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Abstract: The reactive power/voltage control
problem in a distribution substation s
investigated. The purpose is to properly dispatch
the shunt capacitors and onload tap changers at
the distribution substation based on the forecast
hourly loads of a main transformer and its
primary bus voltage such that the reactive power
flows through the main transformer, and the
transformer secondary bus voltage deviations
from the desired values can be minimised.
Practical constraints on secondary bus voltage
limits and the maximum allowable number of
switching operations in a day for the onload tap
changers are taken into account. An approach
based on dynamic programming is presented to
reach the desired dispatching schedule. To
demonstrate the usefulness of the proposed
approach, reactive power/voltage control in a
distribution substation within the service area of
Taipei City District Office of Taiwan Power
Company is performed. It is found that a proper
dispatching schedule for the shunt capacitors and
onload tap changers can be reached by the
proposed method.

1 Introduction

In the operation of a distribution system, reactive
power and voltage control is very important since sys-
tem loss can be reduced and voltage profile can be
improved through proper dispatch of reactive power
control devices [1-9]. In general, there are three differ-
ent types of reactive power control devices that are
widely employed in a distribution system. An auto-
matic voltage regulator (AVR) is usually installed to
control the secondary bus voltage of a main trans-
former at a distribution substation through the action
of transformer onload tap changers (OLTC). A shunt
capacitor (SC) is installed at the low-voltage bus of the
substation to adjust the reactive power flow through
the main transformer. On each feeder, shunt capacitors
may be installed to improve the voltage profile along
the feeder. In the present work, control of reactive
power/voltage is investigated using only OLTC and SC
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at a distribution substation. Control of shunt capaci-
tors on distribution feeders has been studied in previ-
ous works [4,5].

The main purpose of this paper is to develop a new
approach for reactive power/voltage control in a distri-
bution substation which can overcome the disadvan-
tages experienced in practical operation. The objective
is to minimise reactive power flow over the main trans-
former and the transformer secondary bus voltage devi-
ation subject to the constraints on secondary bus
voltage limits and maximum allowable number of
switching operations for the OLTC. To reach an opti-
mal dispatch schedule for the SC and OLTC under the
constraints in our study period (a day), the hourly real
and reactive loads of the main transformer and its pri-
mary bus voltage are first forecast. Then a mathemati-
cal model is derived to ensure that secondary bus
voltage limits are not violated when SC and OLTC are
switched and to restrain the computational burden for
the proposed dynamic programming approach.

To demonstrate the usefulness of the proposed
method, dispatch of SC and OLTC for the main trans-
former at an automated distribution substation in Tai-
pei, Taiwan is performed. It is found that the reactive
power flow over the main transformer can be mini-
mised and the secondary bus voltage can be kept very
close to the specified value if the OLTC and SC are
dispatched by using the proposed method. Practical
constraints mentioned earlier are also satisfied.

2 Description of study system

The system under study is part of a 69/11.4kV distribu-
tion substation as shown in Fig. 1. The main trans-
former is equipped with an onload tap changer to keep
its secondary bus voltage close to the preset value
under changing load conditions. In addition, a shunt
capacttor is installed at the 11.4kV secondary bus to-
compensate the reactive power flow through the main
transformer. Based on TPC’s operating policy, the
shunt capacitor must be switched on/off according to
system reactive power demand such that the reactive
power flow over the main transformer is minimised.
Thus, the power factor of the whole substation can be
improved and the reactive power flows and losses on
the subtransmission and transmission lines can also be
reduced.

Up to now, automation for the most distribution
substations within the service area of Taipei City Dis-
trict Office of Taiwan Power Company (TPC) has been
completed. In normal operation, these unmanned, fully
automated substations are monitored and controlled by
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the computers at the distribution dispatch and control
centre (DDCC). As far as reactive power and voltage
control at the distribution substation is concerned, the
bus voltages, real and reactive powers of main trans-
formers, on/off status of the SC, tap position of the
OLTC, etc. are continuously monitored and recorded
by the computer at DDCC through the action of
remote terminal units (RTUs) and supervisory control
and data acquisition system (SCADA) installed at the
substation. Based on this information, which is stored
in the database for 48 h and can be retrieved if neces-
sary, it becomes possible to employ computer programs
to determine whether the SC should be switched on/off
or whether the tap position of the OLTC should be
changed.
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circuit breaker

main transformer
: with OLTC

feeders

Fig.1 One-line diagram of part of 69/11.4kV distribution substation in
Taipei
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The reactive power/voltage control method currently
used by TPC works well in most cases. However, it suf-
fers from some disadvantages. For example, only real-
time load data are employed to determine the dispatch-
ing strategy for the SC and OLTC. The unforeseen
load changes in the near future may cause unnecessary,
frequent switchings for the SC and OLTC. Improper
co-ordination between the OLTC and SC may also be
observed owing to the lack of rigorous mathematical
models.

