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Abstract

A Static Compensator (STATCOM) is a flexible ac transmission system (FACTS) controller, which can either absorb or deliver reactive
power to a power system. This technology has resulted in an equipment that is principally different from conventional static VAr compensators
(SVC). The steady-state characteristics of a STATCOM are similar to those of a rotating synchronous conde2s@k\W\r D-STATCOM
was designed and installed for a 1.6 MVA distribution substation in Tehran, which is the first installation of this type in Iran. The principal
aim of this installation is reactive power control for voltage regulation, with a particular work on reduction of unbalance issue. This paper
describes the design and operating fundamentals and characteristics of a D-STATCOM as well as its basic control strategy. Moreover, different
practical results demonstrate the flexible operation of the employed equipment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the control unit of the D-STATCOM, including the sampling
circuit, digital transmitter card, PWM board, protection sys-

The use of flexible ac transmission system (FACTS) con- tem, phase locked loop (PLL), zero voltage detector (ZVD),

trollers can overcome disadvantages of electromechanicallyand the digital signal processor (DSP) as showifrigy 2

controlled transmission systems. The Static Compensator

(STATCOM) is a static synchronous generator employed as

a parallel device static VAr compensator (SVC) in ac power 2. D-STATCOM operating principles

systemdq1-3]. The amplitude and angle of its capacitive or

inductive output current can be controlled independent ofthe  Considering=ig. 1(a), suppose both the ac system voltage

ac applied voltagpt]. This paper describes the application of Vs and the converter-composed voltage are in phase. By

new technologies to #250 kVAr prototype installation, and  varying V¢, reactive power can be controlled to emulate a

provides an outline of the development work associated with certain application such as voltage regulation. However, for

it. Fig. 1(a) shows the PWM controlled LCL D-STATCOM, stable operation of D-STATCOM, the converter output has

consisting of a voltage source inverter connected to the distri- a small phase difference with the ac system voltagefdr

bution system through a LCL passive filter. This improves the managing the D-STATCOM power losses.[Ir-3], the ex-

harmonic performance compared to the more commonly usedplained mode of operation is modelled by transforming the

simple inductive filter. Various electronic cards are used by systemto asynchronous frame. Then, the resulting state space

model is analyzed, showing a stable system with oscillatory
* Corresponding author. Tel.: +98 21 8469084; fax: +98 21 8462066. ~ dynamic response for D-STATCOM. A typical steady-state
E-mail addresstavakoli@eetd.kntu.ac.ir (M. Tavakoli Bina). operation of D-STATCOM as a function ofis depicted in

0378-7796/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Single-line diagram of D-STATCOM,; (b) dq curreritsdndig) of D-STATCOM together with capacitor dc voltagés) as three linear functions
of «; (c) transferring the D-STATCOM inside the Khoshnoodi substation for installation; (d) the designed D-STATCOM under practical tests.

sounce —Juoov 3.1. Application background
cr T Lo The substation of Khoshnoodi is situated in Tehran dis-
T e tribution system, and connected to three other substations,
Keyhan, Ghadimi, and Pirouztig. 3 shows a one-line dia-
5 F gram of the local distribution system in which three named
- substations are connected to Khoshnoodi. It serves a big area
Tomp. [ $,'g,',':,'m including eight feeders of both industrial and residential cus-
S« “Ve | G [ cz:l;ay:tjrs tomers. The transformeryTis rated for 1.6 MVA, and steps
! down 20KkV to 400 V. This substation was selected for the
L“J A _ﬁ *_;_l D-STATCOM installation for the following reasons:
FR— CONTROL L
- Keyhan
Fig. 2. Single-line schematic diagram of the control unit of D-STATCOM. Ghadimi Pirouzi
Fig. 1(b). Three state variableig, ig, andVqc, give the equiv- I
alent active current, reactive current, and the dc voltage, re- 20KV
spectively. This figure shows almost a linear relationship for Khoshnoodi

ig as a function o typically over [-1.5°, 1.5°], although the
state equations represent a non-linear system. This suggests
a way of controlling D-STATCOM, mainly by. —>

