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Introduction

In recent decades, the electric distribution systems are
suffering from significant power quality (PQ) problems,
which are characterized by low power factor, poor voltage
profile, voltage fluctuations, voltage sag/swell, load
unbalancing, and supply interruptions. These power
quality issues have attracted attention to the researchers
both in academic and industry. As a result, many power
quality standards were proposed in [1], such as the IEEE
519-1992, IEEE Std.141-1993, IEEE Std.1159-1995 and
IEC 1000-3-2, etc. Among all forms of the power quality
issues, the voltage fluctuations or sag/swell problems were
recognized as the most costly events in the modern
assembly lines and commercial offices. On the other hand,
the increasing power quality problems have stimulated a
great potential for the industry to devise the power quality
mitigation and compensation devices. For instance, the
static  synchronous compensator (STATCOM) are
designed to compensate fundamental frequency reactive
power component, moreover, the STATCOM also has the
capability for voltage regulation for grid voltage at the
common coupling point (PCC) by injecting or absorption
a certain amount of reactive power. Hence the STATCOM
received considerable attention due to the urgent
requirement for tackling the voltage fluctuation problems.

Compared with the static var compensator (SVC), the
STATCOM has advantages such as fast, continuous
reactive power output ability, high efficiency and low
harmonic distortion in the output current [2]. There are
actually two different kinds of STATCOMs, classified by
their inverter configuration: voltage source inverters (VSIs)
and current source inverters (CSIs).

Nowadays, the pulse width modulated (PWM) three-
phase voltage-source inverter (VSI) is the most common
dc/ac power converter, extensively used in ac drive
systems, ac uninterruptible power supplies and the active
power filters ,which has been operated in transmission or
distribution power systems [2—8, 11]. Simple and robust, it
is easy to control in the feed- forward voltage mode or
feedback current mode. Wide ranges of the frequency and
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magnitude of fundamental output voltage are attainable.
Moreover, the VSIs, typically based on the fast-switching
IGBTSs, are not free of certain drawbacks, which include
substantial switching losses, conducted and radiated
electromagnetic interference (EMI).

The current source inverters (CSls), typically,
supplied from controlled rectifiers with close-loop current
control, which can transfer the electric power in both
directions and are characterized by a fast response to the
phase command for the vector of output current. Due to
large dc-link inductance and current control in the rectifier,
the inherent protection from over-current, the power
circuit of the CSI is simpler and more robust than that of
the VSI. Meanwhile, the CSI topology offers a number of
distinct advantages over VSI topology [9] as following: 1)
directly controlling the output current of inverter, 2)
implicit short-circuit protection, the output current being
limited by the dc inductor; 3) high converter reliability,
due to the unidirectional nature of the switches and the
inherent short-circuit protection; 4) fast start-up, where no
additional start-up rectifier is needed. In addition, unlike
VSI STATCOM, the CSI STATCOM injects no harmonic
into the ac network when it is operating at zero. These
characters make the CSI a potential device for reactive
power control.

The research on the CSI topology and its allocations
in power systems has been discussed in detail [9-10].
When applied to STATCOM, the direct output of a CSI is
a controllable ac current, whereas that of a VSI is a
controllable ac voltage. In most transmission systems,
under normal operating conditions, the current injected by
STATCOM is a small percentage of the line current.
Therefore, when CSI is applied, the current harmonics are
very small. On the contrary, the VSI topology results
larger voltage and current harmonic distortions. On the
other hand, the dc energy storage element in CSI topology
is an inductor, whereas in VSI topology is a capacitor,
which means that the power loss and dc energy storage
requirement of CSI is lower than that of VSI.

This paper is organized as follows: The mathematical
linear modeling of the CSI-based STATCOM is presented



in Section 2. And the control strategies are presented in
Section3, where a decoupled state-feedback with PI
controller is formulated and discussed in detail. In section
4, the performances of the STATCOM during the steady-
state and responsibility to step changes in the reference
values of the g-axis and dc-side current are evaluated by
simulation tool PSCAD/EMTDC. Finally, Section 6
concludes this paper.