3  Current practice of reactive power/voltage
control in distribution substations at TPC

At present, the reactive power/voltage control strategy
in an automated distribution substation is shown in
Fig. 2. There are three different control modes, i.e. the
manual control mode (MANU mode), the automatic
control mode (AUTO mode), and the reactive power
device control mode (RPDC mode). In the manual
control mode, the operators are directly in charge of
the dispatch of SC and OLTC. Since it is not easy for
inexperienced operators to set OLTC at proper tap
position and switch on/off the SC at proper time, the
MANU mode is employed only in very special situa-
tions where the operators’ judgments and decisions in
reactive power/voltage control are required. In the
automatic control mode, the tap position of the OLTC
is changed by the automatic voltage regulator which
responds to the change in secondary bus voltage. On
the other hand, the VA controller detects the reactive
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Fig.2 Flowchart of current reactive power/voltage control method at
TPC

power flow over the main transformer and determines
if it is necessary to switch on/off the SC. A few disad-
vantages of the automatic control mode are now
described.

— Since the automatic voltage regulator and the VA
controller function independently, good co-ordination
between the OLTC control and SC on/off control is
impossible.

— Some aged automatic voltage regulators may have
delayed response to voltage deviations from the preset
values. This may cause the OLTC fail to act at normal
position when the SC circuit breaker is switched on/off
or when there is severe load variation.

— Unnecessary frequent operation of the SC circuit
breaker by the VA controller may be experienced in sit-
uations where there are temporary changes in the reac-
tive power flow over the main transformer.

— The preset values of the VA controller must be reset
manually following the change of SC installed capaci-
ties in different seasons. To co-ordinate the actions of
automatic voltage regulator and the VA controller
properly, the RPDC mode can be activated using com-
puter software program. However, it still has some
defects in practical operation.

(i) If the number of OLTC tap position movements in a
day has exceeded the maximum allowable number of
switching operations (30 in the present work), the
RPDC mode will be disabled when it tries to activate
further change in the tap position. The upper limit for
tap position movement in a day has been set to avoid
unnecessary OLTC actions and to avoid the reduction
of life expectancy for OLTC owing to frequent switch-
ings. Under this constraint, the OLTC tap position
must be changed in most needful condition. In the cur-
rent RPDC mode, the tap position of the OLTC is
adjusted only based on present bus voltage. Therefore
it may happen that the allowable thirty switching oper-
ations are exhausted in the afternoon and it is impossi-
ble to make any tap adjustment in the future hours.

(i) In current RPDC mode of operation, the minimum
on time and minimum off time for the SC are set to be
20 and 5 min, respectively. This is done to avoid too
frequent switching operations of the SC. However,
when the reactive power flow over the main trans-
former is very close to 50% of the rated capacity of the
SC, frequent switching operations are still observed for
the SC in this mode.
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(iti) In the RPDC mode, secondary bus voltage change
due to the switching of SC is estimated by using the
following equation:

AV (in kV) = 0.23 x (Q value of the SC (in MVAr))/6

This is a very rough formula. In fact, the voltage devia-
tion resulting from capacitor switching will be a func-
tion of the real and reactive power load demand. A
mathematical formula is given in Section 4 to estimate
secondary bus voltages in a more accurate manner.

