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Ab~·tract-Vol l age sta bility studies and to maintain the Oat
voltage profil e is quite important in ord er to maint ain the
healthy operation of electric power network as wen as to
provide the quali ty and ch ea p elertrjc i'nergy to the mod ern
power USH S. Furth er with the adva ncement of power
electroni cs technologies and its applicalloo to design nexible
alt ernatin g cur r ent trans mission devices (FACTS) have mad e
it easier to alleviate the voltage stability problem in a quicker
and cheaper way in the modern DNt. Hence, the present
research wor k shows lin attempt to inn stigate and solve th e
problem nf voltage instabili ty in distrihution network (OJ"rrl). AU
buses and lines are calculated in terms of voltage sta bility
ind n (VSI) and to identify the opt imal location of FACTS. The
bns or line " 'ith minimu m voltage profile in terms of VSI are
more sensitive to the voltage collapse and it may further lead to
hlackouts. T he t'ACTS are perm anentl y installed at the
weak est point to enhance volta!:e profile and improve th e
voltage stability in the ON. The pr esent st udy is test on
sta ndard IEEE--1 5 bus DN and applica tion results are shown to
ver ify the feasibility of t he present st udies for O:'<l.

Keywo rds-- Voltage profile, VSI, FACTS, power losses,
distribution networ k.

1. INTRODUCTION
In vertically incorporat ed utility structure, alt elements,
including; generation, transm ission and distribut ion of
electrical power are within the aegis of electric power
organization. Power generation is carried out in such a
manner to accompl ish the least operational expenses and the
power distribu tion system is making the final delivery of
electrica l power to the modem consumers. Due to
cont inuous advancements, the consumers ' demands keep
increasing expo nentially. Consequently, the power system
network facing many problems such as; voltage and
frequency instability, line overloaded and power system
blackouts. Voltage collapse is a process in which the
appearanc e of sequentia l events together with the voltage
instability in a huge area of system can lead to the case of
unsuitable low voltage condit ion in the distribu tion network
[1]. Load increasing can prompt unnecessary interest of
reactive power; the system will indicate voltage instability
and may further lead to black out of the system. In the event
that there are not adequate reactive power assets and the
further excessive demand of react ive power can prompt the
voltage collapse of the network. To overcome voltage
instability due to complex power system configuration, the
topology can be modified by adding shunt capacitors and
flexible alternating current transm ission system (FACTS)
device at the suitable locations in DNs [2]. This
investigation addresses the static modelling of a Unified
Power Flow Controller (UPFC), and their abilities to

978-1-7281-6770-1 /20/$31.00 0 2020 IEEE

improve the voltage profile and bus power flow to which it
is associated and evaluated. This techno logy of power
electronic devices is termed as FACTS technology; it
provides the ability to increase the controllability and to
improve the transmission system operation in terms of
power flow, stability limits with advanced control
technolo gies in the existing power systems [3, 4]. Among
different types of FACTS, UPFC has the ability to contro l
active and reactive power flow of the network
simultaneously in addition to controlling all the transmission
parameters (voltage, impedance and phase angle) affecting
the power flow in the network [5J. A placement and sizing
strategy of shunt FACTS controlle r using Real Coded
Genetic Algorithm is proposed in order to maintain voltage
stability in [6]. Another approach of enhancing the voltage
stability is by placing FACTS devices in the weakest buses
or lines of the power system which are closest to the
experience of voltage collapse. Different investigations such
as methods like P-V curve, Q-V curve, index based methods
etc. have been utilized to find the locations for FACTS
devices [7-13]. P-V curve was used in [7, 8] to determine
the weakest buses for FACTS devices allocation. In [9], the
stability of load flow technique was study by the authors for
the distribution system. The real-time cont ingency
evaluation and ranking technique was discuss in [I OJ for
DNs. In [ I IJ, the authors have presented the analysis and
voltage stability solution of bulk power system. In the view
of above discussion, this paper is set to:

(a.) To study the voltage stability issues of the
distribution network (ON). The standard IEEE 15
bus system is used for the analysis and to study the
voltage stability of the DN.