CSI-based STATCOM modeling

The topology of the CSI STATCOM presented in this
paper is depicted in Fig.1. It is equal to be a controllable
current source, which generates a 90° leading or lagging
sinusoidal current with respect to the corresponding phase
voltage. The differential equations for the system in the
synchronous frame are derived as [6-8]:
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where w, is fundamental frequency of the grid voltage. M,
and M, are the control signals of CSI and can be expressed

by
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where M is the modulation index and ¢ is the phase angle
of CSI output current. In order to simplify the analysis,
assuming that the d-axis frame is coincided with direction
of the space vector of the system voltage, i.e.,
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where V is the RMS value of phase voltage of the system.
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Fig. 1. The schematic of STATCOM based on CSI

It can be deduced from eq.(1) that the system is
nonlinear due to the existence of variables Mqv.qand Myveq,
It is obvious that i, is the source of nonlinearity in the

model of the CSC-based STATCOM. An alternate method

for describing the dynamics of i, is to use the active

power balance equation. Neglecting the power loss in
resistance R and the switches, the active power balance
equation is

BI(‘ = Pdc > (4)

The active power delivered by the ac source P,. and
the active power absorbed by the dc-side P, can be
expressed as
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Then the following expression can be derived:
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which can be written as
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In (8), ijl, is taken as the state variable instead of iy,

which can make the dynamic equation linear. Since i,
does not change direction, it will not cause any technical

problem to choose i} as state variable. In the steady state,

the range of variations of vy, is very small, which can be
equal to a constant. Therefore it is reasonable to treat (11)
as a linear equation. In eq.(1), the input variables v, and
Ve, are coupled with i, therefore two new variables are
defined to linearize the system. Note that
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Submitting egs.(3) and (9) into eq.(1), the resulting
improved dynamic model of the STATCOM in matrix
form can be derived as
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In order to analysis in the follow section, Eq.(10) is
simplified in the matrix form

X=Ax+Bu+ Fe, (11)



y=0Cx, (12)
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where idzc Ay 1g Veg and v, are defined as the state

variables, i;; and i;, are the input variables , ’3(- and i, are

the output variables, R, L, Cs, Ry, Ly ,Vs and w, are
system parameters and considered as constants.

Decoupled state-feedback controller design

In Section 2, a linear model for the CSI-based
STATCOM was derived. In this section, the decoupled
state-feedback with assistant PI controller is formulated.
In order to eliminate the state error when modeling the
system, an assistant PI controller is designed. For a linear
system represented by eq. (11) and eq. (12), it is easy to
design a state-feedback controller. The controller can be
described as the following form:

u=-Kx+T7y,, +Me, (14)

where y,.. =[(i3,),; G, ] is the reference input, K is a
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2x5 constant state-feedback gain matrix for state-variables
x, T is a 2x2 constant diagonal gain matrix for the
reference input, and M is a 2x1 constant gain vector.

According to egs.(11)~(14), the relationship between
the input and output of close loop controller is

y=C(SI-A+BK) [ BIy,, +(BM +F)e].  (15)

In order to eliminate the cross coupling between i,
and i,, it is necessary to choose some of the entries of K to
make the matrix C(SI-4+BK)"'B diagonal. The poles of the
close-loop system are set on the negative axis in order to
obtain a fast, smooth, transient response without

overshoot. According to this principle, the parameter K
can be computed using MATLAB.

Under steady state, x =0, Eq.(15) can be expressed
as

y=C(BK-A)'[BIy,, +(BM+F)e]. (16)

In order to let y track the reference value y,.; the
following condition must be satisfied:

C(BK-A4) BT=E,
4 (17)
C(BK—-A) (BM+F)e=0,
where £ is a 2x2 identify matrix. According to eq.(17), the
entries of 7 and M can be found. Therefore, the parameters
of state-feedback controller are all obtained.