(iv) In the RPDC mode, the SC is switched on/off
when the lagging/leading reactive power flow over the
main transformer exceeds 50% of the rated SC capac-
ity. Before the SC circuit breaker is operated, the sec-
ondary bus voltage after the SC is switched is first
estimated to ensure that the bus voltage will remain
within the allowable limit (£5% of the objective value).
The SC is switched only when the SC switching will not
cause voltage limit violations. This is a major advan-
tage of the RPDC mode which can not be achieved by
the AUTO mode. However, in situations where the
voltage limit violations are caused by improper OLTC
tap positions, the SC switching operation will be inhib-
ited in this mode to prevent bus voltage violations.
Reactive power control is not carried out in this case.
This motivates the development of a more rigorous
control method, described in Section 5.

primary bus secondary bus feeders
V1‘_' Z7 |PT*JQT P
- »Fy+iGp
iy
69kV Z7 114kv

-t shunt
( capacitor

___J\C =
7.
Fig.3 Mathematical model of main transformer with OLTC and bus
shunt capacitor

In summary, all of those disadvantages that happen
to current practice of reactive power/voltage control in
distribution substation at TPC may be avoided by the
proposed approach.

4 Bus voltage estimation formula

To estimate main transformer secondary bus voltage,
the mathematical model for the system in Fig. 1 is
depicted in Fig. 3. The following symbols have been
used in Fig. 3:

¥, = main transformer primary bus voltage (69kV)

V, = main transformer secondary bus voltage
(11.4kV)
Z; = main transformer impedance

t = transformer voltage ratio
P = real power demand
Qp = reactive power demand

The main transformer resistance and its magnetising
admittance are neglected in the present study. To find
the secondary bus voltage {V5|, let us first write down
the real power demand and reactive power demand
equations:
Vi[]Va
Pp =
Y

[Vi||Va|

iné 1
IZ| RINESD) ()

sin(/Vy — £Va) =
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By combining eqns. 1 and 3,
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Expanding eqn. 4 gives
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From eqn. 5, the secondary bus voltage magnitudes | V5|
is expressed as
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Now consider the situation where the shunt capacitor is
switched off. In this case, Z" = Z;/(1 - ¢) and

1 1\ ( t 1—t>‘1
2=+ | =t ——) =120 (7
21= (74 11) = (it 1t) =1l @
Z/I
= 1210211 = ®
By using eqns. 7 and 8, the transformer voltage ratio ¢

can be derived from eqn. 4 and eqn. 6 can be simpli-
fied as follows:
1/2
} 9

po ) 2l
AR
1 1/2
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2\
(QD+||7—IT> +P%

1
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One of the objectives in reactive power/voltage control
is to keep secondary bus voltage |V>| as close to 1.0p.u.
(6.73kV per phase) as possible no matter how the load
(Pp + j Qp) changes with time. In our study, the ideal
transformer voltage ratio is first found out by substi-
tuting |V, = 1.0p.u. into eqn. 9. In practice, the trans-
former voltage ratio can only be changed by multiples
of 0.0125p.u. Thus, the actual transformer voltage
ratio must be rounded off to the nearest multiple of
0.0125p.u. When this is done, the actual transformer
voltage ratio ¢ is related to the OLTC tap position
(TAP) as follows
t=1+TAP(0.0125) (11)
Note that the OLTC tap position TAP should be an
integer. With the actual transformer voltage ratio at
hand, the secondary bus voltage that we want to con-
trol can be derived by using eqn. 10.
When the shunt capacitor is switched on, the imped-
ance Z~ becomes

=[(12r]/Q=1))" = (Ze) ]! (12)
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In this case,

\Z"| = k| Zr| (13)
12"
=kt (14)
1Z|
where
Lo 1Zcl
\Ze| - 127
Eqns. 9 and 10 are now replaced by eqns. 15 and 16,
respectively: '
2r 1A% v
T 2 2
_ 5
t {WW (00 + 1i2) +PD” 1
1
Vaf? = §(kt)2|V1|2 — (k1 Zr)@p+

1 12
[ 001V = 1212 - P (2D QoA
(16)

In this paper it is reasonable to assume that K = 1
when the shunt capacitor is switched off.

5 Dynamic programming approach for reactive
power/volitage controi

Before the proposed dynamic programming (DP)
approach for reactive power/voltage control is
described, the hourly real and reactive loads of a main
transformer and its primary bus voltage are first fore-
cast.

In the present work, the method in [10,11] is adopted
to predict the hourly loads of a main transformer in a
day. On the other hand, the estimation error of the pri-
mary bus voltage will affect the results slightly for our
problem since it is about ten times the secondary bus
voltage (phase voltage). So it is forecast as the average
value of the actual primary bus voltage in the past
month. In fact, it is found from the results in Section 6
that the primary bus voltages estimated in this manner
are very close to actual primary bus voltages.

