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1. INTRODUCTION

Abstract:
The growing intricacies and needs of contemporary power systems often

face issues such as voltage instability, line overloads, and power losses,
which undermine the reliability and efficiency of electric networks. This
study examines the application and execution of a Unified Power Flow
Controller (UPFC) as a strong strategy to improve voltage stability and
alleviate congestion in overloaded electrical networks. The UPFC, a
flexible device classified under Flexible AC Transmission Systems
(FACTS), combines series and shunt compensation functions, allowing
for dynamic management of power flow, voltage levels, and phase angles
on transmission lines. Through analytical modeling, simulations, and
case analyses, this research illustrates how utilizing a UPFC can
enhance system performance by controlling reactive power, minimizing
line overload, and ensuring voltage profiles remain within acceptable
limits. The results emphasize the UPFC's capacity to refine power
quality, boost system adaptability, and reinforce grid stability in reaction
to variable load demands and increasing energy requirements.
Suggestions for real-world application, including cost factors and
integration hurdles, are also presented to encourage the uptake of this
state-of-the-art technology in modern power systems.

Keywords:

Contemporary power system, Controlling reactive power, Electric
networks, Flexible AC Transmission Systems, Reactive power, Real-
world application, Modern power systems, Unified Power Flow
Controller.

The rising cost of electricity has become a significant issue for both consumers and electric service
providers. Both utility and customer-side disruptions can lead to transients, waveform distortions,
and changes in terminal voltage throughout the electrical grid, all of which can lead to power quality
problems. Power Quality (PQ), is the term that refers to keeping voltage and current waveforms
sinusoidal at their rated frequency and amplitude. Ensuring power quality in power systems has
recently become a top priority due to the rise of equipment with power electronic devices, which are
more susceptible to power quality issues [1]. The increase in non-linear loads, such as power
electronic devices, variable speed drives, and electronic control gears, has a major effect on power
quality. Inadequate power quality can affect how safely, dependably, and effectively systems
operate. Power quality is defined by elements such as voltage sags, swells, fluctuations, imbalances,
and harmonics. By introducing a growing array of technologies that offer more control options for
the power system, power electronic devices such as Flexible AC Transmission Systems (FACTS)
and custom power tools have opened up new avenues for improving power quality.

The current power infrastructure has been deregulated to allow different organisations to handle
generation, transmission, and distribution in an effort to reduce power bills. It is necessary to
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optimise current generation units, stress transmission lines to their thermal capacity, and maintain
system stability as power demand rises. It is also necessary to minimise transmission-line losses. In
order to control power flow and increase current-line capacity, FACTS devices are essential. These
units improve controllability and power transfer capacity by using power electronic devices. Future
gearbox systems may become more intelligent as a result of FACTS technology.

Static Synchronous Compensator (STATCOM), Thyristor Controlled Series Capacitor (TCSC),
Static Series Synchronous Compensator (SSSC), and Static VAR Compensator (SVC) are among the
devices that falls under the FACTs controllers. In order to promote stability in voltage and improve
power quality, FACTs controllers can react swiftly to changes in system conditions. The inability to
provide the necessary reactive power requirements, which can happen during faults, overloading, or
voltage changes, can upset voltage stability. By supplying or absorbing reactive power to stabilise
the system, FACTs equipment can balance variations in reactive power [2].

The Unified Power Flow Controller (UPFC) is the most versatile FACTS technology. Static
Synchronous Compensator (STATCOM), Thyristor Switched Capacitor (TSC), Thyristor-Controlled
Reactor (TCR), and Phase Angle Regulator are among the devices that UPFC can integrate.
Furthermore, UPFC surpasses this by integrating desired features in these gadgets [3]. By connecting
voltage in series with transmission lines, UPFC can independently control the phase angle and
voltage magnitude, thereby controlling both real power and reactive power flow. In order to achieve
full capacity utilisation, this allows power flow management in the desired directions through
transmission lines, allowing transmission lines to operate until they reach their thermal limits. Power
grids employ UPFCs to further enhance small signal and transient stability [4-35].

