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Abstract— Among latest Flexible Alternating Current Transmission System
(FACTS) devices, Quadrature Booster (QB) is one of them. QB has the ability to
control the voltage magnitude and voltage angle at the buses. The power flow in
transmission lines can be controlled in the system. In this paper, the quadrature
booster is used to rewrite the Newton- Raphson load flow technique. QB has been
incorporated in different locations and compared without QB in the system. A study
on variation of power flow in all transmission lines and voltages at all buses for
different values of QB control parameters has been carried out on standard 2
machine 5 bus system. MATLAB environment is used for simulation purpose.
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1. INTRODUCTION

Electrical power system is one of the man-made complex systems in the world. Based
on the electricity generated, it has to be transmitted through the transmission lines. The
two power components which are flowing in the line are real power and reactive power.
In a three phase ac power system, the power from generating station to the load is
transferred through different transmission lines [1]. Power flow is the flow of active
power and reactive power in transmission line. The power flow studies give the
representation and a systematic mathematical approach for finding the bus voltage
magnitude and the angles for the same. The computation of active and reactive power
flow can be carried in various transmission lines. The operating condition through steady
state situation of a power system is considered for variety of situations and the
information is provide to the power engineers to react in an appropriate manner [2].

Flexible AC Transmission systems (FACTS) controllers are used to control the power
system steady state difficulties. However, FACTS controllers are used for the
enhancement of power system stability. The major role of the FACTS controllers is to
control the power flow or load flow in the system. Some of the FACTS devices are static
VAR compensator (SVC), Static Synchronous Compensator (STATCOM), Static Series
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Synchronous Compensator (SSSC), Thyristor Controlled Series Capacitor (TCSC),
Thyristor Switched Series Capacitor (TSSC), Unified Power Flow Controller (UPFC),
Interline Power Flow Controller (IPFC), Phase Angle Regulator (PAR), Quadrature
Booster (QB) [3-5].

The performance of QB is comparatively equal performance as Phase Angle
Regulator. The power angle in the transmission lines can be controlled by PARs, but QBs
are utilized in the line for injecting or boosting the voltage in an appropriate transmission
line [6]. The QB requires two transformers units, one at the shunt of the input bus and the
other in the series with the transmission line bus [7-8]. Tap changer is used with shunt
transformer to exact a component of the system voltage, typical in the range values of
positive and negative 20% of the nominal voltage. From the shunt transformer, the
voltage is induced 90° to the system base voltage with respect to the series transformer. In
main transmission circuit the series transformer is connected in series with the line [9].

The remaining discussion of this paper is as follows: The static modelling with basic
concept of QB is discussed in section 2. Section 3 gives the developed Jacobian matrix
with QB. Section 4 provides the detailed proposed algorithm with QB. The case study
and the discussion on the obtained results are given in section 5. Section 6 concludes the
overall work carried out for this paper.

2. STATIC MODELING OF QUADRATURE BOOSTER

The static modelling of QB is discussed in this section. The QB representation is
shown in Fig.1. The electrical representation of QB with the transformer in series with the
transmission line impedance is shown in below Fig.2. QB is connected between two
buses i &j.

Main unit
(Shunt/Exciting)

Fig. 1 QB representation

Fig. 3 Representation of Quadrature Booster with Series VVoltage Source

Based on the injected voltage from the transformer, the series voltage source is
connected with the transformer reactance as shown in Fig.3. The line reactance and the
transformer reactance are given separately in the Fig.3. Fig.4 describes that the voltage
source in series with the total impedance i.e., the summation of line reactance and the
transformer reactance. The equivalent circuit of QB in terms of current source is given in
Fig. 5.
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Fig. 4 Representation of Quadrature Booster VVoltage Source in Series with the Total
Impedance
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Fig. 5 Equivalent Representation of Quadrature Booster in Current Source

The series voltage of QB in terms of both magnitude and phase angle is given as in
Equation (1)
V, =rve” 1)
Where the parameters r & y isgivenby 0<r<0.land -z <y<r.
An imaginary voltage behind the series reactance X, is given by Equation (2). The
phasor diagram of the voltage enhancement can be visualized in Fig. 6.
V=V, +V, ()

Fig. 6 Phasor Diagram

Voltage at bus-i bus is considered as reference voltage i.e. v, =v, 0.
Current in the line is given in Equation (3).

