STATCOM STEADY STATE PERFORMANCE

S A. Al-Mawsawi G. M. Ali M. R. Qader
University of Bahrain Ministry of Electricity University of Bahrain
P.O. Box 22781 Bahrain P.O. Box 22781

Bahrain Bahrain

ABSTRACT

This paper deds with a modern approach of contralling the power flow in AC transmisson lines. The control
and digribution of power flow in two parale transmisson lines will be implemented by applying one of the
flexible AC Trangmisson Sysem (FACTS) which is STATic COMpensator (STATCOM) device. The
STATCOM device is ingdled on one line of the two paradld transmission lines to investigate the effect of power
flow control (active and reactive power) in one line on the other. The paper deds with mathematicd modeing,
anadlyss and smulation of a PWM based on STATCOM. By usng STATCOM device the power flow
digribution and line voltage can be controlled by varying the modulation index. The power flow and voltage
controls are investigated at different indtalation postion of the device over the transmission line. In addition, the

optimum installation operating position for such FACTS device will be discussed.
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INTRODUCTION
The application of power electronics,
microelectronics, MiCroprocessors and

communications in  the power digribution and
transmisson plays an important role to make the
system more reiable, more controllable and more
efficient [5]. The flexible AC Transmisson System
(FACTS) becomes an ever incressingly popular
solution to our over extended eectric power
digribution and transmisson systems. Because of
the flexibility of the system the transmission line can
function closer to its thermal limit. The STATCOM
is one of the FACTS devices, which can compensate
the reactive power in an efficient fast way [3]. It is
do cdled advanced Satic VAR Compensaior
(STATCOM) [8] or STATic CONdenser STATCON
[8]. The STATCOM is a shunt FACYTS, which
consists of a solid state three-phase source inverter,
and it is used as a reactive power compensator. Its
power eectronic dructure is illustrated in Figure 1
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Figure 1 Basic circuit arrangement of the STATCOM

The STATCOM can either absorb or supply reactive
power whose capecitive or inductive output current
can be controlled independent of the ac line voltage
as indicated in the datic characteristic in Figure 2,
line voltage versus reactive current. The device is
connected to one of two pardld transmisson line
through atransformer asillugtrated in Figure 3.

This paper deds with mathematicd modding and
anadysis of the open loop PWM based STATCOM
implemented on padld transmisson lines. The
seady dtate peformance smulation results of the
system ae caried out usng Matlab package
progran [2] a different ingdlation postion and
operating conditions. In addition, the optimum
ingtallation position for the device will be discussed
and determined.

Figure 2 - static characteristics of STATCOM
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Figure 3 Schematic diagram of system
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Figure 3, shows a single line of the power circuit of
the sysem and a STATy COM. The STATCOM is
composed of a threephase GTO based voltage
source inverter, shunt transformer and a dc voltage
storage source [4].

A mahematicd mode for the STATy COM with
pardld transmission lines is illudrated in Fgure 4.
A synchronous machine feed the active power Pi
and reactive power Q to an infinite busbar via a two
pardle transmisson lines. It is decided to place the
STATCOM in the firgt quarter of the line closer to
the generation dde Vs is the sending end voltage
and V: is the recdving end voltage which is the
reference voltage. d is the load transmisson angle
before the compensation and Xo, X3 and X are the
transmission lines impedances and Xg, is the leskage
reectance of the shunt trandformer which are
assumed pure inductive for simplicity. The voltage
injected by the STATCOM is \4, and it has a phasor
agle b with respect to V.. V, is the transmisson
line volteage & which the device is connected with a

phasor angle f with respect to V..
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Figure 4 Basic mathematicad model for STATCOM.

