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Voltage Control Capability Analysis Based on the Steady State
Performance of SVC

Shenghu LI*, Naoto YORINO**, Yoshifumi ZOKA*** and Ming DING****

Static Var Compensator (SVC) is a recent power electronics device that can provide reactive power to

control power system voltage. The response speed of SVC is much higher than that of the conventional

control devices. In order to fully utilize the capability of SVC, detailed operation characteristics of the SVC

must be taken into consideration to improve steady-state stability and steady-state performance. In this paper,

the system strength to voltage control is represented as linear contribution of slow-response Var devices to the

change of shunt susceptance, which is applied to operation point control while keeping desirable voltage

profile. The controllable voltage variation and the feasible slope setting avoiding violation of control limit are

quantified based on available control margin at current operation point. The quantitative analysis provides an

effective control method of SVC that improves the utilization of its control margin. The paper also discusses

coordination among multiple controls of local SVCs.
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1. Introduction

Compared with fixed or mechanically switched
capacitor and reactor, static Var compensators (SVC),
such as shunt connected thyristor switched capacitor
(TSC) and thyristor controlled reactors (TCR), or fixed
capacitor (FC) and TCR, provides fast voltage control,
resulting into better steady-state and dynamic

performance of power system'?.

The steady-state
analysis to SVC is usually implemented by adding
equivalent SVC models to power flow programs, such
as generator model with constant reactive power limits,
PVB bus model with shunt susceptance limits, variant
shunt suscepatnce model, and variant firing angle model
35), The steady-state characteristics of SVC, such as the
original operation point, the voltage deadband to avoid
excessive operation, and the control slope, are usually

simplified. The voltage deadband is reduced to fixed
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compensation object, the original operation point is
assumed with regulated current or susceptance, and the
slope is neglected, although it is concluded that the
representation of SVC slope may be more important
than the representation for generator voltage regulation.
Based on these simplifications rated control margin is
always available before disturbances, and the power
flow result is more suitable for special snapshots instead
of continuous operation. Little attention is given to the
successive analysis and control to operation point of
SVC®, such as:

(1) How to make schemes to restore operation point
to or close to the regulated value while keeping
desirable voltage for future control,

(2) Approximately how much voltage variation may
be compensated within SVC control limit,

(3) How to set slope feasibly to better utilize its
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control margin and coordinate with other Var
devices.

In this paper the post-disturbance behavior of SVC is
studied and compared with PVB-bus based power flow
model. It is found in many cases SVC may operate at
non-regulated point with Var output. If detailed steady-
state characteristics are included, the original operation
point has much effect on SVC capability for voltage
control. The previous power flow models simulate more
of the dynamic than the steady-state performance after
disturbance. Then steady-state operation point control
based on the linear expression of Var output, bus
voltage, and shunt susceptance is proposed to slowly
restore SVC operation point while keeping desirable
voltage profile. Controllable voltage variation and
feasible slope setting is quantified based on available
control range of SVCs and system performance.
Although the models and the results are mainly
designed for under-voltage control, they may also be
easily applied for overvoltage control.

2. SVC Performance after Disturbances

2.1 Post-disturbance performance of SVC

SVC reaction to voltage sag from time #, is shown in
Fig. 1, where V; is the bus voltage, Viesmins Vrefmax are the
lower and the upper referenced voltage, By, Bsnser are
the shunt susceptance and its regulated value, Bgpin, and
Bgimax inductive and capacitive susceptance limit of the
shunt path including SVC and the step-down
transformer. After disturbance, By, ; is increased by SVC
controller to restore the load voltage to V,pmin. The

operation point at time #; may be “a” and “c”, or “b” and
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Fig. 1 Post-disturbance reaction of SVC to voltage drop.
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Fig.2 SVC compensated bus for power flow analysis.

“d” in Fig.1. Then the slow-response reactive power
devices, such as synchronous generators, condensers,
mechanically switched capacitor and reactors operated
by under- and over- voltage relays, as well as the
necessary load shedding executed by load shedding
relays, slowly reduce SVC output to (or close to) the
regulated susceptance (or regulated current I, for
future fast control, while improving load voltage to a
desired value. This process is called operation point

control or Var reserve control.

VrLi = Vreﬁnin’ Bsh,i < Bshmax (1)
VLi < Vreﬁnin’ Bsh,i = Bshmax

In literatures for steady-state analysis, SVC is
simulated by generator model or PVB bus model. As
shown in Fig. 2, PVB bus model is based on an
imaginary PV-bus constrained by (2)-(4), where Q; is
the power injection from the bus to the system and
subjected to the lower and the upper limits Qi and
Oimaxs Qi and Qy; are reactive generation and reactive
load. When By, ; reaches Bgjpmin O Bopmax, the bus changes
to be a PQ bus, and By, is fixed at Bgpmin OF Bgjmax With
necessary modification to admittance matrix (5).

