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Abstract

Obtaining optimal power flow has been a challenge over the years for power system engineers. Several ways and
technologies ranging from conventional to the use of modern Flexible Alternating Current Transmission Systems
(FACTS) devices have been incorporated into the power system to ensure optimal flow of power. FACTS devices
used are capable of mitigating several power system problems ranging from line overloading, voltage instability,
transient instability, and Power system congestion and so on. Phase shifting transformer (PST) is a FACTS device
that is capable of controlling power flow problems in a network by varying its phase angle. PST, when installed at
appropriate locations on the power system is capable of redirecting and redistributing power flow from overloaded
lines to the less loaded ones, hence ensuring an optimal performance and improved performance of the power
system.This paper evaluates the effect of incorporating the PST on the IEEE 5 bus system. Newton-Raphson load
flow technique is employed in modeling the IEEE 5 bus system and the PST. Simulation was carried out using
MATLAB software package for both the steady state condition and with the incorporation of PST. Results showed
that overloading on some transmission lines was checked and mitigated by redistribution of active power across
the system. There was also reduction of losses on the lines.
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1.0 INTRODUCTION

Over the years, power system security has been constantly threatened as a result of an ever increasing load being
added to the system, failure of one or more system components, transients. Increased power demand poses serious
challenge to the load handling capability of the power system as an outage of transmission line failure may result
in overload on other lines [16]. Consequently, this may have a cascaded failure of the transmission lines, hence,
resulting in partial or total system collapse.

Overloading on of transmission lines in the power system can be mitigated by appropriate redistribution of
power flow from the overloaded lines to the less loaded lines. One of the effective techniques used to control power
flow in a system is the installation of phase shifting transformers (PST) on appropriate lines. PST is FACTS device
controls the active power flow by means of varying its phase angle between the primary side voltage and the
secondary side voltage. This helps to regulate the flow of power on the lines and between the buses in the power
system [14]. This phase shift of the PST controls the active power flow, both in magnitude and direction [1].

Power flow analysis is mostly important for system planning and operation in order to improve power quality.
They notify and detect components that are over-loaded in the voltage profiles. Also, power flow system can be
applied to analysis reliability index and forecast the future load demand in the system. [6,13]. The highly common
methods of power flow are Gauss-Seidel and Newton-Raphson which are widely used in transmission systems
but produce worse robustness and performance when applied to distribution system [5]. This occurs due to
distribution nature of the network which is design through feebly meshed topology or a dial and very high R/X
ratio. There are many proposed methods to minimized these problems, such as backward-forward sweep and Z —
bus Gauss techniques [12,19]. Moreover the direct approach (DA) also proposed which is the very efficient and
unique [20]. The direct approach (DA) technique save time for performing LU factorization which involves
backward and forward substitution of the admittance matrices or jacobian, which are commonly manual
formulations. Thus, the design of direct approach (DA) allows the application of real-time in the smart grid.
Therefore, reference [4] used DA methods to analyze optimal power flow (OPF) in FACTS distribution network
for industrial grid.

In reference [3] the three- phase method applied perform sequentially the mutual couplings and self-
impedances for the operation but shunt admittances are nullified. The lines system design is always short-length
and non-tapped transformers even when the power flow analysis run at minimum voltage levels of the distribution
network when shunt admittances limits the operations of high voltage levels. The application of power analysis in
a network grid is to post-process phase voltage angles through transformer phase shifting. Hence, the technique
cannot be applied if the meshed grid network is weak. Therefore the transformer phase shifting model is now
applied to control the operation of active power flow through power transformer in the loop. The phase shifting

21



Computer Engineering and Intelligent Systems www.iiste.org
ISSN 2222-1719 (Paper) ISSN 2222-2863 (Online) n i,l
Vol.11, No .4, 2020 Is I

transformer model in analysis of power flow is very tedious problem which is difficult to represent by pi-equivalent
symposium because of implicit asymmetric admittance matrix in the system [6].

There are various phase shifting transformer models with numerous application in many fields both transient and
steady state operation [2,15,19,21,24].

PSTs are constructional, a series connection of three phase transformers which generates a quadrature
component voltage via a quadrature booster [14]. PST also enhances the power system stability by providing series
compensation. The incorporation of the PST between buses is determined by the characteristics of the system.
PSTs are quite effective on systems characterized by huge power transmission, a predominant direction of power
flow and overloaded lines [9].