To describe the proposed DP approach, let us define

X; =1,5C is on at hour ¢
X; =0,5C is off at hour ¢

It has been mentioned in Section 4 that the relationship
between the transformer secondary bus voltage | V5| and
transformer voltage ratio ¢ is expressed in eqns. 10 and
16 for the case where the SC is off (X; = 0) and the case
where SC is on (X; = 1). With the hourly forecast data
(Pp;» Ops» and {V4)]) and the secondary bus voltage esti-
mation formula (eqns. 10 and 16) at hand, we proceed
to determine an optimal reactive power/voltage control
strategy for the main transformer at the distribution
substation. In other words, we require a set of control
variables X; (i = 1, ..., 24) for the SC and TAP; (i = 1,
..., 24) for the OLTC such that the reactive power flow
over the main transformer is kept as small as possible
and the secondary bus voltage is maintained as close to
the specified value (1.0p.u.) as possible at all hours in a
day. Practical constrains on secondary bus voltage lim-
its and maximum allowable number of switching oper-
ations in a day for the OLTC are taken into account.
In the mathematical expressions, the reactive power/
voltage control problem can be stated as follows.

642

Minimise

24 24
J = Z(‘V%peCI ~ [Vaiact]) + Z |Qi| (17)
=1 =1

= Ji =+ Ja
subject to
24
> ITAP, = TAP, 1] < 30 (18)
=2
[Vivi?| < [Vasaet] < VIO i=1,...,24  (19)
where
|Vasped = specified secondary bus voltage (1.0p.u.)
[Vaiael = actual secondary bus voltage at hour {
Ori = main transformer reactive power flow at
houri
TAP, = OLTC tap position at hour i
[V,M = secondary bus voltage lower limit
(0.95p.u.)
|Vymex = secondary bus voltage upper limit

(1.05p.w)

Note that the objective function J as defined in eqn. 17
indicates that we want to control secondary bus voltage
|V5] and transformer reactive power flow |Q7 at the
same time. The constraints on the maximum allowable
number of switching operations for the OLTC and the
secondary bus voltage limit are expressed in eqns. 18
and 19, respectively.

To find the control variables X; (i = 1, ..., 24) for the
SC and TAP; (i = 1, ..., 24) for the OLTC which mini-
mise the objective function J in eqn. 17 subject to con-
straints in eqns. 18 and 19, DP approach is utilised.
Fig. 4 depicts the state diagram and search paths for
the DP approach.

TAP1=0 TAPZ:O TAP24=0
X1=0 Xp=0 | T X942 0
state(1,1) state(2,1) state (241)
TAP;=0 TAP,=0 ¢ TAP,,=0
Xq=1 Xo=1 Xoy=1
state(1,2) state(2,2) state (24,2)
TAPy=1 TAPp=1 1 TAPy,=1
Xy=0 Xo=0 Xp4=0
state(1,3) state(2,3) state(24,3)
TAPy =1 TAPp=1 ¢ TAPy =1
X‘] = 1 X2:1 X24: 1
state (1,4) state(2,4) state(24,4)
stage 1 staée 2 staée 24
(hour1) (hour 2) (hour 24)

Fig.4 State diagram and search paths for dynamic programming
approach

Since there are two possible values for X; (X; = 1 or
0) and there are 17 possible values for TAP, (TAP, = —
8, —7,-6, ..., 0, 1,2, ..., 8), there will be 34 ( = 2x17)
states at each stage. Therefore, we need to traverse and
save 34%* (=5.69 x 10%6) possible search paths through
the system states at 24 stages. Our purpose is to find
one feasible path that satisfies the constraints described
in eqns. 18 and 19, and gives the least objective func-
tion J over the study period. If we try to solve the
problem using the state diagram and search paths in
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Fig. 4, we face the difficulty of too much computer
memory and intensive computational effort.

To reduce the computational burden, the number of
states at each stage and the search paths must be
reduced. In the present work, we first find the optimal
tap position TAP; . that will make || closest to
objective value at each stage. Only the three tap posi-
tions which are closest to TAP; ,ima are saved at each
stage. In this way, there are two possible values for X;
and only three possible values for 74P, So each state
node at a given stage will create only six state nodes at
the next stage. To further improve the efficiency of the
DP approach, the maximum size of the state space
must be limited. To do this, we restrict the number of
states from stage 2 to stage 24 to 36 states. In other
words, only those 36 states with the lowest objective
values among the 216 ( = 36 x 6) states are stored.
Since there are six states at the first stage, there will be
6 + 36 x 23 = 834 states in all. It means that the near-
optimal solution can be reached at minimal computa-
tional effort.