Qimin < Qi < Qimax (2)

2
Qimax = QDi + BshmaxI/i

3
Qimin = QDi +BshminI/i2 ( )
Opi = O6i — O 4)

For a regional system including a SVC compensated
bus, the compensated voltage and the shunt susceptance
are shown in Fig. 3 by a Newton power flow program,
where the referenced voltage is 0.95 pu and 0.98 pu
respectively. The power flow results corresponds to
either constant voltage or susceptance limit at bus i. It
actually simulates more of the dynamic performance

instead of the steady-state performance especially when
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Fig. 3 PVB-bus based power flow results.

the control limit is not reached. Based on the following
assumptions, it tries to make full use of SVC after the
disturbance, leaving little margin for future fast voltage
control, and making little effort to control the operation
point for better performance.

- The referenced voltage (control object), i.e. the
voltage setting for the PV bus, is fixed.

- Rated control range for the shunt path is
available and independent of operation point
before disturbance.

- The slope is not included in the model, therefore
no special measure is taken to prevent SVC from
reaching the control limits too easily and to
coordinate multiple local SVCs.

- The contribution to voltage control from the
slowly-response reactive-power devices is not

quantitatively simulated.
2.2 Effect of SVC operation point to voltage control

In actual operation, SVC may work as a regular Var
device with output for a period of time, such as:

- There is no sufficient Var support from the
system due to Var capacity or transmission
security/economics.

- For long extra/ultra high voltage transmission
under light load conditions, since it’s difficult to
absorb the redundant reactive power by
generators, SVC has to provide inductive output
to restrain the overvoltage.

The steady-state V-I characteristic of SVC include the
voltage deadband, the regulated susceptance, and the
slope, all related to the operation point. A deadband
between lower and upper referenced voltage V,gsm» and
Viyefmax 1 set to avoid excessive operation of SVC during
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Fig. 4 Steady state V-I characteristic of SVC.
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steady-state operation. After fast voltage control, the
operation point control drives SVC to operation point to
(close to) regulated susceptance to keep sufficient
margin for future fast control.

The slope prevents SVC from reaching its control
limits too easily, and makes it possible to coordinate
output among multiple local SVCs. It is defined as the
ratio of voltage-magnitude change to current-magnitude
change over the linear-control range, where Isyc and I,
are the same currents at the shunt path.

k, = AV _ AV ©)
AISVC Alsh

As shown in Fig. 4, when disturbance, such as load

increase or transmission contingency, drives operation
point from 1 to 2, the voltage drop V; is quantified by
the vertical distance between 1 and 2 (7). The total
expected compensation V.., in steady-state operation
may be defined by (8). The final operation point 3 is
decided by the intersection of slope with load line which
is actually the static voltage characteristic of the system.
Actual compensated voltage V,, is equal to V.., minus
the uncompensated voltage V., due to slope setting (9).

Ve =V1 =V, ™

I/ecp = I/re_fmir.l _I/Z
V=WV, ®)
I/cp = Vecp - I/mp = I/ecp _k:lISVC (9)

If the original operation point is 1', the same
disturbance will drive the operation point to 3' with
larger ¥V, but near to the control limit. When the
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Fig. 5 Schematic design to operation point control.

original point is 1", the intersection of the slope and load
line crosses the control limit, and the operation point
moves along the control limit with smaller actual
compensation. It shows when the slope is included, the
steady-state performance of SVC is dependent on its
original operation point. Detailed analysis to operation
point is helpful to quantify and better utilize the SVC

control margin in continuous operation environments.

3. Operation Point Control

Steady-state analysis and control to SVC is usually
locally or remotely decided by the control center and
implemented by the SVC controller. The control object
is to better utilize control margin under different
operation conditions. Operation point control after
disturbances is discussed in this section, and feasible
slope setting is discussed in next section.

As shown in Fig. 5, to restore operation point of SVC
for future fast voltage control, the control center
decreases SVC output by slowly increasing the Var
output of slow-response devices and avoiding fast
regulation of SVC. Therefore in the process of operation
point control, slope may be neglected and the SVC
compensated bus is seen as a PQ bus with a shunt path.
The problem now is to find the location and amount of
Var output for a prescribed SVC output (shunt
susceptance) while keeping desirable voltage profile.