(b.) The models of voltage collapse point indicator and
line stabili ty factor is modelled and simulated to
carry out the present studies. The various loading
cases are considered in order to identify the exact
bus which may bring the voltage instability in the
ON.

(c.) Finally, the UPFC is install at the weak busses and
the comparative analysis of voltage stability in
tenus of voltage profile , real and reactive power
losses are measured and listed in tenus of graphical
and tabular results in order to validate the
effectiveness of the present study.

II. MATHEMATICAL MODELLING OF UPFC
UPFC is an advance power electronic device that is capable
in controlling the power flow in a network without making
any rescheduling in a power generation. A UPFC is a solid-

Authorized licensed use limited to: Durban University of Technology. Downloaded on September 02,2020 at 09:13:22 UTC from IEEE Xplore.  Restrictions apply. 



state multi-functional FACfS controller with the aptitude to
control three parameters that influence the power flow such
as: bus voltage magnitude, phase angle between two buses
and line reactance , either concurrently or independently.
UPFC can control not only for controlling the power flow,
but also for power system stabilizing control.
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Figure I. UPFC arrangement configuration [121

In order to evaluate the impact of UPFC in the system
network, formulation based on the circuit arrangement is
essential, the schematic of UPFC is shown in Fig. 1 and the
equivalent circuit ofUPFC is shown in Fig. 2.

QA = - V 2. Bu + VAV.. (GbIsin(0A - 0.. ) - BbI Cos(O. - 0.. ))

+ VlV.. (GbI sin(0.1 - O.~)- BbI COS(OA- 0.. ))
+V. V'h(G.~ sin(0. - O'l) - B.hcas(O. - 0••))

(4)
@ node m

p.. = v2
..G + V..V. (G... cas(O.. - 0.1) + B... sin( 0.. - 0.1))

+ V..V.. (G cost0.. - 0.. ) + B.... sin(0.. - O.~»

(5)

Q.. = _V 2
.. B.... + V..V.(G... sin(0.. - 0d - B... cas(O.. - 0d)

+ V. V••(G•• sm( O. - 0,. ) - B•• 'OSlO. - 0,.»
(6)

Series converter:

P.. = y2..G..,.+V"VA(GbI cos(O.. - 0k)+Bbo sin(0.,-0. »

+Y"Y..(G..,. cos((J" - 0. )+B....sin( 0" - 0,.)
(7)

Q.. = _ V 2
.~B.... +V..V. (Gbo sine 0" - Bd - S ho cos(8" - 8.1))

+V..V..(G.... sin(8.. - 0.. ) - B.... cos(O.~ - 8.. ))
(8)

Figure 2. Equivalent circuit of UPFC [13]

Focusing on Fig. 2, as injected shunt voltage Vso and series
voltage source Vs, are representing the equivalent. Z.\J and
Zs. are coupled with UPFC transformers impedances, V.
and V", are bus to bus voltages or sending and receiving
end voltage. Series and shunt voltages can be written as:

v•

V.. = V.. (cosD.. + j sin B.. )
V.. = V.... (cos B.... +j sinB,~)

p.. - JQ..

(I)

(2)

Shunt converter:

p.~ = _v2
.~Gd + v.hv. (G,~ cos(O.~ - D.) + B,~ sin(D.h - B.)

(9)
Q... = V 2

..B.. + V...V.(G.. s in(O.. - 0. ) - 8...cos(O.. -0. )

(10)
Assuming that during the operation , the converter is
lossless, their fore active power supplied to the shunt
converter P.Aequals to the active power demanded by the
series converter p.. , then;
p.. « P..... = O. (11)

Also, if the coupling transformers resistances are negligible,
then the active power at bus k equal to the active power at
bus m, that can expressed as:
P.. + P.. = ~+ P,"= O (12)
The UPFC power equations linearized and combined with
the equations of the AC transmission network for the cases
when the UPFC control parameters. Equation (12) described
that the active power exchange between shunt and series
converters via DC link is balanced at any instant of
operation.

