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Abstract—This paper presents a linear state-space model af
Static VAR Compensator. The model consists of thremdividual
subsystem models: an AC system, a SVC model and antroller
model, linked together throughd-q transformation. The issue of
non-linear susceptance-voltage term and coupling ¥i a static
frame of reference is resolved using an artificiatotating suscep-
tance and linearising its dependence on firing angl The model is
implemented in MATLAB and verified against PSCAD/EMTDC
in the time and frequency domains. The verificatiordemonstrates
very good system gain accuracy in a wide frequencyange
f<150Hz, whereas the phase angle shows somewhat inferior
matching above25Hz. It is concluded that the model is sufficiently
accurate for many control design applications and mctical sta-
bility issues. The model's use is demonstrated bynalyzing the
dynamic influence of the PLL gains, where the eigealue move-
ment shows that reductions in gains deteriorate syam stability.

Index Terms—Modeling, Power system dynamic stability,
State space methods, Static VAR Compensators, Thgtor con-
verters.

l.
tatic VAR Compensators are mostly analyzed usinglBEM

INTRODUCTION

type programs like PSCAD/EMTDC or RTDS. These S{

mulation tools are accurate but they employ tned arror type
studies only, implying a tedious blind search fog best solu-
tion in the case of complex analysis/design tabksrder to
apply dynamic systems analysis techniques or modentrol

design theories that would in the end shorten #wgth time,
optimize resources and offer new configurationgrehis a
need for a suitable and accurate system dynamiceindd

particular, an eigenvalue and frequency domainyaisabased
on an accurate state space system model would presatia-

ble for system designers and operators.

There have been a number of attempts to deriveeaurate
analytical model of a Static VAR Compensator (SV@),a
Thyristor Controlled Series Capacitor (TCSC), tlean be
employed in system stability studies and contradlesign [1]-
[7].

The SVC model presented in [1] belongs to clasgicater
system modeling based on the fundamental frequesiese-
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sentation. These models are used with power flogiss and
for stability analysis at very low frequenciegHz) only,

whereas they show very poor performance with meteikkd

stability studies. The model presented in [2] uaespecial
form of discretisation, applying Poincare mappifog,the par-
ticular Kayenta TCSC installation. The model detitva for a

different system will be similarly tedious and tfieal model

form is not convenient for the application of stardistability
studies and controller design theories. A similaalf model

form is derived in [3], however the model derivatis im-

proved since direct discretisation of the lineastesn model is
used. The importance of having a state-space remet li-

near continuous system model, is well recognize@tjnThe

model derivation in this case is based on a compilathemat-
ical procedure encompassing averaging and integrafdl-

lowed by discrete representation and the subsequedel

conversion into linear continuous form. The modsbaloes
not have a modular form for subsystem represematidich

would enable studies of internal system dynamiabk sabsys-
tem interactions. The approach used in [5] recagnthe ben-
efits of modular system representation, wdth] transformation
used for coupling with the external AC system. Heeve since
he open loop approach is used, the model doesduress
issues of coupling with the static controller moda coupl-
ing with the Phase Locked Loop (PLL). The modelprin-

ciple reported in [6] employs rotating vectors thed difficult

to use with stability studies, and only considéws épen loop
configuration. The SVC model developed in [7] isaiconve-
nient final form, nevertheless it is oversimplifiadd the deri-
vation procedure for non-linear segments is cundrees Most
of the reported models are therefore concerned avjtlarticu-
lar system, a specific operating problem or paldictype of
study and many do not include control elements.

An ideal SVC system dynamic model would possessidbe
high accuracy, a convenient (linear state-spacejemform,
and it would adequately represent most practicaarpaters
and variables. The model should be compatible witidern
control theories and preferably be readily impletednwith
software tools like MATLAB.

