
Chapter 6 

6. Design of new controller for BSC bank controlling 

A system and method for coordinating shunt reactance switching in a system 
with a transformer having a primary voltage and a secondary voltage for supplying low 
voltage power to a load. Voltage and power meters are provided for measuring the 
primary voltage and the reactive power flowing to the load. A programmable logic 
controller receives as one set of inputs measurements of primary voltage and reactive 
power flowing to the load, and as another set of inputs, predetermined ranges establishing 
high and low limits for the primary voltage and the reactive power. Based on these inputs, 
the programmable logic controller connects or disconnects at least one shunt reactance to 
maintain the load voltage substantially constant. 

6.1 Introduction of the design 

Voltage fluctuations and variation on high voltage AC transmission system can 
be reduced by installing static reactive power generators (sometimes known as V AR 
generators) in the transmission Grid Substations (GSS). Voltage regulation is based on the 
fact that in an essentially inductive transmission line, transformer, voltage increases if 
capacitive current is injected into the line by, for example, connection of a shunt capacitor 
across the particular bus [5]. Alternatively, voltage can be decreased by connecting an 
inductor across the bus (or removing a previously connected capacitor). Static V AR 
generators may be switched across the bus using electromagnetic relay devices controlled 
by a predetermined timer or using a thyristor (or other semiconductor). 

A problem facing many utilities is controlling shunt compensation on voltage buses 
especially where voltage is already regulated by on load tap change (OL TC) transformers. 
In an OLTC transformer, the low side line voltage delivered to the load is monitored and 
regulated by a conventional, fine tuning OL TC controller. Such a controller measures 
actual low side voltage, compares it with the desired value, and then adjusts the position 
where the load tap makes contact with the high side OLTC transformer coil, e.g., via a 
control signal to a motorized tap changer [10]. Typical OLTC transformers may have 16 
or 32 tap positions, with each position being representative of some fractional portion of 
rated voltage. Thus, for example, a one position tap change on a 32 tap OL TC transformer 
would cause a relatively small bus voltage change as compared with the rated or desired 
output voltage. 

OLTC transformers function well to effect small changes in voltage. However, large 
voltage fluctuations require switching of shunt reactance to ensure that sufficient reactive 
power is provided to the system, end-users and the customers such that secondary voltage 
can be held essentially constant. Since the OL TC controller is already monitoring and 
regulating the secondary distribution voltage, a shunt reactance control unit cannot also 
directly control that secondary distribution voltage [12]. As a result, most utilities 
typically follow a fairly rigid load cycle or power factor to estimate roughly when a 
reactance element, such as a capacitor bank, should be switched in shunt across the load to 
offset a decrease in the secondary distribution voltage from an increased load. After 
capacitor bank switching, the OL TC controller gradually adjusts the tap to return the low 
side voltage to the desired value. This rigid scheduling is far from optimal because it fails 
to accurately respond to actual system needs (as opposed to scheduled estimates) and to 
detect abnormal system conditions. 
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6.2 Factors that have been considered for designing the controller 

The present method seeks to overcome these problems by flexibly coordinating 
the OLTC fine tune controller and shunt reactance switching. More specifically, it 
provides voltage and power regulation using a programmable logic controller for 
controlling shunt capacitor switching in order to attain the following exemplary 
objectives: 

(I) Maintain distribution and transmission voltages fairly constant; 

(2) Track station loading; 

(3) Complement the action ofOLTC transformers; 

( 4) Provide sufficient dead-band and time delays to avoid hunting; and 

(5) Detect and compensate for abnormal system conditions. 

(5).Measure the V AR consumption of the transformer at various loading 
conditions with respect to the tap operations 

(6). Measure the V AR generation by the transformer when a tap operation occurs 

In one embodiment, the present study provides a system for coordinating shunt reactance 
switching in a power distribution substation which includes a transformer having a 
primary voltage and a secondary voltage for supplying low voltage power to a load. 
Voltage and power sensors are provided for measuring the primary voltage and the 
reactive (or real) power flowing to the load. A programmable logic controller receives as 
one set of inputs measurements of primary voltage and reactive (or real) power flowing to 
the load, and as another set of inputs, predetermined ranges establishing high and low 
limits for the primary voltage and the reactive (or real) power. Based on these inputs, the 
programmable logic controller connects or disconnects at least one shunt reactance across 
the load to maintain the load voltage substantially constant. 