T

1

STATCOM Feeders

3. Prototype installation

:
Ek —

This prototype D-STATCOM is rated fat250 kVAr, em-
ploying an angle control strategy describefij and was in- |_I
stalled at the Khoshnoodi substation in August 2009§. 1(c
and d) shows installation of the device. Fig. 3. Single-line diagram of the local distribution network under study.
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Fig. 4. Typical light load voltage unbalances at Khoshnoodi substation.

e ConsideR+jXis the Ttevenin equivalent impedance of a evenly to the phases. A D-STATCOM works perfectly as
distribution system. Whe% ratio is relatively high, then long as the applied voltages are balanced. Recently, oper-
imaginary part of total voltage drop as well as the volt-  ation of D-STATCOM under unbalanced supply has been
age variations due to active power variations are ignored. studied, which indicates that the dc capacitor voltage oscil-
This eventually simplifies the voltage regulation as alinear  lates dominantly at twice the synchronous frequency (e.g.
function of reactive power. However, both the imaginary  [7]). This will then make waveforms distorted by introduc-
part of the voltage drop and active power variations can be inglow-order harmonics to the inverter output voltages and
taken into account for relatively smﬁ ratio of the long currents. These issues have also been confirmed by prac-
distance cables. For either case, as demand increases on tical results presented [i@,8].
these systems, power quality issues such as poor voltage
regulation become a significant problem. The Khoshnoodi substation also operates under unbal-

anced conditions. The voltage unbalance can be calculated

and expressed using different standard rules. These defini-
tions may give different results though. However, the IEEE
standard 1159 gives similar results compared to other stan-
dards such as the National Electric Manufacturers Asso-
ciation (NEMA) [9]. Fig. 4 shows unbalanced voltages of

Khoshnoodi substation, as two examples, under typical light

load operating conditions. F&iig. 4(a), unbalanced magni-

tudes and phase angles were accurately calculated by MAT-

LAB as ([vall, llvsll, llvell) = (236, 234, 237)V andAv,,

Loy, Zve.)=(0°, —121°, 119.45). Also, the symmetrical

components for these voltages (zero, positive, and negative

a&equences) ard\oll, IIVall, IV2ll)=(1.94, 235.66, 0.70) V

] AV and (“Vo, £V1, ZV2)=(96.1°, —-0.58, 26.54). For this case,

time, a 10% change if?"% corresponds to 340 KVAr re-  he voltage unbalance is worked out about 0.297% according

active power. Thus, to manage the voltage change W|th|r! thetg poth the IEEE standard 1159 and NEMA, corresponding

normal region, D-STATCOM should be capable of producing {5 the load unbalance current84ll, I1pll, lllcll) = (600, 500,

Qc as follows: 425) A. This figure can worsen during heavy load conditions.

AV Thus, the need for compensation of the source current unbal-

Qc = 340~ SSCT% 1) ance and consequently reduction of the load voltage unbal-

ance is vital for supply quality improvement.

The Khoshnoodi's 400 V bus experiences voltage rise dur-
ing light load conditions, and voltage drop during peak load
conditions. Under balanced condition, the rated current and
apparent power of Khoshnoodi substation are 2.50 kA and
1.6 MVA, respectively, and its short circuit powgy is equal
to 3.4 MVA. Electrical companiesin Iran are basically used to
follow the IEC rules on voltage regulation (slightly different).
Here, thenormal percent voltage regulatiofY %) is lim-
ited to [-2.5%, 2.5%], th@bnormatto [-10%, 5%], and be-
yond this latter is callednusuabperating practicgs]. Using
the reactive power theoff§], any voltage variations beyond
the normal standard practice can be compensated such th
A—VV% is maintained within the normal region. At the same

where substituting” = 2.5% in (1) will result in a maxi-
mum reactive powe@c = 250 kVAr needed for voltage regu-
lation. Therefore, &250 kVAr D-STATCOM keeps the volt-
age variations within the permissible region by compensating
about 7.5% voltage regulation in the worst case.