6 Example

To demonstrate the usefulness of the proposed method,
reactive power/voltage control is performed on a main
transformer at CHENG-CHUNG distribution substa-
tion in Taipei, Taiwan. The one-line diagram is shown
in Fig. 1. The main transformer rating MVA and its
impedance (Zy) are 33 and 0.1223p.u., respectively.
The installed capacity for SC is 8.4MVAr. Due to lim-
ited space in this paper, only one example is given to

demonstrate the results from load forecasting and reac-
tive power/voltage control for the case of weekdays.

Reactive power/voltage control for 22nd June 1994
( Wednesday): Table 1 gives the results from load fore-
casting for 22nd June 1994. As mentioned earlier, the
hourly primary bus voltage is forecast as the average
value of the actual primary bus voltage in the past
month.

With the forecast data, we can proceed to use the DP
approach in Section 5 to determine the optimal dis-
patch schedule for the SC and OLTC. In the present
work, the desired main transformer secondary bus volt-
age has been set as current dispatch value (6.73kV per
phase or 1.0p.u.) at DDCC for each hour.

The resulting reactive power/voltage dispatch sched-
ule from the proposed approach and the historical dis-
patch schedule at DDCC of TPC are summarised in
Table 2. It is observed that better control on secondary
bus voltage can be achieved by the proposed approach
than the current control method.

7 Discussion

In this paper, equal weights are put on voltage control
and reactive power control. If it is desired to put more
emphasis on voltage control or reactive power control,
one can use different weighting factors for functions J;
and J,.

At present, reactors are installed at EHV (345kV)
substations while capacitors are installed at primary
(161kV) substations and distribution substations at

Table 1: Load forecast results for 22nd June 1994

Pact PFor IPact_ PForI

Oact OFor | Oact - QForI

hour oy (Mw)  (MwW) . P eTOT (MVAN  (MVAR  (MVAR e ST
1 5376 5269 0.107 0461 1414 1517 0.103  1.237
2 4955 482 0093 0398 -1.608 -1679 0.071 0.852
3 4714 4566 0148 0638 -1753 -1779 0026  0.306
4 4482 4387 0095 0408 -1.877 -1.859 0018  0.221
5 4394 4285 0109 0471 -1845 -1933 0088 1053
6 4407 4341 0066 0282 -1.806 -1.834 0028  0.335
7 5872 5825 0047 0202 -1.040 -1.052 0012  0.144
8§ 9639 9259 0380 1633 0975 0928 0047  0.557
9 16997 16444 0553 2379 5113 4857 0256  3.068
10 20446 20301 0.145  0.624 6980 6999 0019 0223
11 22377 22283 0094 0403 8024 8044 0020  0.240
12 23266 23380 0.114 0492 8355 8485 0130 1558
13 22777 22800 0023 0098 8160 8164 0004  0.044
14 22495 22439 0056  0.241 7.842 7.873  0.031 0.377
15 23126 22.875 0251 1080 8055 8262 0207  2.480
16 23097 22650 0447 1921 8124 8288 0.164  1.958
17 22511 22021 0490 2108 8156 8181 0025  0.294
18 18872 18950 0078 0336 6617 6781 0164  1.968
19 16344 16570 0226 0971 5125 5539 0414 4957
20 14636 14863 0227 0976 3992 4446 0454 5430
21 13429 13371 0058 0250 3461 3634 0173  2.070
22 10.462 10.163 0.299 1.284 1.566 1.599 0.033 0.394
23 7532 7.308 0224 0961 -0.349 -0290 0059  0.709
24 6405 6153 0252  1.084 -1.138 -1.129 0009  0.107
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Table 2: Reactive power/voltage dispatch schedule from proposed approach and
current dispatch method at DDCC of TPC {22nd June 1994)