This is particularly well suited to coordinate shunt reactance switching with OL TC 
transformers. An OL TC controller monitors the secondary voltage and adjusts the tap 
contact position in response to secondary voltage variations. The present study is also 
applicable as well to power transmission lines for delivering secondary voltages to a 
variety of loads. In both environments, a primary voltage of the OL TC transformer or the 
transmission line is monitored along with reactive power to a load. 

The programmable logic controller uses the predetermined ranges for primary voltage and 
reactive power to determine a dead-band range of operation in which no reactance 
switching is necessary. The dead-band range and switching determination are based upon 
a mathematical model formulated as a function of 

(1) Primary or high side voltage and 

(2) Power (P or Q) flowing to the load. 
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If that function exceeds a calculated dead-band range, an error is calculated, and 
integrated, over time. When the integrated error exceeds a preset value, reactance 
switching occurs. 
The present study also includes a method for coordinating shunt reactance switching with 
an OL TC transformer is having a high voltage side and a low voltage side for supplying 
low voltage to a load including: 

( 1 ).Adjusting the position of an adjustable tap contacting windings on the high 
voltage side in response to variations in the low side voltage; 

(2) Measuring the high side voltage and reactive power flowing to the load; and 

(3).Switching at least one reactance in shunt with the load to maintain a 
substantially constant low side voltage based on the measurements in step (2) 
and on predetermined ranges for the high side voltage and reactive power. The 
method may further include calculating a dead-band range of operation in 
which no reactances are switched and outside of which reactances are switched 
[ 12]. 

The method further includes the steps of inputting predetermined ranges which include a 
minimum primary voltage, a maximum primary voltage, a minimum reactive power, and a 
maximum reactive power, and calculating a dead-band range of operation in which no 
reactances are switched and outside of which reactances are switched based on those 
predetermined ranges. 

6.3 Brief description of the drawings and figures 

These and other features and advantages of the study will be readily apparent 
in the art from the following written description, read in conjunction with the drawings, in 
which: 

Figure 6.4 1 is an exemplary functional block diagram in which this method can be 
applied to an OLTC transformer with shunt reactances and load residing at physically 
separate locations; 

Figure 6.4.2 is a graphic depiction of the mathematical model employed in the design of 
controller; 
Figure 6.4.3 Shows the single phase arrangement of the schematic diagram. 
Figure 6.5.1 is a flow diagram illustrating exemplary processes which may be used for 
carrying out the in the design; and 

Figures 6.5.2 through Figure 6.5.1 0 are graphs showing the operation of the controller 
under various operating conditions. 

6.4 Detailed description of the design 

In the following description, for purposes of explanation and not limitation, 
specific embodiments are set forth, including particular circuits, circuit components, 
techniques, etc. in order to provide a thorough understanding of the process. However, it 
will be apparent to one skilled in the art that the study may be practiced in other related 
areas that depart from these specific details. In other instances, detailed descriptions of 
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well known methods, devices, and circuits are omitted so as to not obscure the description 
of the process with unnecessary detail. The study will be described in one exemplary 
embodiment in the context of an OL TC transformer in conjunction with Figure 6.4.1. 
OLTC transformer includes primary (P) and secondary (S) windings respectively, for 
stepping down a high primary voltage, for example, 132 kV to a lower secondary voltage, 
for example, 33 kV. An OLTC controller functions in the conventional way as described 
above to monitor the secondary distribution voltage to a load and to adjust the tap position 
of variable tap in order to maintain a substantially constant secondary voltage [13]. 
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Figure 6.4 1 Circuit diagram and the controller arrangement of the system. 

A voltage transformer is shunted across the primary winding in order to detect the primary 
voltage. A power sensor measures the reactive power flowing to load by measuring the 
voltage across the load and the current flowing to the load as indicated by Figure 6.4.1. 
Shunt reactances and (illustrated as capacitors) are connected in shunt to the load via 
circuit breakers. It will be appreciated that shunt reactances could be either capacitors or 
inductors and that controlling devices could be any type of circuit breaker or 
semiconductor (thyristor) switches. 