2.  MATERIAL

The objective of this chapter is to analyze the methods of modeling and simulation applied to the
power system network, along with the UPFC models that manage the bus voltages within the
system. Additionally, it presents a detailed mathematical framework for the solutions implemented in
the simulations. The one-line representation of the power system serving as the basis for this project
is depicted in the Figure (1) below.

1 3 4
2 5 |
@

Figure 1: One line diagram of the power system model

2.1 Location of UPFC

To achieve improved voltage stability, proper placement of the UPFC is essential. In order to
determine the optimal locations, a load flow analysis identified the system's weak buses. Although
there are a number of approaches for examining load flow, the Newton Raphson technique has
succeeded in being the most effective because of its robust convergence properties. Thus, the project
employed this technique to ascertain the steady-state voltages at each bus in the system.
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2.2 Newton Raphson Load Flow Method

This approach uses iteration to solve the following set of nonlinear algebraic equations as mentioned
Equation (1).

fi(x1, %2, 0+, xy) = 0,)
f2(x1, %2, ,xy) =0,

s, orF(X) =0 (1)

fN(xlle' 'xN) =0,/

Where F represents the set of ‘n’ nonlinear equations, and X is the vector of ‘n’ unknown state
variables.

The essence of the method consists of determining the vector of state variables X by performing a
Taylor series expansion of F(X) about an initial estimate X (°):

F(X) = F(X©) + J(X©@)(X — X)) +Higher-order terms

where J(X (0)), also known as the Jacobian, is a matrix of first-order partial derivatives of F(X) with
respect to X, evaluated at X=X (0).

With the assumption that X (1) is the value that the algorithm computes at iteration 1 and that this
value is sufficiently close to the initial estimate X (0), this expansion lends itself to a suitable
formulation for computing the vector of state variables X. This assumption allows for the neglect of
all high-order derivative terms in Equation (2). Therefore

A0 LD 0L
(A [AGEO) 0%, 0%z 0ty [x® - x]
I | | oy| |9 af(X) 2f(X) 1 0
{ : ‘ ~ | : ‘ T ox dx; dxp, 2 2 2)
a 0) : : : : :
D REON Har o a0 oo | P - X0
| 0x; dx, dx,
— W — g _ N g _
F(X
F(x®) (x®) J(X©) X0 — x©
In compact form, and generalizing the above expression for the case of iteration (i),
F(X(i)) ~ F(X(i—l)) +](X(i—1))(X(i) _X(i—l)) 3)

Wherei=1,2....
Furthermore, if it is assumed that X() is sufficiently close to the solution X(*), then FX(}) = FX(*) =
0. Hence, Equation (3) becomes

F(X(i—l)) +](X(i—1))(X(i) _X(i—l)) =0 4)

and solving for X(}),
x® = x@-1) _]—1(X(i—1))F(X(i—1)) (5)

The iterative solution can be expressed as a function of the correction vector

AX(=X()- X( ), | | |
AX®D = _]—1(X(l—1))F(X(l—1)) (6)
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and the initial estimates are updated using the following relation:

AX®D = (X(i—l)) + AX® (7)

We repeat the computations as many times as necessary, using the most recent values of X in
Equation (6). This process continues until the mismatches AX fall within the specified small
tolerance, which is le -12.

To apply the Newton Raphson approach to the power flow problem, the fundamental equations must
be expressed in the form of Equation (9), where X is the set of unknown nodal voltage magnitudes
and phase angles. Since the power mismatch equations AP and AQ are magnified around a base point
(6(0), V(0)), the power flow Newton Raphson algorithm can be explained by the following
connection:

' op 9P ® A ®
AP1® _ _ o6 ov AV] (8)
AQ 0Q 0dQ —
% v’
'. " AX®
F(x(l—l)) ](X(l—l))

The various matrices in the Jacobian may consists of up to (nb - 1) x (nb - 1) elements of the form:

OB 0P, )
20, 86, o
20 90 ®
26, oV, ™

Where k and m are the values of 1 and nb respectively. nb is the number of buses who have had the
slack bus entries eliminated. Also eliminated are the PV bus rows and columns that correspond to
reactive power and voltage magnitude. Furthermore, when buses k and m are not directly connected
by a gearbox element, the corresponding k—m item in the Jacobian is null. Power flow Jacobians are
relatively sparse in real power networks due to their relatively low levels of connectivity. One of
their characteristics is that they are symmetrical in structure but not in value. Additional

To counteract the multiplication of the Jacobian terms (OPK/0Vm)Vm and (0QK/0Vm)Vm by Vm,
the correction terms AVm are divided by Vm. The derivative terms given below show how this trick
results in useful, simplify able calculations.

Hi
Zkm T “mk [

Figure 2: A two bus system for illustrating Newton Raphson Power flows

Consider the element connected between buses k and m in Figure (2), for which self and mutual
Jacobian terms are given below:

2.2.1 Formation of the Y-Bus

Finding correlations between injected bus currents and bus voltages is essential to creating
appropriate power flow equations. The injected complex current at bus k, represented by IK, can be
expressed as follows in terms of the complex bus voltages Ek and Em based on Figure 3.2:
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1
Iy = — (Ex — Em) = Yim(Ex — Em) (10)
Bkm
Similarly for bus m,
1
Ly = — (Ep — Ex) = Yy (Em — Ex) (11)
BImk
The above equations can be written in matrix form as,
Ik _ Yim — Ykm [Ek]
Im] N [_ymk ymm] Em (12)
Or
Ik] Yiek Yiem ] [Ek]
= 13
Im Ymk Ymm E ( )

Where the bus admittances and voltages can be expressed in more explicit form:
Yij = Gij + jBjj (14)

E; = Viel% = V;(cosh; + jsin 6;) (15)
Where i =k, m;j=k, m
The active and reactive components of the complex power injected at bus k can be represented as a
function of the bus's injected current and nodal voltage:
Sk = P +JQr = Exli = Ex(YixEx + YimEi)" (16)
where Ik is the complex conjugate of the current injected at bus k.
The expressions for Pf% and QS%can be determined by substituting Equations (4) and (5) into
Equation 16, and separating into real and imaginary parts
P = VG + ViV [Grmcos (B — Oy) + Bymsin (6 — 6] (17)
£ = —VéBu + ViVn[Gimsin(Ok — 6) — Bimcos (8 — 6] (18)

Equations (17) and (18) are the two important power flow equations and are used in deriving the
Jacobian matrix.

2.2.2. Forming The Jacobian Matrix

For k # m,
0Py, .
= ViV Grmsin(By — 0,,) — Bymcos (6 — 6] (19)
00,1
0Py, _ .
Flvm,z = ViV [Gym cos(By — 0,,) + Bjpsin (6 — 6,)] (20)
m,
0Qk, 0Py,
= - Vm,l (21)
00,1 OV
d 0P
Q1 = k.1 22)
oVt 00,
For K=m,
aPk‘l
59k,z = - Qiial - szBkk (23)
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oP

Vs = PE% + VPG (24)
aVk‘l

d

Qi _ peat 1 y2,, (25)
aek’l

2.3 INCORPORATING THE UPFC IN NEWTON RAPHSON LOAD FLOW

7
V»’( Agk Z(‘R + L’EIRA()‘CR — "m /igm

I

]E'R
bus k l I.r

bus m

Figure 3: Unified power flow controller equivalent circuit
The UPFC’s voltage sources are:
Eyg = Vyr(cosSyg + jsinSyg) (26)
Ecg = Veg(cosbeg + jsinder) (27)

where V,gand &, are the controllable magnitude (Vyg min < Vor < Vur max) @and phase angle (0 <
Oyr < 2m) of the voltage source representing the shunt converter. The magnitude V.z and phase
angle 6. of the voltage source representing the series converter are controlled between limits
Vor min < Vor < Vormax) and (0 < 6,5 < 2m), respectively.