This research adopts a systematic modeling apprbsch
segmenting the system into three subsystems arddudlly
modeling them withd-q transformation and matrix coupling
between them to achieve the above propertiessdt s¢eks to
offer complete closed loop model verification ire thime and
frequency domains. The modeling method resemblesotie
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IIl. TESTSYSTEM

The test system in use consists of a SVC conneoteth
AC system that is represented by an equivalent diapee and
a local load, as shown in Figure 1. The SVC is \g#nyilar to
the one proposed in [10] and used as tutorial el@mp11],
except that non-linear transformer effects (saitbmaind mag-
netizing current) are neglected. The AC system rhizdalso
based on [11], with the introduction of an additiblocal load
and a variation in system impedance to represdereint and
extreme system strengths. Two AC system configumatare
considered: System 1 with equivalent impedane&2Q054°
(200MVA), and System 2 having ten times increageshgth
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where each of the indicég andk, take all values from the set
of three textual labels:at” —AC system, tc” -SVC, “co’” —
Controller, where the following cases are excludegl:and
i=k. The variables with subscripptit’ are the outside inputs
and outputs. All matrices in the model (1) beloaghe sub-
system denoted by the first indeiX.“The input matricesB;;,
take the second index"“from the particular input-side con-
necting subsystem (i.eB,c,is the AC model input matrix that
takes input signals from the controller), and thépat matric-
es Cy have the second index™associated with the linking
subsystem that takes the particular output vedfdith Dy
matrices the second and the third index label spud out-

2,=7.2Q0085° (2000MVA) in order to fully validate the modelputs, respectively.

accuracy and flexibility.

The control system is structurally based on [11f dgmins
are adjusted to reflect changes in the AC systdm. tést sys-
tem data are given in the Appendix.

frame

Q- Calculated firing angle
O - PLL reference angle
(¢ -Actual firing angle

PLL - Phase Locked Loop
PI - Voltage PI controller

TCR - Thyristor Controlled

V,,¢ - Mag, phase angle of V; Reactor

v, =V, cosfot +¢)

Figure 1. Test system configuration.
I1l. ANALYTICAL MODEL

A. Model structure

To avoid pitfalls with modeling complex systemse thys-
tem model is here divided into three subsystem#&@usystem
model, a SVC model and a controller model. Eacltsystbm
is developed as a standalone state-space modghdimith
the remaining two subsystems and with the outsigeats.
With this structure, the subsystems can be analymeben-
dently and their influence after the model conmetican be
investigated, whilst enabling convenient couplinghwnore
complex, future configurations.

The state-space model for a subsystem uhitdkes the
following generic form:

X =AX +ZB|jQij +BjUgy
j

- 1
Yie = CicXi +Z Dijk Ui * DioutkYout @
i

Xiout = Ciout)f(i + Z Dijoutgij + Dioutoutgout
J

B. AC System Model

The AC system model is linear, developed in the mean
described in [8] and [9], and only a derivatiormsoary is
presented here.

A single-phase dynamic model is developed firstiging
the instantaneous circuit variables as the staitestest system
uses a third order model wiihy, i, andv,; as the states. A
phase &’ model is given below (to increase clarity of pes
tation we consider only one input link, one outfink and
only oneD matrix):

o

l(aca - Aacal(aca + Bacacogacaco

2
Xacaco = Cacaco)_(aca + Dacacocou acaco

where the subscriptatd denotes phasa of the AC system.
Using the single-phase model and assuming ide&raysym-
metry, a complete three-phase model in the rotatbaydinate
frame is readily created. To enable a wider frequerange
dynamic analysis and coupling with the static cowate

frame, the above model is converted to thq static frame
using Park’'s transformation [8],[12]. The AC mod&

represented in the-g frame as:

o

l(ac = Aacl(ac + Baccogacco

Yaceo = CaccoXacco + Dacacocddacco

Aaca - wO[l ]ani| |:Bacaco [O]nxmj|
C = 1 Bacco = 1
Aa |:a)0 [ I ]an Aaca [O] nxm Bacaco (4)

C = |:Cacaco [0] rxn i| D = |:Dacacoco [O] rxm :|
acee [O]rxn Cacaco ’ aococe [O]rxm Dacacoco ’

where a = 27 , n- is the AC system ordem — the number

®3)

of inputs, and — the number of outputs. The states, inputs and
outputs in the above model are theg components of the in-

stantaneous system variables:
_ Yacacod (5)
yacacoq

X = Xacad u _ Uacacod y
2Lac — » Zacco — )

Xacaq Uacacoq —acco
The static VAR compensator under consideration is a

C. Static VAR Compensator Model



twelve pulse system with two six pulse groupdiconnection
and coupled with the network through a single, éhrénding
transformer with Y and secondaries [10],[11].