A programmable logic controller receives a number of inputs including voltage readings 
from VT and reactive power readings from power meter. In addition, the programmable 
logic controller receives user inputs including an error threshold, upper and lower primary 
voltage limits, and upper and lower reactive power limits. Outputs of programmable logic 
controller include control signals to relay drivers for controlling the state of circuit breaker 
s for switching the shunt reactances into or out of the network. It will be understood by 

40 

~' 



those skilled in the art that any number of shunt reactances may be included in the circuit 
depending on the installation. 

Figure 6.4.1 also illustrates that the reactive devices may if desired be remotely located on 
a secondary network and may be remotely located from load. It will be understood by 
those that a variety of locations exist for the measurement devices, circuit breakers, and 
loads. 

For each of the components described above, the controllers operates essentially to 
regulate the voltage to the load and to switch shunt reactances as necessary to ensure that 
the load voltage remains essentially constant. The primary "engine" of the study is 
programmable logic controller, e.g. a suitable programmable logic controller is available 
from the vendors. Current software for programming programmable logic control is also 
conventional, e.g. Ladder Logic software is available from vendors. It will, of course 
appreciate that other conventional programmable logic controllers and suitable software 
may be used to implement study as described below. 
The process will now be described in conjunction with exemplary conditions graphically 
depicted in Figure 6.4.2. 
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Figure 6.4.2 Mathematical model employed in the controller for decision 
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The controller determines when and if to switch the shunt reactances either into or out of 
the network to increase or decrease voltage to the load. However, in order to eliminate 
hunting and excessive reactance switching (either on or off), it is desirable to include a 
"dead-band" range around ideal operating voltage and power conditions. This dead-band 
range is defined as the region between the two solid diagonal lines shown in Figure 6.4.2 
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The present invention defines the dead-band range based on a decision variable F(V, Q) 
which is a function of voltage and power flow to the load. 

While the present study will be described below using primary voltage and reactive 
power, it is to be understood by those skilled in the art that other voltages including the 
secondary voltage as well as real power, could be utilized as the voltage and power 
parameters, respectively. 

Initially, an operator sets predetermined upper and lower limits for both primary voltage 
and reactive power flow. In the example shown in Figure 6.4.2, reactive power flow (in 
MVAR) is recorded on the vertical scale with Omin =-15 MVAR and Omax =15 MVAR On 
the horizontal scale, normalized primary voltage (in per unit "pu") includes V min =1.0 and 
Vmax =1.025. Four midpoints 1-4 are determined for each side of a rectangle formed by the 
Qmin, Omax, V min, and V max threshold limits (indicated by dashed lines). For example, 
midpoint 1 is the point at zero reactive power flow halfway between the upper and lower 
reactive power limits Omax and Qmin 

Two parallel diagonal lines are determined which intersect midpoints 1 and 2 and 
midpoints 3 and 4, respectively. These two diagonal lines define the boundaries of the 
permissible deadband operation and are defined mathematically as 
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Figure 6.4.3 Shows the single phase arrangement of the schematic diagram 

Flow =V min -kQmid 
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The gain or slope variable k is calculated as 
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and Qmid is defined as 

Qmid = Qmin + (Qmax-Qmin) 
2 

The decision function F determines the extent to which actually measured voltage and 
reactive power vary from the dead-band range defined by diagonal lines Fhigh and Flow 
Thus, the actual operating point of the system at any point in time can be determined using 
the function 

F(V act, Qnow)=Yact -kQnow where: 

Yact is the measured high voltage; 

k is a gain parameter relating voltage and reactive power flow ranges; 

Qnow is the measured reactive power flowing to the load; 

Ymin is the low primary voltage limit; 

Y111 ax is the high primary voltage limit; 

Qmin is the low reactive power flow limit; 

Omax is the high reactive power flow limit; 

Qmid is the midpoint of the reactive flow range. 

To calculate the decision function X for the example shown in Figure 6.4.2 consider the 
following values: 

Ymin =1.00 pu Volts; 

Ymax =1.026 pu Volts; 

Ymid =-1 0.0 MY AR; 

Qmax =10.0 MVAR; 

Qmid =0.0 MY AR; 

k equals 0.026/20.0=0.00 13 (pu Volts/MVAR); 

Flow =1.000 pu Volts; 

Fhigh =1.026 pu Volts. 