Then UPFC active power and reactive power equation can
be written as follows:
@ node k

~ = V 2.G
u + Vl V..(G iM cas(OA - 0.. ) + Bho sine 0A - Om»

+ VAVse(GiM cas(OA - Bu ) + Bho sin( 0A - B.~ »

+VAV.~(G•• cas(Bl - B.~) + B.h sineBl - B.h»
(3)

III. fUNCT IONALITYOF INDICES
In power systems, the complex network is always represent
in terms of single line diagram under the assumption that the
system is balance under certain conditions. An
interconnected network is illustrated in Fig. 3 where suffice
V, and V, denotes the voltage at sending end and voltage at
receiving end respectively.

(a). Voltage Collapse Point Indicator (VCPI)
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• Gauss-Seidel [G-S] method.
• Newton-Raphson [N+R) method .

,
: ~ .~

.I,
Or Cl:tI:n

x
Ps ;,............. "'

The Voltage Collapse Poin t Indicator (VCPI) is well discuss
in [1OJ and is base on the concept of maximum power
transferred through the tran smiss ion line;

VCPJ (p) =~S I
P'l_ l (13 )

PT is the real power transferred 10 the receivi ng side while P,
(",..) is the maximum power that can be transferred to the
receiving end at a particular instant and is given as;

p = Vs
z

cos¢
,(- I Z · (IJ -")4cos 2

- - "
2

s; = F:- + iQr
Figure 3. Single line diagram cf'distnbuticn network [9].

The develop ed model of voltage collapse point indicator is
shown in Figure 4.

Figure 5. LOP development

In transmission line, the relationship between voltage (V)
and current (1) in any bus is detcnnined by:

p,

••
'-'

The developed model of LQP is shown in Figure 5 and used
for the analysis ofthe present work.

(( 7)

(16)
Y/J ' therefore

I = Y.v
Y is the admittance from bus to bus given as:
equation (16) can be expanded in the form:

"I =" Y .Y£...J ,.] ,
i=l

As complex power S = V.1" , the equation (17) can be

dev eloped in term s of power as;
S·

I = V' (( 8)

And
Sij =~ -Qj (19)

Th erefore , Gauss-Se idel equation is obtained by substitute
equation (17), (18) & (19) and make voltage as subject of
the equation as follows;

V = _l [P, - j Q. {-o y v] (20), v· £..J ' .J J
Y / ,j I j~l,j#/

Then, by splitt ing equation ( 17) in to two equations as
follows as to get the real and imaginary values, Newton­
Raph son is obtained;

P, = :t1V,IIY,.,IIV,lcos(IJ',j + 0, - OJ ) (2( )
j~l

Q, =-:t1V, lly,AVjISin(IJ"j+ 0, -oJ (22)
j~ l

Equa tions (21) and (22) repre sent Newto n-Raphson method
and one of the most powerful method for analysing load
flow studies. In the present study, this method is used in
order to achieve accurate and faster solution in term s of
converging iterations and to obtain more reliab le solution
for DN.

-

((5)

Figure 4. Develop model ofVCPI

IV . M ETHODOLOGY USED FOR STUDY
Load flow analysis is quite significant for a system having
multiple load s connected in the network. Power losses, real
power, react ive power, phase angle and volta ge impedan ce
for all busses in a distribution feeder can be evaluated using
this analysis and quite useful too l for future planning of the
po wer sys tem. In a three-phase balanced syste m, the
complete system can be represented as single line equivalent
diagram as given in Figure I for the complete analysis ofthe
power network and the nodal analysis is used to derive two
load equations namely:

Qr ;•..
Pr ;•..

(b) . Line Stability Factor (LQP)
The LQP index is calculated as follows:

LQP=t :t :P.'+Q,)$1
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,
Figure 6. IEEE- I ~ bus distribution feeder [II]

Further, Table I and 2 shows the line data as well as load
data for simulated IEEE 15 bus system and Table 3 shows
the converge voltage, phase angle and stability index at 40%
increase in system loading.