The SVC impedances are converted to Y configuradiach
transferred to the primary transformer voltage.tEsig-pulse
group consists of the transformer model, the thyrigon-
trolled reactor (TCR) and the capacitor unit ingdlat with a
resistance. An equivalent, six-pulse group modedhiswn in
the singe phase diagram in Figure 2.

Figure 2. SVC electrical circuit model

The model can be represented in the state-spacaidl@s
follows:

11
It - :Vl_:VZ (6)
° 1 1.

vV, = g't _gltcr (7)
io = 1 Y (8)
L (@) 2

Equation (8) is non-linear in view of the fact thheé TCR
reactance is dependent upon the firing angle oddairom the
controller model. This equation cannot be diredithearised
since the SVC model is developed in the AC franth wscil-
lating variables, (i.ev, =V, cos(at +¢)) whereas the firing

angle signal is derived as a signal in the corgraleference
frame (i.e. a non-oscillating signal).

To link the SVC model with the controller modelgethp-
proach of artificial rotating susceptance is addpteis firstly
presumed that the AC terminal voltage has theviotig value

— Licrm”?
(2m-@)-sin(2r- @)’

12)

LTCI’

where Lym corresponds to the maximum conduction period,

¢=90°. Equation (12) can be linearised as:

DU Lt )= Ky Ky =0(L/ Ligy )/ 09, (13)

The above linearisation is justified in practicecg most mod-
ern SVC control systems will have a gain compeonsati
scheme (look-up table) that maintains a constastiesy gain
[13].

In view of (13), and neglecting the small termsuatepn
(112) is written as:

Diter =VoKg, Ap+ V] LS., (14)
and it replaces (8) in the model. Equation (14inishe AC
coordinate frame, and the following term:

VoK s A@ =V K, Agcos(at +¢°) (15)

is an artificial oscillating variable (susceptanttegt has a va-
rying magnitude and a constant angle equal to titage no-
minal angle. In this way, the SVC model (6),(7)) s all
oscillating variables that are converteddta variables, as is
done with the AC system model in (3)-(5). Subsetlygnsing
the d-g components of the inputs and outputs, this moslel i
linked with the other model units. In order to litiled-q com-
ponents of the rotating susceptance (15) with thetroller
module, these components are further convertedcagnitude-
angle components using they to polar co-ordinate transfor-
mation [8].

It should be noted that the transformer impeddhgemust
be included in this model since the eigenvalueyaigmbproves
that this parameter has noticeable effects on mydigmamics.
This conclusion is contrary to HVYDC modeling pripleis,
since it has been demonstrated [8],[9] that transfo dynam-
ics can be excluded from system dynamic models.

D. Controller Model
The controller model consists of a second ordedidaek

in the steady stateag :V20 cos(at +¢° ), where superscript filter, Pl controller, Phase Locked Loop (PLL) mbdend

“0” denotes the steady-state variable, i\ is a constant
magnitude ¢’ is a constant angle arug is a rotating vector of

a constant magnitude and angle. The susceptange wathe
steady-state ig / L?cr'

Assuming small perturbations around the steadg stathave:
v, = (V3 +Av,) €)
1 L =1/ LY, +A(L/ Ly ) - (10)

Small perturbations are justified assuming an éffec/oltage
control at the nominal value. Multiplying the terins(9) and
(10) and substituting in (8) results in:

Aith:VgA(ll Ltcr)"'AVZ/ Ltocr+AV2A(1/ Ltcr) (11)
The susceptance in (11) is further representedgusily the
fundamental component, as [13]:

transport delay model, as shown in Figure 3. The 8lstem
is of thed-g-ztype and its functional diagram is given in [14]
and [10], whereas the state space linearised semmiedl mod-
el is developed in [8].

The delay filter does not have dynamic equivalarhe ac-
tual system. It is introduced to represent thectffef the dis-
crete nature of the signal transfer caused bydtorifirings at
discrete instants in the fundamental cycle. Thigpsified con-
tinuous-element modeling of a discrete phenomeras Ik
mited accuracy, but the model application valuenigch in-
creased with the continuous form and, as demoestrat the
following sections, accuracy proves satisfactony fmst ap-
plications. Researchers in [1] conclude that thiyddilter
time constant has a value ®6msand reference [13] suggests
2.77ms During the proposed model verification, simulatio
studies have suggested that the value of approgiynat

T4=2.85msis used, which is in agreement with the above rec-



ommendations.