In a first calculation programmable logic controller calculates values k, Flow, Fhigh based on 
input limit values Qmin, Omax, Ymin, Ymax and the midpoint reactive power value Qmid 
Subsequently, based on the actual voltage and reactive power flow measurements from 
volt meter and power meter, programmable logic controller determines decision function 
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6.5 Sample calculation of the decision variables 

F(V, Q). For example, if the primary voltage is 0.99 pu and the reactive power 
flow is 5 MVAR, X=0.99-(0.0013x5.0)=0.9835. Programmable logic controller then 
compares F to the F1ow and Fhigh values to determine ifF is outside the dead-band range of 
operation. Since 0.9835 is less than Flow =1.000 programmable logic controller starts a 
timer to accumulate/integrate a voltage error. 

An error for low conditions is defined as ERR1 =F1ow -F and for high conditions is defined 
as ERR2=F- Fhigh error values ERR1 or ERR2 are integrated over time and when the 
integrated value reaches a predetermined threshold, appropriate reactance switching is 
initiated. As shown in Figure 6.4.2, if ERR1 exceeds its threshold, a capacitor reactance 
bank is switched on. 

Conversely, if ERR2 exceeds its threshold, the programmable logic controller switches a 
capacitor reactance bank into the network. The threshold value may be, for example, 1.0 
pu Volt seconds to allow for gradual changes in load or voltages and for quick response in 
contingency conditions. In this instance, a ten percent (0.1 0 pu) voltage error causes 
reactance switching in ten seconds while a one percent (0.01 pu) voltage error requires one 
hundred seconds for switching. 
Programmable logic controller only accumulates errors when F is outside of the dead-band 
range. IfF returns inside the dead-band before a reactance switching signal is generated. 

NO 
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Figures 6.5.2 to 6.5.4 show the response to a gradual decline in system voltage from 1.04 
pu to 0. 95 pu over a30 minute period. As system voltage drop OL TC controller reacts to 
maintain the secondary voltage within predetermined limits. When high side voltage drops 
below l.Opu error starts to accumulate. When error reaches a threshold at 440 seconds a 
first shunt BSC bank is switched into the network. 

As a results both primary and secondary voltage rise. As the system voltage drops further, 
a second BSC bank is switched ON at 640 seconds. At this point the however the 
secondary voltage exceeds an upper limits and OLTC controller reacts to decrease the 
voltage. At approximately 910 seconds reactive power flow drops below the specified 
Qmin with primary voltage depressed causing switching of the third BSC bank. 
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Figure 6.5.2 Primary system voltage variation with BSC bank ON (15MVAR) 
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Figure 6.5.4 System MV AR flow through the transformers 

Figures 6.5.5 to 6.5.7 illustrates the response to a sharp change in system voltage such as 
that caused by a system fault. The initial voltage is 1.05 pu which drops to 0.96 pu at 22 
seconds. With the sharp drop in the primary voltage the fist BSC bank is switched on 
immediately to increase the primary and secondary voltages 

However these voltages do not reach within deadband limits, a second and third BSC 
banks are also switched on. The OLTC controller adjusts the secondary voltage at 
approximately 120 seconds. At 220 seconds, system voltage is stepped baked up to 1.0pu 
with OLTC operating in conjunction with removal of one BSC bank to reduce the 
secondary voltage. 
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Figure 6.5.6 Secondary side voltage variation with BSC bank switch ON 

System VAR flow 
20 

10 

- 0 a: 
<{ 

-10 u 100 150 200 250 300 350 > 
~ L-, - System VAR flow -0 -20 

-30 

-40 
Time (s) 

Figure 6.5. 7 System V AR flow at that instance with switching the BSC 
bank 

Figures 6.5.8 to 6.5.10 shows a steady increase in load. For the slow changes in system 
conditions, the OLTC controller acts initialy and then at 2340 seconds, a first capacitor 
bank is switched on followed by a second capacitor bank at 3310 seconds to counteract 
load increases. 
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In all three scenarios in Figure 6.5.2 to 6.5.1 0 switching of the BSC bank is well 
coordinated with the OL TC controller fine tuning adjustments. The coordinated system 
allows for flexible, programmable, and dynamic response to actual changing load 
conditions whether normal or abnormal, steady state or transient. Moreover, variable 
daedband response is programmable controlled simply by changing the user input to 
programmable controller. 