Wheress, if the totd complex power supplied a the
sending end beforeinjection Is=0 is

S=Vsls =P1+jQ @
Is:(Vs_ Vr)/ jX (2)
WhereX= X, /] (X3 + X4) ©)

Therefore, it can be proved eadly that
P=(V, VsSind) /X @
Qi=(Vs® - V; Vs Cosd) / X ®

The active and reactive power is distributed in the
two paradld lines asfollows

P=(V, VsSind) / X, ©®
Q=(V& = V;V<Cos d) / X, @
P=(V, VeSind) / (Xg+ Xy) ®
Qs=(V< = V,VsCos d) / (Xg+ Xa) ©

The voltage a the connection point of the deviceis

Vo=A +jB (10)
A =[1-{X3/ (X3 + X}] Vs Cosd

H X3/ (Xg+ X9 }Vr (11
B=[1-{X3/(Xs + X4)}] Vs Sind 12
f=tan (B/A) (13)
¢ Sin ™ (P1X / ViV (14

After the injection (Isht 0), the line will be under
control of STATCOM. The resctive power is
supplied or absorbed from the line, which will effect
the power flow in the whole sysem. The totd
complex power supplied a the sending end in the
line, which is connected to the STATCOM, is

S=Vsls (15)
l3= (Vs — Vo) /X3 (16)
Therefore, it can be proven that

P;={VoVsSin (d¢- )} / X3 17
Q= { Vs*- VoV, Cos(de- )} / X3 (18)

Where d¢ is the load transmisson angle &fter the
injection I4t 0).



Snce Pi is congant, therefore P changes as P3

changes

Therefarg,

P=R-P; (19
Q = (V&= V,VsCos df) / X, (20)

The complex power at the point of connection of the
deviceis

Sn = Venlar (1)
v = (Ven— Vo) / jXan (22)
Ps={ VeV, Sin (b-f)}/ Xsp (23)
Qn ={(Ven” - VenVo) Cos (b-F)}/ X, (24)

Hence, the STATCOM device is operated to
compensate the reactive power only, there must be
no active power provided by the device. And, the
active power losses are neglected. Therefore, Py, = 0
means (b = f) Vo and Vg ae in phase, and the
reactive power is

Qn = (Ve =VoVe) / Xon (25)

The magnitude of injected voltage by the inverter [6]
is

Ve = 0.35Mp Ve (26)

And it is related to the \ (before injection) in the
following equation,

V=KV, (27)

Where, K is a compensation factor controlled by the
modulation index M,. K determines the control
percentage of the transmisson line voltage that
reflects the VAR compensation. By substitution of
(27)in(25)

Q=K Vo (K-1) / Xg (28)

So, the STATCOM device compensates the reactive
power according to the value of K. If K=1 means the
resctive power is neither supplied nor absorbed from
the sygsem. And, if the K > 1 meaens the device
supplies reective power to the system. Wheress, if K
< 1 the STATCOM device absorbs the reactive from
the system. In generd, the device can compensate
the reective power by changing the moduldion
index My, as shown in (28), where K is a function of
M.

Equation (17), (18), (19) and (20) show that the
digribution of the active power in each line is
controlled by changing M.

It can be proved that:

(X¢*Vo - Ven)* Cosf - (Xe/X3)*Vs+ Cosdt
-(XsW/Xa)*Vy =0 (29

(X* Vo - Ven* SInf - (Xe/X3)*Vs* Sinde=0 (30)

X3* V, *Vs* Sin di+ X,*V, Vst Sin (d6- )
-P*X,*X3 =0 (3D

Where, X, = (1 + Xa/X3 + Xen/Xa) (32)

By solving the system of nonlinear eguation (29), (30) and
(31) for the three variables V, f and db by using
Newton-Raphson method, the steady dtate can be
smulated.

SMULATIONSREIULTS

The open loop STATCOM is modeled and smulated
by usng Matlab package program. The dseady dsate
performance results of the parald twotransmission
lines sysem have been tested. An active power
supplied to the grid by the machine Pi= 40 MW,
rective power Q= 119 MVAR, sending end
voltage Vs = 669 kV and recdving end voltage Vi=
654 kV. It was decided that if 0<Mp<50% the
STATCOM will absorb the reective power from the
transmisson line. Neverthdess, if 50%<Mp<100%
the STATCOM will supply the reactive power to the
transmission line. Whereas a Mp=50% there will be
no effect for the STATCOM on the transmission line
power flow.

The deady-date peformance results have been
tested by varying the compensation factor K from
80% to 120%. Fird, the device is connected at the
midpoint of the transmisson line. Then, it is
connected at different ingtallation postions over the
transmission line.