Because of neglecting the power loss in R and
switches when we linearize the STATCOM system, it may
cause the steady-state error. In order to eliminate the error,
a PI controller is proposed. The PI controller can keep the
output variables to track the reference input variables. The
final controller can be the form of

y Ve (18)
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where [K, K] is a 2x4 constant matrix.

Assuming elements in the K, 7 and M are all zeroes,
t t
and define a new integral vector x, = L ydt = J'O Cxdt

therefore, the controller can be revised as:
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Fig. 2. Block diagram of the STATCOM controller

The entries of [K}, Ki] can be uniquely found based on
the specified set of poles of the system and making the



system decoupled. The block diagram of the whole
STATCOM controller is shown in Fig 2.

Simulation results

In order to test performance of CSl-based
STATCOM described by the linear model, extensive
simulation results by PSCAD/EMTDC are provided. All
the simulations are based on the 230kV/100MVA power
rating system which is shown in Fig. 3.

The system consists of a single machine infinitive bus
(SMIB) with a STATCOM. The base values for the
voltage and power are taken to be 230 kV and 100 MVA,
respectively. The voltages at both ends are 1.0 p.u., and
6=30°. The line impedance is 0.01+70.03p.u, which is split
equally on the left- and right-hand sides of the connecting
point of the STATCOM. In Fig.3, the line resistor and
inductance of each phase is R=0.15Q2 and L=1.2mH.The
capacitance of the filter capacitors is C=90uF. The dc
inductor is sized at 50mH to ensure a dc current ripple of
less than 5%. The dc resistor is neglected. The switching
frequency is set to 1350Hz, which means 27 times higher
than the fundamental frequency. Three types of simulation
results are shown in Figs.4~6.
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Fig. 3. Schematic diagram of simulation system
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Fig. 4. Step response of I, . Waveforms of inject current 7,; dc
current /,; reference and real value I, I,

Fig.4 shows how the dc current can be regulated to its
reference values. At first, 7, is maintained at 30 kA, the
peak value of STATCOM output current /, is about 20 kA,
the reference values of [, and 7, are 20kA, OKA,
respectively. At =230ms, the dc current reference are
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changed into 25 kA. As shown in Fig. 4, [,. follows the
change in the reference and reaches the new set-point
within a half cycle, with very small disturbance on the
reactive power exchange, which is represented by /,. The
total harmonic distortion (THD) of the injected current is
always less than 3%. At =270ms, the dc current reference
is recovered to 30 kA. Similarly, /,. follows the change in
the reference and reaches the new set-point within half a
cycle.

Fig. 5 shows how the responsibility of applying a step
changes in the q-axis current reference values. At first, /,
is maintained at 10 kA, and the peak value of STATCOM
output current /, is about 10 kA. At =160ms, the g-axis
current reference is changed into 20kA. As shown in
Fig.5, I, tracks the change in the reference and reaches the
new set-point within 0.2 cycle, with very small influence
on the dc quantity. The proposed control strategy yields a
fast dynamic response in the ac current waveform.

Fig. 6 shows how the dc current and the g-axis
current can be regulated to its reference values at the same
time. At first, /. is maintained at 20 kA, 7, is 10 kA, and
the peak value of 7, is 10kA. At r=450ms, the dc current
reference is changed into 30 kA, meanwhile the g-axis
current reference is changed into 20kA. As shown in
Fig.6, I,. and I, follow the change in the reference and
reach the new set-point within half a cycle. The total
harmonic distortion (THD) of the injected current is very
small. The reactive power can increase geminately within
half a cycle.
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It can be concluded from Fig.4~6 that there exists no cross
coupling between /,. and /,, thus they can regulated separately
introducing minimal disturbance to each other. The poles of the
system are on the negative real axis, which yields a fast, smooth,
non-oscillatory transient response in the /;. and /,. What’s more
1. can be stepped down to minimize the loss if the reactive



power compensation is not necessary. On the contrary, I, and I,
can be stepped up to excite the STATCOM.
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Conclusion

In this paper, a CSC-based STATCOM is proposed.
A linear model for the STATCOM is derived from the
original nonlinear model by applying the power balance
equation and a nonlinear input transformation. The new
linear model is independent of the operating point. The
decoupled state-feedback control with a reduced-order
state estimator is formulated and applied to the CSC-based
STATCOM.