Ise = _jbsevse 3
The active and reactive power from the i bus

Pi(inj) = _Vizbser siny (4)

Qi(inj) = _Vizbser cosy (%)
The active and reactive power from the j" bus

Pi(inj) = _\/izbser siny (6)

Qi(inj) = _\/izbser cosy (7)
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3. MODIFIED JACOBIAN EQUATION OF NEWTON-RAPHSON
FLOW SOLUTION

By neglecting the higher order terms and expanding them, the set of linear expressions
is shown in matrix form as shown in equation (8).

AP | H° L°|[AsS
AQ| |M°® N°| AV ®)

3.1. TEXT FONT OF SUB-MATRIX H,L,N

The diagonal elements for submatrix H are given below:

1 0, 1 _ 0

Hi=Hi: Hy=Hj;—Qjum ©)
The off-diagonal elements for submatrix H are given below:
1 0 1 0

H; =H;; Hi=H; +Q;u (10)
The diagonal elements for submatrix L are given below:

1 0 1 0

Li = Li +2Rmys Ly = L + Py 11)

The off-diagonal elements for submatrix L are given below:
1 0 1 0

Lij = Lij; Lji = Lji + Pj(inj) (12)
The diagonal elements for submatrix M are given below:
1 0

M =My M}i :M?i_Pj(inj) (13)
The diagonal elements for submatrix N are given below:
1 0 . 1 _ 0

Ni = Nj +2Qi(inj) ’ ij - ij +Qi(inj) (14)
The off-diagonal elements for submatrix N are given below:
1 0 1 0

N =Nis Ny =Nji + Q) (15)

The above equations form the modified Jacobian matrix as shown below.
AP | [H" L | As i
AQ| |M! N[ AV (16)

4. PROPOSED ALGORITHM

The proposed algorithm for the computation through the developed mathematical
modelling of QB is presented here.

Step-1: Read the data for load flow technique.

Step-2: Compute the admittance matrix from the given line data.
Step-3: Set iteration count as kk=0.
Step-4: Calculate the real and reactive powers with QB in the system.

The Jacobian matrix in equation (16) is used for the computation of the real

Step-3: and reactive power mismatch.
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Check the power mismatch for the tolerance limit set at the beginning and

Step-6: the results are obtained in the output section. Otherwise go to step 7.

Calculate the magnitude of voltage and angles variation by using the N-R

Step-7: method.

Step-8: Modify the load flow equations with QB parameters I'and .
Step-9: Set kk=kk+1, next to step 4.

5. CASE STUDY & RESULT

In this section, the effect of quadrature booster on bus voltages & Power flows has
been studied. The model has been tested on various systems and the result of a standard
5-bus system [10-12] is discussed here. In the standard 5-bus system, there are 2
generator buses and 3 load buses and 7 transmission lines. Bus 1 is considered to be slack
bus and bus-2 as generator bus and 3, 4, 5 is load buses. The system’s base MVA is 100
MVA and the tolerance limit for converging the power flow solution is considered to be
2e1%, The analysis has been carried out by varying the parameter one at a time keeping
the remaining parameter fixed [10]. The suitable value of each parameter for the
individual bus system is mentioned below separately. y is varied from 0 to 2 and I is

varied from 0 to 0.1.
The Quadrature Booster (QB) is incorporated in the system by considering
1. two load buses (bus-3 & bus-4).
2. one load bus and one generator bus (bus-2 & bus-5).
3. both the above combinations (bus-3 & bus-4) & (bus-2 & bus-5).

The comparison of placing QB in different locations mentioned above is discussed
here. By varying the parameters of I and y, we observed several variations in the load

bus voltage magnitudes, voltage angles, active & reactive power flows in the transmission
lines and active & reactive power losses in the system. The suitable values of the

parameters for the enhanced voltages, powers and reduced losses are ¥ = 0°, r=0.02.