It was decided that if K <100% the STATCOM will
absorb  the reactive power from the transmission
line. Neverthdess, if K>100% the STATCOM will
supply reactive power to the transmisson line
Wheress a K=100% the STATCOM will have no
effect on the transmisson line power flow. Figure 5
indicates that, the reactive power in the line
connected to the STATCOM is highly sendtive to
the change of modulaion index. Wheress, the
reactive power of the other line is just dightly
sengtive the change of  modulation  index.
Nevertheless, the STATCOM device compensates
the reactive power. The STATCOM supplies Q«
reective power as K > 100% and it absorbs the
reactive power when K<100%.



Reactive Power

Line Voltage

The termind line voltage a the point of connecting
the FACTS device is controllable within + 20 % of
the line rated voltage as indicated in Figure 6.
Practicd congtrains determine the percentage of line
vdtage control. The device is superior to other
devicesin providing voltage support.
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Figure 5 Reactive power flow in the system as function of
compensation factor when STATCOM installed at the
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Figure 6 The terminal line voltage & function of
compensation factor when STATCOM ingtalled at the
middle of theline.

In addition, it was found that, the STATCOM could
control the didribution of the active power in both
lines in a very limited range smply by varying the
modulation index of the inverter as presented in
Figure 7. This is due to the limited range of
changing the load trangmisson angle as indicated in
Figure 8. Note dl the smulaed active power,
reactive power and voltage are messured in Wat,
VAR and Voltage respectively.

The STATCOM device has been ingtaled over ten
different postion of the transmission line. The active
power flow P, and P; can be controlled in both
trangmission lines to a limited percentage as shown

Load transmission angle(rad)

in Figures 9 and 10. That is due to the limited ange
of changing to the load transmisson angle as
indicated in Fgure 11. The reective power Qs is
highly sengtive to the varigtion of the compensation
factor over different indalation postions and
egpecidly in the first haf of the transmission line as
indicated in Figure 12. On the other hand, the
reactive power @, is dightly sendtive to the change
of the compensation factor over a wide range as
shown in Figure 13. The STATCOM device
compensates the reactive power. The STATCOM
supplies Qg, the reactive power as K> 100% and it
absorbs the reective power when K <100% over
different ingtalation postions as indicated in Figure
14. The line termina voltage a the point of
connection of the STATCOM device to the line can
be controlled over a wider range under different
compensation factors over the transmisson line as
illugrated in Figure 15. The optimum ingalation
postion for the device is a the middle of the
transmisson line where a wider range of voltage
control can be achieved.
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Figure 7 Active power flow in the system as function of
compensation factor when STATCOM ingtalled at the
middle of the line.
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Figure 8 The load transmission angle as function of
compensation factor when STATCOM ingtalled at the
middle of the line.
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Figure 9 Active power flow P3 as function of

compensation factor when STATCOM installed at

different positions over theline.
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Figure 10 Active power flow P2 as function of

compensation factor when STATCOM ingtalled at

different positions over theline.
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Figure 11 Load transmission angle as function of
compensation factor when STATCOM installed at

different positions over theline.
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Figure 12 Reactive power flows Q3 as a function of
compensation compensation factor when STATCOM
installed at different positions over the line.
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Figure 13 Reective power flows Q2 as a function of
compensation compensation factor when STATCOM
installed at different positions over the line.
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Figure 14 Reactive power flows Q2 as a function of
compensation compensation factor when STATCOM
installed at different positions over the line.



Line Voltage Vo

K Compensation Factor 08 o

Installation Position

Figure 15 Line Voltage V, as a function of compensation
compensation factor when STATCOM ingtalled at
different positions over theline

CONCLUSON

The STATCOM has been andyzed with two pardld
trangmission lines. The syssem has been modded
and smulaed by usng MATLAB progran package.
In this case a PWM scheme has been used to control
the operation of the inverter of the STATCOM. It
has been found mathematically that the STATCOM
can supply or absorb the reactive power to or from
the transmission line. It has been found aso that, by
vaying the modulation index the active power flow
digribution in the parale transmisson lines can be
controlled. In addition, the simulaion results have
shown that the reactive power is highly senstive in
the line connected to the device and dightly
senditive to the other. Furthermore, it was found that
the finest podtion to ingtall the device is that at the
middle point of the transmisson line, where wide
range of termind line voltage can be controlled.
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