The performances of the STATCOM at steady-state
and in response to step changes in the reference values of
the system voltage and the dc-side current are evaluated
using the simulation results from PSCAD/EMTDC
package.

The simulation results indicate that the CSC-based
STATCOM can fulfill all the objectives of a STATCOM.
The CSC-based STATCOM has the potential of becoming

a new FACTS device because of its fast response and low
harmonic distortion in the injected current while being
operated at a very low switching frequency. This will pave
the way for other CSCbased FACTS devices.

Similarly, in the future work, the control strategy
based on state-feedback assisted with PI controller can be
applied to the VSI-STATCOM topology, which also can
improve the performance of VSI-STATCOM.
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The static synchronous compensator (STATCOM) is well known as a reactive power compensator with the best performance in the
power system recently, which is used in power systems to regulate the line voltage, enhance the power transmission capacity and extend
the transient stability margin. STATCOM is conventionally realized by a voltage-source converter; however, being a current injection
device, its performance can be improved when realized by a current-source converter (CSC) that can generate a controllable current
directly at its output terminals. A STATCOM based on the current-source converter topology is proposed. The nonlinear model of the
current-source converter, which is the source of the difficulties in the controller design, has been modified to a linear model through a
novel modeling technique. The proposed modeling technique is not based on the linearization of a set of nonlinear equations around an
operating point. Instead, the power balance equation and a nonlinear input transformation are used to derive a linear model independent
of the operating point. This model acts as the basis for the design of a decoupled state-feedback controller. The proposed STATCOM
has been simulated using the PSCAD/EMTDC package. The simulation results show that a CSC-based STATCOM can result in
excellent current and voltage waveforms as well as very short response time while operating at a low switching frequency. This makes
the proposed scheme suitable for high power applications. Ill. 6, bibl. 11 (in English; summaries in English, Russian and Lithuanian).



I'an Slo, JIuKcy Tao, JIuJlan Koy, Usn UsH. Ynpasiienue ucrounuka toka STATCOM Ha ocHOBe HHBepTOpa ¢ 00paTHOI
CBA3BIO // DJIeKTPOHUKA M dj1eKTpoTexHuka. — Kaynac: Texnonorus, 2010. — Ne 3(99). — C. 17-22.