4. Equipment description

The Khoshnoodi D-STATCOM was installed across the

e In practice, the grid source isot always balanced. Un-  low-voltage 400V bus, as shown Ifjg. 3. It is composed
balance conditions on a distribution three-phase bus areof two distinct elements, power circuit and control unit (see
unavoidable because single-phase loads are allocated unFigs. 1(a) and 2). We first review the necessary conditions for
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design of the power circuit, and then explain different parts the wider the chosen range for the géirthe bigger the com-
of the control unit. mutation inductancé can be designed. Meanwhile, choos-
ing high gains will raise the converter cost though. Hence,
for a fixed modulation index (e.g. 0.9 to get high harmonic
performance), the gaiA was chosen to vary in [0.75, 1.25]
The power circuit consists of 400V ac distribution sub- consistent with voltage rating of the selected switches. Here
station, an equivalent commutation inductance, an ac/dc con-it is assumed that the power losses for supplying 250 kVAr
verter, and an equivalent dc capacitance. The bi-level con-(either capacitive or inductive) are equal to 20 kW (includ-
verter uses two IGBTSs for each leg. When a switch is OFF, ing the switching, snubbers, dc-side, and ac-side losses). Two
then the capacitor dc voltage will drop across it. Consider- equations in(2) can be worked out to assign an upper bound

4.1. Power circuit

ing the steady-state operation of D-STATCOM illustrated by
Fig. 1(b), we assume the dc voltayfac(«) rises to 1.2¥y¢
(ig=0) in capacitive mode for negativg and will drop to
0.75/4c (iq=0) in inductive mode for positive.. Here, the
blocking voltage of the switches is smaller than 780V (1.25
times the dc voltage of uncontrolled full-bridge rectifying

case) in the worst case. Thus, choosing an IGBT rated for

1200 V-400 A provides sufficient steady-state blocking volt-

age margin, more than 50%. Meanwhile, the installed D-

STATCOM rated current is 360 A. Two shunted legs were

to the commutation inductante

Amax| Vs|25in(0lC)

L < Lmax~ —

Pw
A | Ve 2 o
~ min| Vsl sin(at) — 510pH 3)
Pow
where Amax=1.25, Amnin=0.75, |Vg/=400V, and

ac=-—0.912 and o =1.53 are calculated using?2).
It can be seen fron{3) that Lhax varies when the gaid

designed for each phase, resulting in about 100% steady-stat®elongs to a different range. Here we have chase0.5 mH

forward current margin. This will not only guarantee the re-
liable operation of the device but also provide the possibility
for rating expansion.

4.1.1. Commutation inductance

Let A be defined as the gain of D-STATCOM, the ratio of
the converter fundamental rms voltag¥d|) to the applied
rms voltage [Vs|). Hence, considering a fundamental 50 Hz
voltage with a relative phase differenaebetweenVc and
Vs, using the fundamental power thed@j, both the pro-
duced reactive powdd and the absorbed real powercan
be obtained and expressed by two functionse@ndL as
follows:

|Vsl?
Q=4+ (A cosgr) — 1)
wlL
5 (2)
Ve,
P=+ A sin(w)
wlL

wherelL is the commutation inductance. Alsobelongs typ-
ically to a small linear region as shown Big. 1(b) such that
positive signs in(2) are used forx >0 (A< 1), and negative
signs fora <0 (A>1). Our experimental work on inverters
shows that the optimized efficiency of D-STATCOM will be
about 92% for designing #250 kVAr D-STATCOM. Also,

to ensure that the rated reactive power is generated by D-
STATCOM. In practicel is chosen to be close to its upper
bound to limit a probable fault current down to its lowest
possible value as well as improving harmonic performance.

4.1.2. AC filter

Here a low-pass filter (LF) is designed to damp out high-
frequency ripples of converter output waveforms. To model
the Khoshnoodi substation, its local distribution network was
studied, resulting in an independent source in series with an
inductancd_s=147uH. Fig. 5a) shows that the converter is
connected to this model through an ac passive filter.

First, the transfer functioiY(s) =ic(s)/Vc(s) (the admit-
tance seen from the converter) is approximated. To this ex-
tent,Y(s) should be very close to zero at switching frequency
fs=2550 Hz. Hence, two complex conjugate zeros are placed
right afterfs, namely ats=j2x x 2600 rad/s, to get more at-
tenuation than a pure inductive filter. Now, the transfer func-
tion has two complex zeros, which needs two complex poles
to suit its phase relationship. Hence, two complex poles are
placed far enough from the zeros, while keeping enough dis-
tance from the 5100 Hz ripple to prevent a possible accentu-
ation at this frequency. Hence, they are chosen to be equal to
s=+j2m x 3400 rad/s.