TAP;, X Vi v, J Ji A
hour
P CPCP c P C P C P C p* cr

1 0 -3 0 0 0982 0978 1.012 0970 0.057 0.072 0.012 0.030 0.045 0.042
2 -1 -3 0 0 0.984 0.980 0.990 0.973 0.118 0.147 0.022 0.057 0.096 0.090
3 -1 -3 0 0 0.987 0.981 0.993 0975 0.178 0.225 0.028 0.082 0.149 0.143
4 -1 -3 0 0 0.988 0.984 0.994 0.976 0.239 0.305 0.035 0.106 0.204 0.199
5 -1 -3 0 0 0.987 0990 0.9%4 0984 0.303 0.377 0.041 0.122 0.262 0.255
6 -1 -3 0 0 0.988 0.980 0.994 0.972 0.364 0.459 0.047 0.150 0.317 0.309
7 0 -3 0 0 0977 0971 1.006 0.958 0.401 0.532 0.053 0.192 0.348 0.340
8 -3 0 0 0989 0.997 1.010 0.970 0.439 0.591 0.063 0.222 0.376 0.369
9 -3 -4 1 1 1.004 0.997 1.000 0.981 0.533 0.687 0.063 0.241 0.470 0.446
10 -2 -4 1 1 1.006 0996 1.001 0.975 0.564 0.731 0.064 0.266 0.500 0.465
11 -1 -4 1 1 1.006 1.006 1.002 0.982 0.567 0.758 0.066 0.284 0.501 0.474
12 -1 -4 1 1 1.008 1.016 1.002 0.990 0.582 0.785 0.068 0.294 0.514 0.491
13 2 -4 1 1 1.010 1.015 1.000 0.994 0.588 0.798 0.068 0.300 0.520 0.498
4 -1 -4 1 1 1004 1.001 1.001 0978 0.593 0.827 0.069 0.322 0.524 0.505
15 -2 -4 1 1 1010 1.006 0.9%9 0.981 0.602 0.857 0.070 0.341 0.532 0.516
16 -2 -4 1 1 1011 1.009 1.001 0.984 0.612 0.885 0.071 0.357 0.541 0.528
17 -3 -4 1 1 1016 1.020 0.998 0.999 0.620 0.892 0.073 0.358 0.547 0.534
18 -4 -6 1 1 1017 1.015 1.001 0.988 0.658 0.940 0.074 0.370 0.584 0.570
19 4 -6 1 1 1.009 1.006 0.998 0.985 0.733 1.034 0.076 0.385 0.657 0.649
20 5 -6 1 1 1.012 1.009 0.998 0.988 0.841 1.160 0.078 0.397 0.763 0.763
21 -1 -7 0 1 1.013 1.017 0.997 0994 0.953 1.299 0.081 0.403 0.872 0.896
22 0 -7 0 0 0991 0997 1.009 0957 1.010 1.389 0.090 0.446 0.920 0.943
23 0 -6 0 0 0.982 0984 1.008 0.955 1.026 1.444 0.098 0.491 0.928 0.953

24 0 -3 0 0 0981 0968 1.010 0.960

1.070 1518 0.108 0.531 0.962 0.987

P: proposed approach
C: current dispatch method at DDCC of TPC

Taiwan Power Company. Thus, reactors are not con-
sidered in the present work because we are examining
reactive power/voltage control problem in a distribu-
tion substation. However, it is easy to incorporate reac-
tance into the mathematical model in Section 4.

In real system operation, it may happen that system
load varies to a great extent within 1h. In addition, cer-
tain emergency conditions may cause load shedding or
load transfer. In this case, the preset tap position may
be adjusted using the monitored voltage, load data and
eqns. 9 and 11.

8 Conclusions

In this paper, reactive power/voltage control in a distri-
bution substation has been studied. The purpose was to
find a proper dispatching schedule for the shunt capac-
itor and onload tap changer such that main trans-
former secondary bus voltage can be maintained close
to the specified value and the reactive power flow over
the main transformer can be kept minimal. To reach
the desired dispatching schedule, the real and reactive
power demands of a main transformer and its primary
bus voltage for the next 24h were first forecast. With
these data at hand, a mathematical model was built to
estimate transformer secondary bus voltage as a func-
tion of the control variables, OLTC tap positions and
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the on/off status of the shunt capacitor. An approach
based on dynamic programming has been presented to
reach the desired reactive power/voltage dispatch
schedule. From the results, the bus voltage can be con-
trolled very close to the specified value via the action of
OLTC while the reactive power flow over the main
transformer can be kept minimal through the switching
operations of the SC.
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