Linearized power flow model is shown in (10)-(11),
where AP and AQ are the changes of active and reactive
power, P and O™ are the specified active and reactive
powers, A@ and AV are the changes of voltage angle and
magnitude, and Jpg, Jpy, Jgg, Jor are the sub-Jacobian

matrices”

. To study the impact of reactive power
change to voltage control, the active power is assumed
constant, and the reduced Jacobian matrix Jr, Or inverse
matrix K, is found to establish the incremental

relationship between Var injection and bus voltage at

given operation point (12)-(16). It partly quantifies the
static voltage characteristic of the system.

AP _ Jpo JPV A0 (10)

AQ| oo Jov |LAV |

AP=P¥ P an
40=0"-0

AQ = J AV (12)

Jr =J gy = I o5 oy (13)

AV =KAQ (14)

K =J =(x;) (15)

&%= % (x,00)) (16)

JjePQ

Since Q; may be Var injection from generator, load,
and SVCs, their contributions to voltage change are
separately expressed (17)-(19). By combining the terms
with AV, the voltage change with respect to control
variables is found and subjected to shunt susceptance
limit (20)-(22), where a, f, y are control factors. If j is
not a SVC compensated bus, By,; and ABg,; are zero.
When there is more than one SVC connecting at a bus,
they are equaled to one SVC by combining their shunt
susceptance. The equations quantify the contributions of
system and other SVCs to compensated voltage. If the
expected voltage is fixed, the necessary Var increase to
reduce SVC output may be found based on slow and
continuous linear control. The model is suitable for both

capacitive and inductive operation state of SVC.

AQ,' = AQDj + AQsh,j 17)

AQ,,,=A(B, V})=V}AB,  +2B

sh,j" j sh,j

VAV, (18)

AV =3 (k805 )+ X (5,80,,)  (19)

JjePQ JjePQ

2
Z}%"ij (AQD1 +V; ABsh.j)+ ZPQZ",;Bsh,;V;AVJ
JE& JeF
AI/: — J#i

1-2x.B, .V,

i sh,i” i

=2 (av‘AQIJf)+ ) (,B,.,.AB:,,J)+ 2 (yiiAVi) (20)

jePQ jePQ jePQ
J#i
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4. Controllable Range and Slope Setting

Based on SVC operation point, static voltage
characteristic of the system, and the possible
disturbance, the controllable voltage variation and the
feasible slope setting within the control margin may be
quantified as shown in Fig. 6.

By neglecting the performance of slow-response
devices and remote SVCs in the fast voltage control,
and assuming matrix K insensitive to small change of
operation point, the actual compensation V,; is

expressed as:

=~ BiAB,,; 23)

cpl

The uncompensated voltage V,,; due to the slope is
defined by the change of shunt suscepatnce, instead of
change of shunt current, as shown in (24)-(27), where J;
is the contribution factor of shunt susceptance to bus

voltage.
ucpt k AISVCI - k AI (24)
Iy, =BV, (25)
AI.\'h i ~ I/;ABsh,i + Bsh,iAV; = ViABsh,i - Bsh,il/;cp,i (26)
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Fig. 6 Schematic design to feasible slope setting.

V k:le
“i 1k B

s1,i™ sh,i

AB:h,i = §iAB:h,i 27

The total expected compensation V,,; Wwithin
available control margin ABy,; is based on the change of
shunt susceptance (28). The feasible slope setting
without violation of control limit is shown in (29),
dependent on available control margin and static voltage

characteristics of the system.

ecp i (ﬂ + 5 )
= B, + ks, "V" AB (28)
- ' 1+ ksl tB.\-h i -
AB
k_\_l’,- — ecp i ﬂn sh,i (29)
I/iABsh,i - B:h i ( ecp,i ﬂnAB:h i )

When there is more than one SVC, e.g. M SVCs, at
bus i with different slope, operation point and control
limit, the uncompensated voltage V,,; and the total
compensation is shown in (30)-(32), and feasible slope
setting for j-th SVC, is shown in (33)-(34), all subjected
to the control limit. Equation (29) and (33) show that
the control margin may be effectively utilized by
coordination of slope setting between SVC and the
system and among multiple local SVCs.