L Lo
i ACFILTERS Ll i i
C
' oM - [ i
- Is) BS) [ * + c,
CONVERTER| 3, V v,
™ lics) ps
I - Vs Ve
NETWORK R,
i(S) - -
(S)z ——
V()

Fig. 5. (a) Equivalent circuit for the converter, ac filter, and the distribution network; (b) the resulting designed passive filter circuit.
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Fig. 6. Bode diagrams for the admittance seen from the converter o(m(jm) = ic(o) ) along with the notched frequency respons%ﬁ%.

Ve(jw)

Additionally, the LF transfer function needs a pole atori- /1 3784 x 1055 1 0
gin (ignoring series resistances) to introduce inductive phase 1 1396 x 1085 1
relationship. Particularly, this admittance needs to be equal )
to 1 1217 x 1075

x (6)
. 1 . 0 1

Y(s = j1001) = ———— = —j4.92,

jA00r(L + Ls) These three transfer matrices represent a LCL circuit with

at f=50Hz L1=378.4uH, C;=13.96uF, andL,=121.7uH as shown
by Fig. 5b). Inserting a X2 resistor &) in series with the
) o capacitanc€; will result in a much smoother response com-
whereL is the calculated commutation inductance of D- pared to that of the non-resistive circuit. The Bode diagrams
STATCOM. Applying these considerations will lead to the (IY(jw)| and £Y(jw)) are illustrated by solid line curve in

following approximate transfer function with two zeros and rig 6, Nevertheless, the dotted line curve demonstrates the

three poles: frequency response of the filter output curr 'C (3 when it
is notched by & C branch tuned at the carrier frequency of
Y(s) = 26424(s* + 163282) 4) the PWM scr):eme. | g
s(s2 + 21352)

Second, the filter elements can be synthesized by finding jtg4-1.3- DC capagitor

ABCD parameters from the approximated transfer function. An aggle-contrtl)llledd D'ST'?TCOM* (_jlscuzse(:] earr]ller in
ConsideringFig. 5a), the admittance seen from the converter >€Ction2, Is contro e-f r?’vel'r a mea(rjregmn. [8], the Cba_f'
is¥(s) = CT@G%ST)' which in combination with other cir- acteristic equation of this linearized system is given by:
cuit rules will eventually result in the filters ABCD param- . (2rqw),  a}C’

eters R is excluded). s°+s {— }

L' rp
A(s)  B(s) rswp [rswp  2wpC’ 2 3k2w§C/
(C(S) D(S) +s L’ ( L’ + o ) +to, + 2L’
1+5283x 107%2  5(6.429x 107132 w3’ 2N\ aiClr
+i = 1+ =5 )+ =" =1 =0 )
= +50014 x 10~°) (5) o 12 2L

—6 -9 2
1396 1077 141699107 where wp =100z rad/s is the system radian frequency,

[ [ i - i i [ = Loy
where this transfer matrix can now be introduced by its three (he ac series resistance in p.i), = =% in p.u., rp the
first-order factors shunt dc resistance in p.\C/ = & in p.u, k = 2, and
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Pl Peire lossesP for quarter of a cycle. To achieve this, the energy
stored in the capacitor must be at least 100 J. When the dc
voltage is 500V in an inductive mode, théh= 1CVd200
gives the minimum capacitance @s 800w.F. In practiceC

must be larger, because the dc voltage should be kept close
to its nominal value to work properly. Let the voltage fall

to 350V at the end of transient. The capacitance must now
be 1.57 mF. Note that with this capacitance, the dc voltage
would fall from 750V to 655V in a capacitive operational
mode. Taking the above discussed points into account, a ca-
pacitance bigger than 1.5 mF and smaller than 4 mF could be
chosen for the dc-side.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Imaginary

4.2. Control unit

Fig. 7. A polar plot for three eigenvalues obtained fréfnby varying the Here the control unit focuses on states of D-STATCOM
capacitanc€ within [150 wF, 6000uF]. over the linear region to set the required operating points (see
Fig. 1(b)), where a PWM scheme is used to synthesize the