¢
:
Vil W K+ k, 119
32+2<rwr3+wf RS p g T,s+1
Feedback filter Vi Pl controller Delay filter

Figure 3. Controller model

E. Model Connections 123.5
The above three models are linked to form a sieg&em 123 '/”
model in the state-space form. The final modelthagollow- _
ing structure: 21225
: ‘18% e T PSCAD
l(S - ASl(S + Bsgout (16) -’;6121'5 MATLAB
= +
XOUI C:S)—(S Dsuout 121f /
where ‘5" labels the overall system and the model matrices |
} 120.51 /!
are: /
Aco Bcotc * thco Bcoac * Cacco 120O 0.65 OllT_ O.[i]s 0‘.2 0.25 0.3
ime (s
A% = Btcco * Ccotc A\c Btcac * Cactc (17) Figure 4. System 1 response followingkd/ voltage reference step change.
120.5 ‘
Bacco * CCOﬁC Bactc * thac Aac s
Z
Bcoout 120 m
BS = Btcout 1 CS = [Ccoout thout CacouL]v DS = [0] —
zuwesg /0
Bac 2 e
All the subsystems’ D matrices are assumed ze(&h since 8 119
they are zero in the actual model and this notilgesimplifies g
development. 118.5
The matrixAs has the subsystem matrices on the main di-
agonal, with the other sub-matrices representingractions 1 & ‘ ‘ ‘ ‘
between subsystems. The model in this form hasrdadges in 0 005 01 015 02 025 03
flexibility since, as an example, if the SVC is peoted to a _ fime (5)
. Figure 5. System 1 response followingkd/ disturbance (remote source) step
more complex AC system only th. matrix and the corres- ;06
ponding input and output matrices need modificatidpiffer- 1235
ent FACTS can be modeled using the TCR/SVC modébun
similarly, more advanced controllers can be dewedopsing 123
modern control theory (5 MPC,..) and implemented directly 1225
by replacing theA,, matrix. The above structure enables the <
model to be readily interfaced with the MATLAB HVDC = 1220 /0 e PSCAD
model or other FACTS elements or Power Systemsk3ki¢ 8)121 5 MATLAB
for the purpose of investigating interactions aadrdination. %
> 1217
IV. MODEL VERIFICATION 120 51
A. Time domain 120 \ \ \ \ \
) , 0 005 01, 015 02 025 03
The model was implemented in MATLAB and tested Time (s)

against the detailed, non-linear simulation PSCADIDC.
In the time domain, step responses were verifiguubte con-
troller reference as the input, given Yy in Figure 3, and the
disturbance represented by thgmagnitude variation in Fig-
ure 1.

Figures 4 and 5 show the System 1 verificatiorttierrefer-
ence and disturbance inputs, respectively. Verydgesponse
matching is evident for the voltage magnitude outkgnal;
similar matching was confirmed for all other modatiables
that are not shown. To confirm the model robustnéts dif-

4

ferent system parameters, System 2 was also testédhe
results are shown in Figures 6 and 7. A satisfgatesponse
matching is clear and the accuracy is further ersigkd, since
the lightly damped oscillatory mode #&Hzin the case of the
disturbance input (Figure 7) is very well representAs seen
in Figure 7, however, MATLAB gives more noticeableor in
the phase angle, particularly at high frequencies.

Figure 6. System 2 response followinglka/ voltage reference step change.

B. Frequency domain

The two test systems were also tested against PSE A2
frequency domain. PSCAD does not possess a fregudmc
main analysis capability, and the results were inbth “ma-
nually”, by injecting a single frequency componanta time.
The individual points were then linked in a singleve with
minimal filtering of the experimental data.
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Figure 8 shows the gain frequency response coswain S -40 V .
the frequency rang#&-150Hz,where the “error” is the differ- 80 |
ence between the two curves. Very good matchingfouasd ’ ‘ ‘ ]
across the entire frequency range, and at highquéncies the 10l frequency [rad/s] 102 108

error is mostly within &dB envelope. Certainly, belodOHz
very high accuracy is evident.