Load Bus Voltage Magnitude(pu)

1
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=
=
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S o096+
=
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2 [ with QB 3-4
L [C—Jwith QB 2-5 i
0.92
[ Iwith QB 3-4&2-5
0.9 .]uLL
5

3 4
Load Bus Number

Fig. 7 Load Bus Voltage Magnitude

Fig.7 and Fig.8 shows the voltage magnitudes and voltage angles for the load buses
with and without QB respectively. The improvement of the voltage magnitudes and
voltage angles at load buses 3,4 & 5 can be observed by placing QB compared to without
QB in the system. After placing QB between buses 3 & 4, the voltage magnitude is
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increased at buses 3,4 & 5 compared to without QB in the system whereas QB between
buses 2 & 5, the voltage magnitude is increased at buses 3 & 5 and decreased at bus 4
compared to QB between buses 3 & 4. When QB is placed in both cases like locating
between buses 3 & 4 and buses 2 & 5, the voltage magnitude is increased at buses 3,4 &
5 compared to above two locations in the system.

Load Bus Voltage Angles(degrees)
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[ Jwith QB 3-4&2-5
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Load Bus Number

Fig. 8 Load Bus Voltage Angles

After placing QB buses 3 & 4, the voltage angle increased at buses 4 & 5 and
decreased bus 3 compared to without QB in the system whereas QB between buses 2 &
5, the voltage angle increased at buses 3,4 & 5 compared to with QB 3 & 4. When QB is
placed in both cases like locating between buses 3 & 4 and buses 2 & 5, the voltage angle
increased at buses 3,4 & 5 compared to above two locations in the system.

Fig.9 & Fig.10 shows the active power and reactive powers for the load lines with and
without QB respectively. The improvement of the voltage magnitudes and voltage angles
at line 1 to 7 can be observed by placing QB compared to without QB in the system.
After placing QB buses 3 & 4, the active power increased at lines 1,4 & 5 and decreased
2,3,6 & 7 lines compared to without QB in the system whereas QB between buses 2 & 5,
the active power increased at lines 2,3,4,6 & 7 and decreased line 1 compared to with QB
3 & 4. When QB is placed in both cases like locating between buses 3 & 4 and buses 2 &
5, the active power increased at lines 1,2,3 & 4 and decreased at line 5,6 & 7 compared to
above two locations in the system.

After placing QB buses 3 & 4, the reactive powers increased at lines 1,2,3 & 7 and
decreased at lines 4,5 & 6 compared to without QB in the system whereas QB between
buses 2 & 5, the reactive powers increased at lines 1,4 & 6 and decreased at line 2,356 & 7
compared to with QB 3 & 4. . When QB is placed in both cases like locating between
buses 3 & 4 and buses 2 & 5,the reactive powers increased at lines 2,4 & 7 and decreased
at line 3,5 & 7 compared to above two locations in the system.

Line Active Power(MWw)
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Fig. 9 Active Power Flow in Transmission Line
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Line Reactive Power(Mvr)
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Fig. 10 Reactive Power Flow in Transmission Line

Fig.11 shows the active power loss and reactive power loss for the load bus with and
without QB respectively. The more decrement of the active power loss and reactive
power loss can be observed by placing QB in the system as comperes with base case.
After placing QB buses 3 & 4, the active power loss decreased compared to without QB
in the system whereas QB between buses 2 & 5, the active power loss decreased
compared to with QB 3 & 4. When QB is placed in both cases like locating between
buses 3 & 4 and buses 2 & 5, the active power loss decreased compared to above two
locations in the system.

Active and Reactive Power Losses

I ith Out QB i
[ with QB 3-4
[—Jwith QB 2-5
[ Jwith QB 3-482-5

-10

Active()MW and Reactive()MVar Power Losses

Active Power Reactive Power

Fig. 11 Active and Reactive power Loss Flow in Transmission Line

6. CONCLUSIONS

The power injection model quadrature booster for the transmission line with the
modified Jacobian matrix elements has been presented. After incorporating the
proposed mathematical model in Newton-Raphson power flow solution, the effects
of quadrature booster has been studied. The results of test system shows the
potential of the proposed model of quadrature booster and would yield fairly
accurate results with regards to bus voltages and power flows. The two control
parameters are same for all the three cases considered. In this type of controlling,
individual transmission lines are controlled with the shunt connected device with
proper phase shifting of 90 degrees. Normally, the impact of QB is be more after
placing between two load buses and with a generator bus. The overall system loss is
controlled by choosing appropriate values of quadrature booster parameters.
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APPENDIXES

Nomenclature:

S -Apparent power.
V -Voltage at particular bus.
| -Current in the transmission line.

y -Angle at which the voltage has to be injected.

b -Susceptance of the transmission line.
I -Range of voltage magnitude.
X -Reactance of the transmission line.
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