3.'
72.8
2\

24.5
2.45

12.985
t

9.'
2.'

1.392
131.04
38.22
55.44
4 62

24.024
12.936
8.118
5.~44

,,
9
10
II
\2
13
\,
\'

B" V_l.F Cpu) V _nllie (dell) St_billty
No indu
\ \ 0 0.3
2 1.0543 -32.13 0.521
3 1.4869 -57.49 0.143, 0.6569 -113.00 0.328, 0.5150 -125.56 0.288
6 1.05 12 -34.48 0..526, 1.0M6 -34.82 0.533
a 0.9895 -41.48 0.495
9 1.0760 -40.26 0.538
\0 1.07 17 -43.9 1 0.536
II 1.140~ -58.89 0.810
\2 1.9544 -60.15 0.971
\3 2.0140 -60.47 1.007
\, 0.6534 -115.06 0.327
\, 0.6654 -113.68 0.333

• Scenario 4: 30% load increase with and without
UPFC.

• Scenario 3; 20% load increase with and without
UPFC.

• Scenario 5; 40% load increase with and without
UPFC.

The real and reactive power plots with increase in
system loading is given in Figure 7 for MW and MVAr
increase. The voltage profile of all busses is given in Figure
8 without considering the UPFC placement as well as it is
also observe that when system loading is increase to 40%
the bus 5 is highly affected in terms of voltage profile and
may lead to the voltage instability of the complete network.
Hence UPFC should be placed at this bus to improve the
voltage profile of the DN. The UPFC has the ability to
increase the voltage profile at the weakest bus and further
results in power losses reduction simultaneously. Under the
stress condition described in Figure S. after UPFC
placement at bus 5 the load flow was run again and the
obtain results are listed in Table 4.

• Scenario I : The network is running on a normal
load condition.

The load data were exponentially increased in stairs steps of
10% up to 40% with and without UPFC placement.
Simulation studies were done for different scenarios in
IEEE-I5 bus distribution feeder network. Five different
scenarios are considered for the present study which are as
follows:

TABLE 3: CONVERGED VOLTAGE, PHASE AJ"GLE AND
STABILITY INDEX AT 400;. LOAD INCREASE WITHOUT UPFC
PLACEMENT

• Scenario 2: 10% load increase with and without
UPFC.

'"

TABLE 2' LOAD DATA OF 15 BUS SYSTEM

TABLE , . UNE DATA FOR IS BUS SYSTEM

9 I

- 'h
l J J

'I 6 T'.- T ~I
13

.
Bus ","0 Rel l power (KW) ReI~:ve ~wer

KVA<
3 37.233 2 \, 4.067 1.54, 69.3 37.8
6 27.72 15.4

.
From bus To bus R(ohms) X(ohms)

\ 2 0.0005 0.0012
2 3 0.0304 0.0355
3 , 0.0015 0.0036, , 0.000.5 0.0012
2 9 0.0251 0.0294
9 10 0.366 0.1864
2 6 0.3811 0. 1941
6 , 0.0922 0.047
6 a 0.0493 0.02S1
3 II 0.819 0.2707
\\ \2 0.1872 0.0619
\2 13 0.7114 0.2351, \, 1.03 0.34, \, 1.044 0.34~

SubS/alion

V . M ODELLING AND ANALYSIS OF D N

The IEEE-15 bus distribution feeder model represented in
the form of single line diagram and shown in Figure 6 is
simulated using standard MATLAB software. The IEEE-15
bus distribution feeder is consisting of the following data:

Number of buses=15
Slack bus"'O I
Number oflines= 14
Base voltage>IIKV
Base power=IOOKVA
Tolerance limit=O.OO I
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load inc rease

""-P(MW) __ O(MVAr)

20% 30%

32

610kW

power losess

1

610kW

I I "O'VA<

: VAf I
800

'00
400

200

o

to 610kW and reactive power from 90kVAI to 330kVAI and
this is an significant enhancement with respect to voltage
stability and network losses reduction.