The phase angle of the series-injected voltage determines the mode of power flow control. If §.; The
UPFC controls the terminal voltage when it is in phase with the nodal voltage angle Ox. As a phase
shifter, dcr regulates active power flow when it is in quadature with respect to Ox. As a variable series
compensator, Ocr regulates active power flow if it is in quadrature with the line current angle. The
UPFC functions as a voltage regulator, variable series compensator, and phase shifter at all other
values of dcr. Controlling the amount of power flow depends on the magnitude of the series-injected
voltage.

Based on the equivalent circuit shown in Figure (3) and Equations (26) and (27), the active and
reactive power equations at bus k are:

S szGkk + ViVinlGrmecos (B — 0,) + Bymsin(6y — 6,,)]

+ ViVer[Grmecos (O — 6.r) + Bymsin(6, — 6.r)] (28)
+ VvaR [GURCOS(HI( - HUR) + BvRSin(gk - BUR)]
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+ VchR [kaSin(ek - (SCR) - BkmCOS(Hk - 6CR)] (29)
+ VvaR [GURSin(ek - 6vR) - BURCOS(gk - 617R)]
at bus m:
Pm = Vrrzlem + Vka [GkaOS(Hm - ek) + BmkSin(em - gk)] (30)
+ VchR [GmmCOS(Hm - SCR) + BmmSin(em - 6CR)]
Qm = _Vnlemm + Vka[GmkSin(gm - ek) - BkaOS(Qm - gk)] (31)
+ VchR [GmmSin(em - ScR) - BmmCOS(Hm - 6CR)]
Series converter:
PCR = chRGmm + VcRVk [kaCOS(SCR - Hk) + BkmSin(6cR - ek)] (32)
+ VCRVm [Gmmcos(6cR - em) + BmmSin(6cR - Qm)]
QcR = _chRBmm + VcRVk [kaSin(acR - Hk) - BkmCOS(SCR - ek)] (33)
+ VCRVm [GmmSin(ScR - em) - Bmmcos(ch - gm)]
Shunt converter:
PUR = _VvZRGvR + VvRVk[GvRCOS(SvR - ek) + BvRSin(SvR - ek)] (34)
QUR = VvZRBvR + VvRVk [GvRSin(SvR - ek) - BvRCOS(SvR - ek)] (35)

Under the assumption of lossless converter valves, the active power required by the series converter
and the active power supplied to the shunt converter, Pyr, are equal, P_.g; that is,

PUR+PCR:O

(36)

Assuming that there is no resistance in the coupling transformers, the active power at bus k is equal

to the active power at bus m. Consequently,

Ppr+Pr=P,+P,=0 (37)
It combines the AC network power equations with the linearised UPFC power equations. In the event
that the following parameters are under UPFC control: Assuming that bus m is a PQ bus, the
linearised system of equations is as follows: (1) voltage magnitude at the shunt converter terminal

(bus k); (2) active power flow from bus m to bus k; and (3) reactive power injected at bus m.

VvR : Vm VCR Yl
00, 06,, 00,z WV, 5.r OV,g FE
aﬁ % 0 % V 0Fm % Vg 0 ABy T
96, 96, v, ™ 08.r OVp © AG,,
[ APy ] 0Qr 00 0Qy v 0Qy 0Qy 0Qy v 00k AVyr
2’5 m 36, 06, AV, R QU™ 36, Vg K 36, Vor
k 0 0 0 d 0 AV,
AP 26, 06, v, 8.x Vg Vin
AQ:nnk aPmk aPmk aPmk aPmk aPmk v A(SCR
| AP, | 00, 96, v, ™ 95, OV K AVer
ank ank 0 ank ank ank % 0 VcR
00, 26, v, ™ 06,k OV K LASyR!
06, 96, OV,z "R v, ™ 08k V. T 08,

The MATLAB script implementing the above Newton-Raphson load flow and the incorporation of
the UPLC equations is given in appendix A
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3. RESULTS ANALYSIS

This section showcases the findings derived from the simulations and evaluates them according

to the project's defined goals.

