(1]

(2]

3]

(4]

[5]

(6]

(7]

(8]
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