Crarudeckue cuaxpoHHble komieHcaTopsl (STATCOM) xopoImio u3BeCTHBI KaK KOMIIEHCATOpa PEaKTUBHOM MOIIHOCTH, KOTOPBIE
HCTIONB3YIOTCS B SHEPTETHUECKUX CHCTEMAX JUISl PETyIMPOBAHHS HAMPSKEHMUS, TOBBIMIEHNUS MOIIHOCTH JIMHHU MEePeaaqn U MOBbIIICHHS
nepexoHo# rpanuns! cradmibHOCTH. STATCOM 00BIMHO OCYIIECTBIIETCs IIPU MOMOIIH npeoOpasoBaTens HanpspkeHus. OnHako, ee
MIPOM3BOJUTEIHHOCT MOXKET OBITH yIIydIlIeHa, HCIOJB3Ys IpeodpaszoBaTens Toka (CSC), KOTOPHIH MOXKET TeHEPHPOBATH YIIPABIIIEMbIH
TOK HEMOCPEICTBEHHO Ha BBIXOAHBIX TepMmuHanax. Ilpemnaraercs tononorus STATCOM Ha ocHoBe KoHBepTOpa Toka. Henuneiinas
MOZeNb mpeoOpazoBaTeds TOKa, KOTOpas M SBISIETCS WCTOYHHKOM. IIpoOieM mpH IIpOEKTHpOBaHMM KOHTpOJUIepa, OblIa
MOZM(HUIMPOBAHA B JIMHEHHYIO MOJENb C MOMOIIBI0 HOBOTO METOZa MOJENUpOBaHMsA. IIpeuiokeHHas METOJUKa MOJEIUPOBAHHS
OCHOBBIBAETCS HE Ha JIMHEAPH3AI[MU COBOKYMHOCTh HEIHMHEHHBIX ypaBHEHHil. BMecTo 3TOro ypaBHeHHs HEpreTHYecKoro OamaHca M
HEJIMHEHHOTO MpeoO0pa3oBaHUs BXOIHBIX CUTHAJIOB MCHOJB3YIOTCS IS MOJyYCHUS JIMHEHHOW MOJETN HE3aBUCHMOM paboueil Touku.
DTta Mozenb AeHCTBYeT B Ka4eCTBE OCHOBBI Ui pa3paboTKu peryisaTopa ¢ odpaTHoi cBsa3bio. [Ipemnoxen STATCOM mopenupoBas,
ncnonszyst PSCAD/EMTDC nporpammy. Pesynbratsl MogennpoBanus nokassBaiot, 4To STATCOM Ha ocnoBe CSC Moxer co3znath
KaueCTBCHHBIC CUTHAJIbI TOKAa M HANPSDKEHUS, a TakKe 00ECIeunTh OYeHb KOPOTKOE BpeMsl peakIuH Npu paboTe Ha HU3KOM YacTOTe
nepexirodenus. M. 6, 6u6mn. 11 (Ha aHMIMICKOM s3bIKe; pedepaThl Ha aHTTIMHCKOM, PYCCKOM H JINTOBCKOM 513.).

Gang Yao, LiXue Tao, LiDan Zhou, Chen Chen. Srovés keitiklio pagrindu sudaryto STATCOM valdymas grjZtamuoju rySiu
ry$j // Elektronika ir elektrotechnika. — Kaunas: Technologija, 2010. — Nr. 3(99). — P. 17-22.

Statiniai sinchroniniai kompensatoriai (STATCOM) gerai zinomi kaip labai efektyviis reaktyviosios galios kompensatoriai. Jie
naudojami elektros tiekimo linijy itampai reguliuoti, perduodamai galiai ir pereinamojo stabilumo ribai padidinti. STATCOM paprastai
konstruojamas naudojant jtampos keitiklj, taiau jo nasuma galima padidinti naudojant srovés keitiklj (CSC), i$¢jimo jungtyse galintj
generuoti reguliuojama srove. Pasililyta srovés keitiklio pagrindu sudaryto STATCOM topologija. Netiesinis srovés keitiklio modelis,
sukeliantis daugiausia problemy projektuojant valdiklius, nauju modeliavimo metodu, pakeistas i tiesini modeli. Sitilomas modeliavimo
metodas remiasi tuo, kad galios balanso lygtis ir netiesiné i¢jimo signalo transformacija naudojama sukurti tiesiniam modeliui, kuriems
neturéty jtakos darbinio tasko parametrai. Sio modelio pagrindu projektuojamas griztamuojo rysio valdiklis. Pasidlytasis STATCOM
sumodeliuotas PSCAD/EMTDC aplinkoje. Modeliavimo rezultatai parodé, kad CSC pagrindu sukurtas STATCOM gali tiekti
kokybiskus srovés ir itampos signalus ir pasizymi labai trumpa reakcijos trukme, kai perjungimo daznis yra nedidelis. Il. 6, bibl. 11
(angly kalba; santraukos angly, rusy ir lietuviy k.).
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