M
M Z(ksl mABsh m )
V:up,i = stl,mAIsh,m = —Mil)\—l—m
! +;( sl,m shm)
=Y 5,AB, (30)

1+ Z(ks:,me;.,m)
M
Vi = Bi ) ABy  + 2(6 AB,,) (32
m=1
\P+\PZ( sl,m .\'hm) Z( sl,m shm)

k . m#j m#j 33
SI’J VIABS ,j_Bsh,j\P ( )
M
Y= Vecp,i - ﬂi-‘ ZAB.\'h,m (34)

m=1
5. Numerical Analysis

IEEE 14-bus test system is adopted to validate the
control effect. The original capacitor at bus 9 is replaced
by a SVC at bus 14. For the base operation condition in
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Table I, the control factors a4, i = 2, ...,14, defined in
(21) are shown in Fig. 7, where the last column is
control factor Bi4,14 for the shunt susceptance at bus 14.
The Var output of generator at bus 6 is adopted to
control shunt susceptance from 0.0688 pu to 0.0088 pu
with expected voltage increment AVy4, where By, 14 =
0.0688 pu, Bymax1a = 0.1 pu, ajse = 0.2278, a4
0.4008. The control error is defined as the voltage

difference at bus 14 before and after the control. The

control process with expected voltage of 0.95 pu is
shown in Fig. 8. The control error increases with Var

increase, with the maximum value of 4 x 107 pu.

AV, = a14.6AQD6 + ﬂl4,14ABsh,l4 (pw)
AQps = (AVM = Bis14BBy 14 )/au,a
=4.3898AV,, —1.7594AB,, ,, (pu)

When all the reactive load increase 20 %, voltage at
bus 14 is 0.9329 pu and the shunt path reaches its limit
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Fig. 7 Control factors under base operation states.
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Fig. 8 Operation point control under base operation states.

0.1 pu. Control factors are shown in Fig. 9, where ay46 =
0.2432, B14.14 = 0.4076. The control process in Fig. 10 is
based on two steps. In the 1¥ step, the var output of the
generator is increased to restore the bus voltage from
0.9329 pu to the reference value (0.95 pu). In the 2
step the shunt susceptance is restored to the reference
value (0.01 pu). The maximum control error for the

whole process is 3.6 x 107 pu.

AQ,, = 4.1118AV,, ~1.6759AB,, , (pu)

Fig. 11 shows the expected compensation, the actual
compensation, and the uncompensated voltage with
fixed available shunt susceptance but different slope
setting. The uncompensated voltage is nearly

proportional to the slope.
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Fig.9 Control factors under stressed operation states.
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Fig. 10 Operation point control under stressed operation

states.
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Based on available control margin, the slope should
be set no less than the following value to avoid arrival
to the control limit. Since physically the slope is set
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Fig. 13  Slope setting for coordination between two SVCs.
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within 1-10 % (typically 3-5 %), the feasible slope
setting without violating the control limit is shown in
Fig. 12.

Vecp,14 - ﬂl4,l4ABsh,14
K4AB:h,I4 - Bsh,l4 (Vecp,m - i814,I4AB:h,14 )

k:1,14 =

Vep1s —0.0125
k.\'I 14 2 =
7 0.0305-0.06887,, ,

If there is a reserve SVC at bus 14 with a same
control limit of 0.1 pu but no output before disturbance
(signed at the second SVC at bus 14), the expected
compensation is defined by the slope setting of two
SVCs, as shown in Fig. 13. It is found the when one
SVC produces less Var with a larger slope, the other has
to produces more Var with a smaller slope. With the
increase of the expected compensation, the feasible
slope setting decreases while the possibility of full use
of SVCs increases.

V.

ecp,i

_ (ksl,lAB:h,l +k,,AB,, )
=f, (AB:h,l +AB,, ) +V, 1T (kﬂ’]Bsh’l N k;z,zB:;,,z)

k,AB,  +k,,AB
=0.4008(AB,,, +AB,, , )+0.95 L1kl __—st.2_sh2
' ’ 1+0.0688k,,,

0.02964k,,, +0.095k,,,
1+0.0688k,,

<0.052585+ (pu)

6. Conclusions

In existing steady-state analysis it is often assumed
that SVC works with full rated control range available
at any time before disturbance. In this paper, it is found
that the operation point has much effect on the
performance of SVC when detailed characteristics are
considered. The main work is outlined as following, and
validated by IEEE 14-bus test system.

(1) When detailed characteristics are considered,
SVC operation point has much effect on its
steady-state performance.

(2) The system strength to voltage control is
repressed as the contribution of slowly Var
devices to voltage change, which is applied to
restore operation point of SVC while keeping
desirable voltage.

(3) The controllable voltage variation and the
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feasible slope setting without violation to control
limit are quantified based on available control

margin at current operation point.

Quantitative analysis and control to SVC operation

point is valuable for effective utilization of its control

margin and coordination among SVCs and the slow-

response Var devices.
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