40%

0.62-
0.22

0.56

•
0.23

0.52

•
0.7
0.' 0.47
05 0.43 •

~ 0.4
..

0.25 0.26
~ 0.3 • •0.2

0.1
0

Normal 10%

Figure 7. Active and reactive power load increases • Active (P) • Reactive (0)

Figure 10. ShQWS a decrement ofpower IQSeS after UPFC pla~ement

2.5
S.s 2

IIII I IIIIIIII
•
~ 1.5
0a 1

~ 0.5 II•~
"0 0
> ~ N m v ~ ~ ~ ~ ~ 0 ~ N m v ~. · . . . . . . . ~ ~ ~ ~ ~ ~, , , , , , , , , . . . . . .

~ ~ ~ ~ ~ ~ ~ ~ ~
, , , , , ,
~ ~ ~ ~ ~ ~

Bus number

Figure 8. Voltage profile for all buses before UPFC placement at 40% load
increase

• With UPFC • Without UPFC

25
•a 2

nh.n~ulll~~
e
c.. 1.5
~ 1

"0 0.5
>

0
~ N m v ~ ~ ~ ~ ~ 0 ~ N m v ~

• • • • • • • • • ~ ~ ~ ~ ~ ~, , , , , , , , , • • • • • •
~ ~ ~ ~ ~ ~ ~ ~ ~

, , , , , ,
~ ~ ~ ~ ~ ~

Bus number

Figure 9. Comparison ofvoltagc profile for all buses after UPFC placement
at 40% load increase

The comparative analysis of voltage profile of IEEE 15
bus ON is shown in Figure 9 for 40% load increase with and
without UPFC placement. It is observe that all busses
voltages increase significantly after placing the UPFC on
bus 5. At bus 5, the voltage has jump from 0.5 p.u. to 0.7735
p.u. lead to the voltage stability of the network. Busses II ·
13 are the strongest busses in terms of enhancement in
voltage profile of this network. Further, the graphical
analysis of Bus 5 is also carried out in terms of real and
reactive power improvement and it is evident from the
results of Figure 10 that there is an significant decrement in
real power loses of the network which reduces from 620kW

TABLE 4: LOAD FLOW OF BUS VOLTAGE AFTER UPFC
PLACEMENT

Bus No. Wlth UPFC Without UPFC

B~ l I I

Bus 2 I ,OS43 0,91S4

Bus 3 1,5079 1,4869

Bus4 0,928 0,6569

Bus 5 0,7735 0,5

B~ ' 1,05 12 0,9024

Bus 7 1,0666 0,9147

Bus8 0,9898 0,818

aus s 1,076 0,894

Bus 10 1,0717 0,8759

Bus 11 1,7659 1,7405

Bus 12 1,9835 1,9544

Bus 13 2,0442 2,0 14

Bus 14 0,9434 0,6534

Bus 15 0,943 0,66S4

V I. CONCLUSION

The present research work shows an enhance
performance of a UPFC and its future promising technology
to improve the voltage profile and power loses mitigation for
ON, The feasibility studies of UPFC is tested on standard
IEEE-I S bus test system. The investigation was carried out
using standard MATLAB software. The system was firstly
simulated by running a load flow tool with Ncwton-Raphson
method in order to observe the bus voltage magnitude, the
power that is being generated, power that is consumed, and
the power that is lost (power loses) through the network. The
weakest bus was detennined at the 40% increase in system
loading and may lead to voltage instability of the system.
However, after UPFC placement there is an significant
enhancement of voltages of all busses as well as Bus 5
voltage jump from 0.5 to 0.7735 p.ll. and shifting the bus 5
from voltage instability to stable zone. It is also observe that
the active and reactive power loses were decrease by 98.3%
and 27.27% that fulfil the beauty of the UPFC installation in
the DNs and its promise to mitigate the voltage instability
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problem of the modem DNs. These different aspects give
scope for the future research work as P-Q load increases up
to 40%. Incidentally, P-Q load is almost balanced in
residential areas but in industrials Q is very high, hence in
future research work the Q load will be increased separately
and observe the results.
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