While the study has been described in conjunction with what is presently considered to be 
the most practical and preferred, it is to be understood that this study is not be limited to 
the above but on contrary is intended to cover various modifications and equivalent 
arrangements included within the sprite and scope of the following section. 

6.6. Factors that can be included in the design for further improvements 

6.6.1 V AR controlling of the BSC bank 

Capacitor bank switching based on reactive power requirements is a more 
flexible and natural means of capacitor control concepts. It adds a fixed amount of lagging 
reactive power into the system regardless of most other conditions. Since the reduction of 
losses and the capacity release directly proportional to the reactive current drawn, 
injecting the reactive power at substation bus level reduces losses beyond bus towards 
source including the transformer. 

Leg Close = 213 bank size 
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Figure 6.6.1 Typical V AR control concept 

To avoid responding to sudden reactive power changes, restraint control or integration of 
inputs over certain time period can be used. These are available in most of the capacitor 
bank controllers. 

• When transformers are paralleled, one controller feels only a half of the capacity of 
a switched bank. 
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• Step size of a bank is 5Mvar. 

• Switching ON when lagging reactive power exceeds 2.5 *2/3 = 1.6Mvar (lag) 

• Switching OFF when leading reactive power exceeds (2.5 * 1/3) * 1.4 ~ 

1.2Mvar(lead) 

Switching points were selected from simulation results with approximated A VR control 
and shown in Figure 6.6.1 the switching points based on lowest reactive power drawn 
from system and power factor close to unity (optimum compared to losses) was also show 
in the diagram. 

A typical capacitor bank switch can operate 6times per day considering 50,000 no of 
operations and 20 years life time. The no of operations of the breakers are within the 
acceptable limits [3). 

Number of switching 

Date Bank 1 Bank 2 Bank 3 Bank 4 

24.07.09 0 0 2 2 

28 07.09 0 0 2 2 

31 .07.09 0 0 1 2 

Table 6.6.1 No of switching operations under proposed var control scheme 

The utilization factor is calculated based on the same criteria described early in the chapter 
and equals to 80%. The utilization is approximately same as the present system but the 
new scheme is closer to the loss optimized pattern . 

6.6.2. Voltage controlling of the BSC bank 

Voltage control based capacitor switching in a utility substation has to follow a 
complex algorithm. The difficulty in voltage control based switching is due to the voltage 
regulator of the power transformers. When both functions try to control voltage at the 
same time without any coordination between them, then there will be severe mal 
functioning of the two controllers. This will cause hunting of capacitor banks and tap 
changer. Therefore, for such a control scheme, an algorithm to coordinate A VR and 
capacitor bank controller is required. The factors that has to be considered in such a 
system are, 

• During switching on for decreasing bus bar voltages, the capacitors shall come first 
if the reactive power load is more than a portion of the minimum step of a bank 
otherwise the tap changer can increase the voltage. The purpose of this is to 
minimize the losses and adding excess leading reactive power [8]. 

• During switching off for increasing terminal voltages, A VR and the capacitor 
controller shall follow the same philosophy. The reactive power at the time of 
decision must be considered in deciding whether to reduce the tap or to switch off 
a capacitor bank. 
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• Algorithm for an above control is necessary to optimize the use of capacitor banks. 
If the only requirement is to control the voltage, then proper dead band selection 
for two controllers also can serve the purpose. 

One other thing to be considered is that when the network control centre increases the 
voltage at some other station having no capacitor banks by generator voltage adjustments, 
the substation having capacitor banks also will feel that and the bus voltage will improve. 
Then the capacitors will tend to switch off responding to outside voltage adjustments. This 
is not an economical solution [9]. 
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Figure 6.6.2.1 Proposal for dead bands for A VR and capacitor controller 
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Figure 6.6.2.2 Comparison of switched banks under voltage control & var control 
schemes 
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Figure 6.6.2.3 Block diagram and input and output signal arrangement of the controller 
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