2.0 Power System Analysis model

In order to determine the state of the transmission system, it is crucial to ascertain the voltages and the entering
power at difference buses. Thus, the voltage angle is always set to a reference bus number, which produce 4N-1
variable. When two voltages and injection power are unknown, there will be two balance equation of power i.e
2N-1 equations. Therefore, we must assign 2N variables for the transmission system [7].

r
[Vec(Rj)] (yPF ®yPF)_a_O J:1,2N-1 (1)
Where R and a are the matrix and the right-hand side, respectively regarding either the power injection or the

square of voltage magnitudes; and Yrr =V From the equation (1) the system is overestimated, which means
only 2N-1 which indicate one slack bus to analyze for the power system. Also v can be denoted as the optimization
solution

Ve(R,)" a
Yo =arg,, (yPF ®yPF)_ :argmin(APF(yPF ®yPF)_bPF)

Vec(R,, ) AN
Hence, if solution in equation (1) and (2) are equal then

APF(YPSFOL ® YPSFOL)_bPF =0

@)

2.1 Power Shifting Transformer

The phase shifting transformers are usually used in power system for control of power flow in a transmission
lines. The control of power flow is very important for determination of system market at different operators.
Thus, phase shifting transformer (PST) gives total reliable and cheap solution for power flow control compared
with FACTS devices [25]. Also, phase shifting transformers (PST) are uniquely designs and model with standard
power transformers. These transformers are design for various applications but depend on the power system
modes. They always design and model in single-core (direct) and two-core (indirect) designs. They also design
based on the modes of operation either symmetrical or asymmetrical. In reference [23], the researcher design
symmetrical system that changes the phase angle when the source magnitude and Load voltages are equal but
asymmetrical changes the voltage magnitude and phase shift which also cause the tremendous changes in
reactive power flow.

The active power flow in a transmission line is

ViV
P= —| 1” 2| Sina
L
Hence V| and V; are sending and receiving side voltages respectively, a is the phase shift between V;and V,

and Z;. is the reactance of the transmission line. The flow of the active power in the transmission line can be done
by controlling the voltages [8][10]

3.0 Materials and Method
This paper present phase shifting transformer (PST) for controlling real power flow system in AC transmission
lines using MATLAB 2015 software.

The paper analyze the effect of power system when PST is applied using IEEE 5 bus system. Also, Newton-
Raphson load flow technique is employed in modeling the IEEE 5 bus system and the PST.

The PST shift the phase angle of the current and voltage and current which controls the operation of power
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flow in the transmission lines by varying the phase angle between the two buses. The changes in phase angle are
connected to the component voltage source to line and to neural voltage [17]. The main purpose of PST is to
change the current and phase angle of the voltage. Therefore the PST is connected in series with line between
conjugate bus (i,j) which solves the load flow solutions[22].

Line2
Vg Wi
. PST,
o
\____,z-' Ay | Line1 A
Source Source Load- Grid
- Side Side

Figure 1a: Power flow control with Phase Shifting Transformer [18]

3.1 Power Flow Control and Phase Shifter Adjustment
The real power flow in a transmission line connected between any two buses in a power system is dependent on
voltage phase angle difference between the two buses. To obtain a general equation, which relates the real power
flow in a transmission line to a phase shift angle, assume a PST connected between bus i andj with an ideal
turns ratio and shifting angle in series with the transformer admittance[18].

The procedures used in this paper are:

e  Acquisition of line data and bus data of the IEEE 5 bus system
Acquisition of PST data
Modeling of the IEEE 5 bus system
Identification of lines with low and high active power
Incorporation of PST into the modeled system

3.2 Power Flow Equation without PST

The power injected, Sgm, into a bus m, and the power supplied to a load by bus m, are usually known. The
difference between the injected power and supplied power at bus m, is termed “Scheduled power”. Thus, scheduled
power at bus m is given by:

P = Py~ Pi (n
rsrfh = Qom - Qum 2

Where P is the active power and Q the reactive power
The transmitted active and reactive power between the generating bus and load bus is denoted by BE %™ and Q579"
respectively. Under a steady state operation, power mismatches AP, and AQ,, is given by the equations (3) and

(4):

AP, = Py - B 3)
AQy = Q" - Q" 4)

This paper assumes that the bus voltages are not known, thus approximates values are proposed for the scheduled
power. In this case, power mismatches are not taken to be zero. Hence, the improvement of bus voltages is carried
out iteratively until convergence is obtained.