3.1 CASE 1: The Newton-Raphson load flow has been conducted without the UPFC, treated as

the standard condition. The outcomes are illustrated in tables (1) and (2).

Table 1: Bus Voltages Without the UPFC

Bus Voltage in Pu | Voltage angle in degree
1.0600 0.0000
1.0000 -2.0612
0.9872 -4.6367
0.9841 -4.9570
0.9717 -5.7649

Bus voltages without the UPFC

1.08
1.06
1.04
1.02

0.98
0.96
0.94
0.92
2 3 4 5

Bus number

Figure 4: voltages of the buses without the UPFC between buses 3 and 4

bus voltage in pu
=

Table 2. Line Flows and Losses Without UPFC
i E e i r e T e e L s i e P i

| From|To | B | [ #] | From| To | E | [ #] | Line Loss |
|Bus |Bus| MW | MVar | Bus | Bus| MW | MVar | MW | MVar |
L . seam 73.ees 2 1 -se.ses  —12.a08  2.am6 1087
L aie im0 s 1 —aniars ca7.s1s 1.sie —o.ess
. s saams cass s 2 zais n.ssa o.ae0 —a.arn
Y s s i 2 amess oumat c.ser —s.mss
2 5 seee0 s.sse 5 2 -ss.ass  a.sas 1215 0.2
.4 isass a.mes & 3 is.sss  -s.ess  o.0s0  —i.s23
. s esss o.ss s s esss -s.a7i o.0s3 —s.ess
teraliess 6122 10777

T T T T T T AR T AT TAITTARTANTAATATTARTATIAATATIARTATTASTATACTIATTATIRAAATASSTATAST
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3.2 CASE 2: Newton-Raphson load flow carried out with the UPFC incorporated between buses 3
and 4 to control nodal voltage and increase active power flows. This result is depicted in tables (3)

and (4)

O 1.02

0.98
0.96

0.94

bus voltag

0.92

Table 3. Bus Voltages With UPFC

Bus Voltage in Pu | Voltage angle in degree
1.0600 0.0000
1.0000 -1.7693
1.0000 -6.0161
0.9971 -3.1906
0.9745 -4.9741

Bus voltages with the UPFC

1 2 3 4 5

Bus number

Figure 5: Voltages of the buses with the UPFC between buses 3 and 4

Table 4. Line Flows and Losses With UPFC

T T T T AT A AT AT T AT T AR AT AT T AR T AT AR TAARTARRATARATTARTATTASTAAST ISR AAATIASSS

|From|To |

|Bus |Bus| MW
1 2 81
1 3 50
2 3 37
2 4 13

Q | From| To | F | Q | Line Loss |

MvVar | Bus | Bus| MW | HMvVar | MW | Mvar |
1 2 erass 76.424 2 1 7e.838  75.673  2.305  0.545
15 ososer s.383 s 1 443t s.s2¢ 1.308 0.418
2 s srieme i2.s6 sz -ae.ses  1L.7is  0.s1s 1254
2 4 13739 780 4 2 13626 1.847  0.113  s.e27
2 s eree .20 sz —46.650  -s.281  0.526  -0.151
s & s.c00 2.000 & 5 -as.ess  3.430  0.162  -1.450
e s 1see 0.337 5 & 13310 4.708  0.15¢ 4371
tetalzess 6486 -s.920

R R R 0073033034034 53433433033043043 544534333 330430430455455 555854852

The energy flows in the network enhanced by the UPFC are unlike the initial conditions, which was
anticipated. The most noticeable changes are that bus 3 experiences an increase of 20% and 53% in
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o
=

bus voltage

Table 6: voltages of the buses with and without the UPFC between buses 3 and 4

1.06
1.04
1.02

[EEN

0.98
0.96
0.94
0.92
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active power supplied by generator buses 1 and 2, respectively. This increase stems from the
significant active power demands of the UPFC series converter. The strength of the UPFC shunt bus
will influence the highest quantity of active power exchanged between the UPFC and the AC system
at bus 3. The generator at bus 1 decreases its reactive power output by approximately 5.6% due to the
UPFC generating its own reactive power, while the generator at bus 2 raises its reactive power intake
by about 22.6%. Furthermore, the voltage magnitude at bus 3 is kept stable at 1p.u. by the UPFC
shunt converter. It is crucial to note that the UPFC maintains active and reactive powers at 40MW
and 2MVAR, respectively, as they proceed from the UPFC to bus 3.