The phase angle frequency response is shown imé=&yun
this case the error increased, and particularthénfrequency

range25-60Hzwas pronounced. This result is a consequenc

of poor representation of the discrete systenhdfdelay filter

in the controller model is omitted the error in@es Research

is currently under way to offer new modeling appttes to
eliminate this phase error.

In the majority of applications at higher frequas;isuch as
the analysis of amplification of a particular oktibry mode in
the system, the system gain is of primary imposarand in
this aspect the model represents the system clyriec wide
frequency range.

Regarding the overall time and frequency domaipaeses,
and being aware of the phase response errorsnibeaon-
cluded that the model has reasonably good accuvhey em-
ployed as a design and analysis tool for phenonseich as
subsynchronous resonance, or interactions with rothast
FACTS/HVDC controls.

7\
0 —— " T e o —" . 'ﬂ Y4 X
N/ v
5l . |
v
10t |
_ 1 ———— pscap 1
B 20l MATLAB ,
= - == ERROR
<. |
g -25
30 | \
-35 | 11
-40 |
_45 L I
100 frequency [rad/s] 102 10°

Figure 8. System 1 gain frequency response withefezence voltage input.

b) error (PSCAD-MATLAB) in phase angle frequency response
Figure 9. System 1 phase frequency response vétreference voltage input.

V. STUDY OF INFLUENCE OFPLL GAINS

®This section gives an example of the model uséénsys-
tem dynamic analysis. A PLL is typically used wittyristor
converters to provide the reference signal thavfed the syn-
chronizing line voltage or current. As a dynamiensént, a
PLL will also have influence on the system’s dynames-
ponses and stability, although this aspect not laeatyzed in
the FACTS/HVDC references. Further, since a PLL tas
adjustable gainsk{ andk), these can be used as a convenient
means of adjusting system performance in respestadsility
issues or improving performance.

Figure 10 shows the dislocation of dominant eigkresaf-
ter reduction in the PLL gains. As the gains aduoced, the
eigenvalues migrate from the original “x” to thecddion “0”,
representing ten times reduced gains. It is seanthe PLL
gains have significant influence on the system thioa and
that the frequency of the dominant oscillatory modeuces,
accompanied by a small reduction in mode dampimgnh
“a”). The next dominant real mode is at the same timeed
away from the imaginary axis, as shown by the &bt

30
20
M\
10 >
Im b
0 (e I

-20

-30

-120  -100 -80 Re-60 -40 -20 0

Figure 10. System 1. Influence of the PLL gainstloa system eigenvalue
location. “x” — original eigenvalues, “0” — finabtation with10 times re-
duced gains.
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Figure 11. System 1 with PLL gains reduced ten sin8ystem response fol-
lowing a3 kVvoltage reference change.

This result was confirmed with PSCAD simulation,sia®wn
in Figure 11. Although not shown in Figure 10, therease in
the PLL gains increases the speed of responsetasdsig-
gested that this effect on the positioning of thenthant mode
can be exploited in the design stage to improvéopeance,
or to avoid negative interactions at a particutagéiency.

VL.

This paper presents a state-space linear contiraods! of
a Static VAR Compensator. The model is built okethindi-
vidual subsystem models: an AC system, a SVC aswhaol-
ler model. Such a structure enables model appticatd a
wide range of system configurations. The issuehef mon-
linear susceptance-voltage relationship and cogphith the
rotating coordinate frame is solved using an ar#firotating
susceptance that has a variable magnitude. Thesemtation
of a discrete system using a first order filterya adequately
accurate. Model verification in the time and freoggye do-
mains against a PSCAD simulation confirmed venhtagcu-

CONCLUSIONS

K| 0.417 rad/(kVs) 2.5 rad/(kVs)
Ty 2.85¢3 ¢ 2.85¢3 ¢
G 0.5 0.5
w 753.6 rad/s 753.6 rad/s
PLL k 100 100
PLL K 900 1/: 900 1/:
SVC data (+167/-100 MVA
Total reactive MV/ 100 MVA
Total capacitive MVA 167 MVA
Transformer voltages 120kV/12.65kV
Transformer rating MV, 200 MVA
Transformer Xps, Xpd, Xsd|  0.17pu, 0.17pu, 0.021pu
Resistance B 167Q
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