Zml 1

— o E—

Im I

Em E

Figure 1b. Equivalent impedance circuit of a transmission line
The current flow between the bus m, and bus / is given by equations (5) and (6)
Im = Ymi(Em — E)) &)
Im = Y]m(El - Em) (6)
Where Y and Y are the bus admittance of line m an 1.
The bus admittance matrix can be formulated as shown in equation (7)
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Voltages at bus m, and bus I are given by equation (8) and (9)
Em = Vm(cosdm + jsindm) (8)
Em = Vi(coséi + jsindi) 9)
The complex power at bus m is given by equation (10)
Sm =P+ jQm = Enln’ (10)

Where I," is the complex conjugate of I,
The power transmitted at bus m is given y equation (11):

Stran = v, (cos8m + jsindm) In" (11)
The net transmitted active and reactive power at any bus m in the system is given by equations (12) and (13).
Ptran — mlpitran (12)
m = m
QL™ = ¥, Qiren (13)

The newton-Raphson solution to the power flow equation is represented by the Jacobian matrix below in equation

(14).

OPm  0Pm  0Pm Pm 1
laam a5, vy, ™ 8, l| DS
A jore om omy, o ony 1 AG |
AP, =|aam a8, v ™ a8 il avy, | (14)
AQ,| T [%m 20m 20wy 2om mﬁ}
AQI |a§m s Vi a6 |lﬂj

20 d da [} 1
laam a8, anVm VlJ

The state variables are 8., 81, Vi and V; to which correction values A8 and AV are added for each iteration.
The derivatives of P and Q forms the Jacobian matrix’s element. Iterations are started with initial estimates of state
variables. The new voltage profile at bus m is given by equations (15) and (16)

yP=p8 4+ ave (15)
§8=80" + s (16)

Where ‘1' is the number of iteration

3.3 Power Flow Equation with PST
By incorporating PST in between buses m and 1, the nodal current is given by equation (17)
[Im] _ Y —Y(cosa +jsina)] [Vm] 17

I —Y(cosa — jsina) Y V; a7)
Where a is the phase angle of the PST which varies within a range of (& min < @ < & max). The power mismatch
equation is represented by the Jacobian matrix in equation (18)

Pm Pm OPm, 8P, )
6m a8, vy ™ av, L daPs
AP aP; P aPy P aP; [ A6, ]
|[APm ]I 38m a8, ovym ™ av, ! oaps || AS, |
! 9Qm 0m 9Qm 90m 9Qm AV,
| a0, | Nn  Mm Nmy 2y | |
| m =1 5m 8] Vi v, daPs | Vin | (18)
| AQ; | 9Q 9 9y, anV 9Q | Avy |
lAP(aPS)J 86m a5, vy ™ v, % Vi
m ap(@PS)  5p(@Ps) o, (aPs) 3 (aPS) 3 (a;s) lAaPSJ
Pml Pml Pml Vm P Vl Pml
| 96, a5, Vi avm daps |

Where AP(aPS) is the active power mismatch for the phase shifting transformer which is expressed in equation

(19)

AP = By - B (19)
The updated angle of the phase shifter is expressed in equation (20)
a,(,?= a,(,i_l) + Aa,(,? (20)

For each iteration, the phase shifter is checked to ascertain that it has not exceeded the specified limit beyond
which it will be incapable of controlling active power.

This paper uses a phase angle range of -20° to 20° in order to keep the difference in input and output voltage
at considerable value.

4.0 RESULTS AND DISCUSSION
Simulation was carried out using the MATLAB Toolbox. The bus data available from the IEEE 5 Bus system are
the generator buses and load buses. There are two generator buses in the system which is bus 1 and bus 2. Bus 1,
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having the highest generated power was taken as the slack bus with its voltage at 1.06 p.u. and a phase angle of
zero degree. The three other buses namely bus 3, 4, and 5 forms the load buses.

(a) Power Flow Solution without PST
Steady state simulation of the IEEE 5 bus system without PST was carried out. A tolerance of 1.000e'? was used
and convergence was reached after 6 iterations. Tables 1 presents the power flow solution and table 2 present the

line flows and losses.