Bus voltages before and after the UPFC
connection compared

1 2 3 4 5

Bus number

Table 5: Bus Data: IEEE 5 Bus System

B without UPFC

B With UPFC

4. CONCLUSION AND RECOMMENDATIONS

4.1 Conclusion

Bus | Bus Voltage | Angle | Load Load Gen Gen Qmin | Qmax
No. | Code | Magnitude (MW) | (MVAR) | (MW) | (MVAR)
1 1 1.06 0 0.0 0.0 0.0 0.0 -500 | 500
2 2 1 0 20.0 10.0 40.0 0.0 -300 | 300
3 3 1 0 46.0 16.0 0.0 0.0 0 0
4 3 1 0 40.0 6.0 0.0 0.0 0 0
5 3 1 0 60.0 10.0 0.0 0.0 0 0
Table 6: Line Data for IEEE 5 Bus
From Bus | To Bus R X B
1 2 0.02 | 0.06 | 0.06
1 3 0.08 | 0.24 | 0.05
2 3 0.06 | 0.18 | 0.04
2 4 0.06 | 0.18 | 0.04
2 5 0.04 | 0.12 | 0.03
3 4 0.01 | 0.03 | 0.02
3 5 0.08 | 0.24 | 0.05

Both active power, measured in watts, and reactive power, measured in volt-amperes reactive or var,
are generated and utilized by elements within alternating current systems. Active power is
responsible for performing tasks like running motors and illuminating lights. Reactive power plays a
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crucial role in regulating voltages necessary for maintaining system stability. By managing the

generation, absorption, and distribution of reactive power across the network, the voltage profile can

be enhanced. Reducing reactive power flows helps in preventing system losses.

A power flow solution represents a network analysis under steady-state conditions, adhering to

specific constraints that dictate system behavior. This solution indicates the nodal voltages, phase

angles, and power transfers, given a set of power inputs at each bus and predetermined voltages.

Management of reactive power generation, absorption, and overall flow aids in achieving voltage

regulation. Sources and sinks of reactive power include rotating synchronous condensers, shunt

capacitors, shunt reactors, UPFCs, and various FACTS devices. UPFCs are versatile instruments that

utilize power electronic switching elements to regulate nearly all variables controllable within a

power system.

This project focused on reactive power compensation and the application of UPFCs to enhance

active power transmission in transmission lines. The Newton-Raphson method for power flow

analysis was employed to address the flow issue. A modified UPLC power flow model was utilized

to evaluate the implications of UPFC on the power system. The altered load flow software was

applied to assess the UPFC's impact, installing UPLC between buses 3 and 4.

The simulation was executed using MATLAB. Graphs illustrate the outcomes of a load flow

assessment performed on a five-bus system, indicating an improvement in the system's voltage

profile. It also became evident that the UPFC was located at a bus where the voltage magnitude was

maintained at one p.u.

Based on the analysis, it can be concluded that the UPFC significantly impacts voltage

compensation, with power flows directed more towards the nearest bus to it and diminishing as the

distance from the bus increases.

4..2 Recommendations

The conclusion of one research initiative opens doors to possibilities in many related disciplines. The

following potential areas for future exploration have been recognized throughout this study:

® An expanded interconnected electrical network, like the IEEE 14, IEEE 30 bus, or larger
configurations such as the IEEE 118 bus, could be utilized for load flow analysis.

® In addition to UPFC, other FACTS controllers such as [IPFC and STATCOM can be integrated
for comparative analysis of their impacts on system performance. Fuzzy logic alongside genetic
algorithms may assist in identifying the optimal placement of the UPFC.

® A financial assessment of FACTS technology in comparison to other methods can be conducted.
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