2,=400/360%2. Considering the base impedarzg these converter voltage. Several stages could be found in the con-

parameters are available for the designed D-STATCOM:; Ol unitas shown byig. 2, showing the relationship among
L'=0.1442 p.u.fs=0.02 p.u.,rp =90 p.u. For a giverC different electronic hardware. The angle-controlled D-

roots of(7) present the eigenvalues of the device. Two com- STATCOM device controls reactive power by controlling the

plex and one real eigenvalues indicate the dynamic responsdhase difference over a linear region. Here 24,480 samples
of D-STATCOM. per cycle are taken from the low-voltage side (400 V) of the

A polar plot of these eigenvalues is shown by substation and stored in an erasable programmable read only
Fig. 7 in which C varies within [15Q.F, 6000uF] or memory (EPROM). Thus, the spacing between successive
C €[19p.u.,0.48 p.u.]. As seen froRig. 7, the damping of pulsesis 0.0147or 0.88 (min); the accuracy of the controlled
the complex eigenvalues is reduced frod9 to—13, and the anglea is 0.44 or half of a sample pulse width in the worst
real one from-22 to—19. The bigger the capacitanGethe case. The installed device operates at main frequency 50 Hz,
lower the damping and the slower the dynamic response of With @n operating control range af €[-0.912',1.53].
D-STATCOM. Nevertheless, even for a very big capacitance, HHeNce, to control reactive power flow to 1% of rated power
the D-STATCOM is still a highly damped and stable system. (here 2.5 k\_/Ar), anaccuracy of0.7@n|n) is required, which
Here the eigenvalues of D-STATCOM are independent,of ~¢an be achieved by the employed device.

i.e. independent of the control strategy applied. Using t_he electromc cwcunghown _leg. 8 the frequency

However. the transfer functiod®® has two complex ze- of the mains supply is determined with a phase locked loop,
r0s. which :;lre dependent on T: ﬁg@e 7610 OCCUr at lower and multiplied by 24,480 within the PLL. This resultant fre-

frequency than the poles as longiass smaller than a crit- qguency is then used as a clock for a counter showing the ad-
. 4 J1gss : dress of the reference EPROM. Atthe sametime, any changes
ical reactive current. Beyond this critical current, the bode

diagram shows a little phase margin near the system reso—mthe relative phase angids added instantly to this address,

. . and the counter reset to the resulting address. Simultaneously,
nant frequency. A non-linear state variable feedback control 9 y

. : ) S a parallel circuit integrates the changes in the relative phase
Is suggested if] to overcome this problem by causing im- angle and stores an instantaneg@as the initial value. When-
provement in the phase margin. :

Further, it is shown ifj2] that for a specified input volt- ever a zero voltage detector detects the zero-crossing of the
' . . P P . mains supply voltage, the counter is reset to this initial value
age, as the capacitan€encreases, the fundamental negative

to manage a fast and accurate phase correction. Therefore, the
sequence current decreases gradually down to zefp at . .
IGBT-based converter and modern control electronics give

2 . P 2
fwglr and then rises up sharply to infinity &t = Zéw;f F. the D-STATCOM a dynamic performance capability far ex-
Similarly, the third harmonic current first slowly rises and ceeding that of other reactive power compensators.
then asymptotically approaches to infinity@Gt C;. For the Another EPROM stores the triangular carrier with the
designed D-STATCOMC. andC; are worked out as 3.9mF  same clock as the reference EPROM. Thus, the period of
and 15.6 mF, respectively. the carrier changes exactly in accordance to the variations

Moreover, under transient conditions, this equipment of the detected frequency of mains supply. Hence, despite
needs to keep its dc-level for a few milliseconds. Assume any frequency changes, the ratio of the reference period over
D-STATCOM is operating in a steady statéyco=500V, the carrier periodNl) remains constant. In a balanced three-
P =20 kW, andQ =250 kVAr. Also, letthe equipment be sub- phase system, there is an equal?@@ase difference between
jected to a transient, which needs to supply the active powerany two phases. However, the phasing of the high frequency
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Fig. 8. The electronic circuit providing the relative phase angier the converter voltage.

carrier with respect to the mains supply frequency could be 4.2.1. Voltage regulation and unbalance control

different for all three phases. To achieve an exact phase bal- The DSP analyzes the control algorithm for the un-
ance, the constant rat could be considered as an odd balance issue along with either reactive power control or
multiple of three. HereM =51 (480 samples per triangular voltage regulation. It provides two reference signals, posi-
waveform) was chosen for the device. tive and negative sequence voItagEgL Yo andVg Za7),

CHECK TIME AND DATE

(a) ()

Fig. 9. Start-up sequencing: (a) dc voltage build-up during the three steps; (b) converter current during the start up.