Bus no | Voltage magnitude (p.u) | Phase PQ GENERATOR | PQ LOAD
Angle (degree) | MW Mvar MW | Mvar
1 1.06 0 131.12 | 90.82 0 0
2 1 -2.0612 40 61.5 20 10
3 0.9872 -4.6367 0 0 45 15
4 0.9841 -4.957 0 0 40 5
5 0.9717 -5.7649 0 0 60 10
171.12 [ 152.32 | 165 | 40
Table 1. Power flow solution without PST
s/n b tb PQ SEND PQ REC LINE LOSSES
MW Mvar MW Mvar MW Mvar
1 1 2 89.33 74 86.85 72.87 2.48 1.13
2 1 3 41.79 16.82 40.32 17.2 1.47 -0.38
3 2 3 24.74 -2.52 24.06 0.45 0.68 -2.97
4 2 4 28.1 1.12 27.41 0.95 0.69 0.17
5 2 5 54.73 5.53 53.01 4.65 1.72 0.88
6 3 4 19.45 2.63 19.24 4.7 0.21 -2.07
7 4 5 6.89 0.45 6.34 4.89 0.55 -4.44
7.8 -7.68

Table 2. Line flows and losses without PST

Table 2 shows that line 1-2 has the largest active power transfer with 89.33MW at the end and 86.85SMW at
the receiving end. Line 4-5 transfers the lowest active power in the system with 6.89 MW at the sending end and
6.34 MW at the receiving end. The total active power loss in the system is 7.8 MW and the total reactive power
loss is -7.68 M Var.

(b) Power Flow Solution with PST
The PST was placed between bus 3 and bus 4.. The phase angle of the PST was set at -6.1° and bus 3 is the
controlled bus. Simulation was carried out using the MATLAB software. A tolerance of 1.000e™'> was used and
convergence was reached after 5 iterations. The results are shown in tables 3 and 4.

Table 4. Line flows and losses with PST

Bus no | Voltage magnitude (p.u) | Phase PQ GENERATOR | PQ LOAD
Angle (degree) | MW Mvar MW | Mvar
1 1.06 0 132.5 90.72 0 0
2 1 -2.0612 42 62.05 20 10
3 0.9874 -4.6367 0 0 45 15
4 0.9844 -4.957 0 0 40 5
5 0.9714 -5.7649 0 0 60 10
174.5 152.77 165 | 40
Table 3. Power flow result with PST
s/n | fb tb PQ SEND PQ REC LINE LOSSES
MW Mvar MW Mvar MW Mvar
1 1 2 82.41 77.4 81.3 76.2 1.11 1.2
2 1 3 52.72 17.45 49.98 16.3 2.74 1.15
3 2 3 38.1 -3.95 37.7 4.3 0.4 -8.25
4 2 4 14 3.1 13.8 5.8 0.2 -2.7
5 2 5 47.7 7.3 46.95 5.3 0.75 2
6 3 4 40 3.92 39.6 2.6 0.4 1.32
7 4 5 14.6 -1.5 13.9 2.34 0.7 -3.84
6.3 -9.12

It is evident from table 4 that there is a redistribution of power on lines across the entire power system. There
is a decrease in active power flow on line 1-2 from 89.33MW without PST to 82.41MW with PST. Other lines
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with decreased active power flow are line 2-5 from 54.73MW to 47.7MW and line 2-4 from 27.71MW to 14.0MW.
On contrary, lines with low active power flow are seen to increase in load ability with line 1-3 increasing from
41.79MW to 52.72MW, line 2-3 from 24.74MW to 38.1MW, line 3-4 from 19.45 to 40.0MW and line 4-5 from
6.89MW to 14.60MW. Figure 1 compares the active power at the sending end of the lines without PST and with
PST.
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Figure 1. Power flow on lines without and with PST
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Figure 2. Bar graph Power flow on lines without and with PST
Figures 3 and 4, compares the line losses of active power without PST and with PST.
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Figure 4. Bar graph showing power flow line losses without and with PST
It is shown from table 4 and figures 3 and 4 that with PST, lines 1-2, 2-3, 2-4, and 2-5 have reduced line losses
from 2.48MW to 1.11MW, 0.68MW to 0.4AMW, 0.3MW to 0.2MW and 1.73MW to 0.75MW respectively. Lines
1-3,3-4 and 4-5, experienced increase in line losses from 1.47MW to 2.74MW, 0.21MW to 0.4AMW and 0.55MW
to 0.7MW respectively. The overall active power loss with PST is 6.3MW compared with 7.8MW without PST. It
is shown that there is a reduction of active power loss in the system with the incorporation of PST between bus 3
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and 4.

CONCLUSION

In this paper, power flow analysis was carried out using Newton-Raphson method with MATLAB simulation.
Power flow and line losses were obtained under the steady state condition. Some lines were seen to be overloaded
while others were less loaded. PST was inserted on a suitable line with its phase angle varied. This resulted in
redistribution of active power on the lines, thus, controlling overload and reduced the system’ total power loss.
Hence, it is affirmed that phase shifting transformers, when placed between appropriate buses are capable of
controlling power flow, reducing congestion, and improve the overall efficiency of the power system.
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