Cl=0.5V =8,
C120,5V C2=0.5V C3=50 . Shos 2y G2

TBA=10ms

Fig. 10. Steady-state operation of D-STATCOM for (a) inductive mode and (b) capacitive mode.
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that are added together to form the PWM referevge «

(seeFig. 8. Using a fundamental positive sequence de- — C3=0.2v
-1 1

tector (PSD), positive sequence voltage of ac netwidrk

is obtained. At the same time, the signalPoss is pro-
vided by comparing the dc voltagé;c with the reference

dc voltageVycrer, and applying the difference to a PI con-
troller. Also, the three-phase load voltages and currents are
used to work out the needed reactive poj&d]. Note

that the DSP (TMS320VC5416) uses a Newton—Raphson
algorithm to solve a set of equations to obtain the forgo-
ing named positive and negative references. These equa-
tions are arranged based on imposing the required objec-
tives to reduce the source-end current unbalance. A de-
tailed description of this control algorithm could be found CHECK TIME AND DATE
in [8].

Fig. 11. dc-side voltage oscillations of D-STATCOM due to the grid unbal-
ance.

5. Experimental results
while the starting resistor still limits the converter current.

Here various experimental results are presented includingFinally, a contactor will bypass this starting resistor for nor-
both uncontrolled and controlled tests. It should be explained mal operation of D-STATCOM. The mentioned sequence was
that start up and shut down sequencing are managed by DSpecorded and is depicted Byg. (a and b) in which the three
through the CTRL board. Start up sequence of D-STATCOM Nhamed steps are clearly showig. Y(a) gives the dc voltage
is done in three steps. First, itis connected to the 400 V bus asPuilt up, andFig. Y(b) shows the D-STATCOM current. At
a rectifying device to charge the dc capacitors close to their the end of this process, the starting resistor is bypassed, and
nominal voltage. A resistor limits the drawn current. Then, the the phase angle is available to be determined in a closed
converter's switches are pulsed to operate as a D-STATCOM, loop.

Cl1=0.,2V C2=9.5V C3=5V Cl=0.2V C2=0.5V C3=5y
TBA=10ms TBA=1@ms

TBA=100ms TBA=100ms

CHECK TIME AND DATE CHECK TIHE AND DATE

©

Fig. 12. Uncontrolled dynamic response of D-STATCOM for two cases: (a) transition from inductive to capacitive mode, and (b) transition frave tapacit
inductive mode; (c and d) the dc voltage transition under a controlled program by the DSP.
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5.1. Uncontrolled tests tribution system. This prototype installation is an im-
portant step towards not only demonstrating IGBT-based

Here the magnitude and angle of a positive sequence volt-technology for the first time in Iran, but also proving

age are manually entered as the reference for the PWMthe equipment viability in practical distribution applica-
scheme to be synthesized by the converter. First, under an untions. The design procedure is detailed in two parts,
controlled situation, steady-state operation of D-STATCOM power circuit and control unit. This paper discusses dif-

is considered for both inductive & 0) and capacitivex(< 0) ferent aspects on selection of the commutation induc-
VAr compensationFig. 10a) shows an inductive mode, tance, ac filter, and dc capacitor for the power circuit,
where the current lags the applied voltagég. 1Qb) de- and various electronic control blocks for the control unit.

picts a capacitive mode, where the current leads the appliedFurther, several experimental results demonstrate a satisfac-
voltage by about 90 Here the dc voltage in capacitive mode tory operation and good performance for the installed D-
is bigger than that of inductive mode as it is expected (see STATCOM.
Fig. 1(b)).

However, both pictures illustrate a dominant 100 Hz along
with 50 Hz oscillations on top of the dc voltage. This basically Acknowledgments
reflects the impact of the substation unbalance voltages on the
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