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Abstract A shunt-series type of flexible AC transmission system named as Unified
Power Flow Controller (UPFC) has an ability to manage real as well as reactive power
in the power system network in a simultaneous manner. In this paper, a simulation
model of UPFC is tested for the IEEE 14 bus standard test system on the DIgSILENT
power factory software. Moreover, an optimum reactive power dispatch problem in
presence of UPFC has been solved to reduce the real power loss in transmission
lines. The proposed UPFC-based ORPD problem has been solved using the interior
point method. The proposed approach is simulated under different loading conditions
of the network. A comparative analysis of the obtained simulation results for each
loading condition shows the effectiveness of UPFC for real power losses reduction.

Keywords Optimal reactive power dispatch + UPFC - IEEE 14 bus system - Real
power loss minimization + DIgSILENT power factory

1 Introduction

Some of the challenges in a modern power system are being overcome by flexible
AC transmission system (FACTS) [1]. These challenges are becoming more complex
with increasing power demand. Proper management of reactive power in the network
is one of them. Due to improper management of reactive power in the network, volt-
age instability, and real power losses are increasing day by day. Similar to traditional
reactive power sources [2], FACTS devices are also capable of compensating reac-
tive power in networks. In this paper, a series—shunt type of FACTS device, namely
Unified Power Flow Controller (UPFC) [3, 4], has been used to reduce the total active
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power loss in transmission lines. Optimal reactive power dispatch (ORPD) is a tra-
ditional and well-known optimization framework, by which the active transmission
power loss is minimized, and hence the profile of all bus voltages is also improved
[2, 5]. The structure of UPFC is an extraordinary combination of shunt and series
elements. Due to which, it can regulate various transmission parameters such as line
impedance, node bus voltage as well as angle. It can be able control both real as well
as reactive power flow in the transmission line and improve the performance of the
grid [1, 6]. In this paper, the performance of an UPFC connected in IEEE 14 bus
test system [7] is investigated on the DIgSILENT power factory software simulation
platform [8].

2 Mathematical Modeling of UPFC

UPFC has dual-voltage sources such as series and shunt voltage sources; therefore, it
is capable of adjusting the flow of complex power in a transmission network. In UPFC,
the series voltage source plays a vital role in controlling the complex transmission
line power flow. The connection diagram of an UPFC to the given transmission
network is presented in Fig. 1. Furthermore, according to the requirement of the
series voltage source, the required amount of active power is supplied by the shunt
source of voltage in the power network [9]. The static model of UPFC connected
between the two buses is presented in Fig. 2.
The expression for injected voltage of UPFC is presented as follow:

Vinj = Vi + Vse (D

Vinj = [Vsh (COS 8sh + ] sin Ssh)] + [Vse(COS 8se + ] sin ase)] (2)

where, V;, and §;, are series injected controllable voltage magnitude and phase angle,
respectively. Vi, and &, are shunt injected an adjustable voltage magnitude and its
phase angle, respectively. Moreover, the reactance of UPFC series and shunt coupling
transformer denotes by X, and X, respectively.
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The conductance and susceptance for shunt and series coupling transformer for
UPFC may be denoted by G, By, Gy and By,, respectively. For a static model of
UPFC, the power injections at i buses are mathematically expressed as follow [9,
10]:

P; = G;;V7 + V; Vi[Gjjcos(0; — 6;) — Bijsin(6; — 6;)]
+Vt Vse [Gij COS(Q,’ - 856) - Bij Sin(ese - 81)]
+V1 Vsh [Gsh COS(@,’ - 8sh) - Bsh Sin(esh - 81)] (3)

Qi = —B; V + V; Vi [Gj; sin(6; — 0;) — Bjj cos(6; — ;)]
+VseVi [Gij Sin(ei - (Sxe) - Bij COS(Qi - Sse)]
+Vsn Vi [Gsp sin(0; — 85n) — By cos(6; — 8)] 4)

where as the power injections at j" buses are mathematically expressed as follow:

Pj = ijij + VRVJ’ [_Bjj sin (856 —91) + ij Ccos (556 —Qj)]
+V;Vi[—B;jsin (0; — 6;) + Gjicos (8; —6;) | @)

Qj=—Bj;V; —V; Vi [ Bjjcos (0, — 8;) — G jjsin(0; — 8]
—VJV, [Bj,»cos(éj—éi) —Gj,-sin(é‘j—é,»)] (6)

Also, the real and reactive power injected by series and shunt converters are as
follows:

PM = ijvsze + Vj ng [ij COS ((SM - 9/) + Bjj sin (S‘Ye — 91)]
+Vz Vse [Bij sin (‘Sse - 9,‘) + Gij COos (Sxe - 91)] (7)

2
Q;re = - Bjj Vi

se

- Vj Vie —ij sin (85 — 6,,) + Bjj cos (850 — 9])]
_ViVse[BijCOS(Sse_gi)_Gij Sin(ase_ei)] (8)
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Py = — G V3, + Vin Vi [ Gy cos (854 — 6;) + By sin (8, — 61 (9)

Q‘vh = Gsh Vyzh + Vxh Vl [th Cos ((Ssh - 61) - Bsh COos (8sh - 91)] (10)

For a lossless converter, a real power provided by the shunt element ( Py;,) is equal
to a real power consumed by the series element ( Py, ). Therefore,

th+Pse =0 (11)

UPFC can simultaneously inject real power as well as reactive power in a given
network. Hence, the Jacobian matrix of power flow analysis has been modified.
The modified Jacobian matrix is represented by (12). Here, A Py is the real power
mismatch of both the series as well as shunt converters.

[ 8P 8P R R 9P 0P 0P ]

B 7 90, 00, 9V, 9V, 08, Vi 064 | 7
AP 9P, 0P, aP, P, dP; 0P 6 Ab;
AP: 90, 90; 9V, 9V, 08, 00y AO:

J 00; 0909, 00Q; 90Q; 00; 09Q; 090 J
AQ; Jo e MV Bk BV B AV;
AQj | =| 36 T0, av. v, db. Ve 0 AV (12)
AP BP_;,v 3P,‘,‘ 3Pj,' 3P,‘,‘ 3Pj,' ani 0 Aa

It 36; 90, Vi 9V, 085, aVy se
AQji 00ji 0Qji 0Q;i 9Qji 9Q;i 0Qji 0 AV,
AP 90; 20; Vi dV; 38, Vi AS

| APk | 3P 0P OPu 0Py 0Py 9Py 0Pu | L DOsh |

30, 90, 9V, 0V, 08, Ve 00w

3 Problem Formulation

In this paper, minimizing the total real power loss has been considered as an objective
function. The mathematical expression of the objective function has adopted from
[2] and is presented as follows:

f = min(Ploss) (13)
where
Nrp
Pioss = Y Gi(VZ + V} =2V, V; cos ;) (14)
k=1

The above objective function is minimized while satisfying the following equality
constraints (15)—(16) as well as inequality constraints (17)—(25):
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Np
Peeni = Puoadi = ) 1Yl V1 1Vi] cos (8 = 8; — ) (15)
j=1
Ng
Qeeni = Quoad.i = )_1Yijl IV;| Vil sin (& —8; — ;) (16)
j=1
ng}l}: < Pgen,i < Pgeli)i(iENpV a7)
IGnelnnz < QGen,i < Qgﬁ% i€ Npy (18)
V(I}Ielir: < VGen,i < Vé?,??i € Npy (19)
TN < 7, < T e Ny 20)
qg}[}? =< Geap,i < qcr(rllpaj( i€ Ncap (21)
STL.i = S?}‘Z}IX i€ NTL (22)
Vgllin VL= VLInaX L € Npg (23)
V;I;?in < Vg < viaxo (Sg}in < 8y, < smax 24)
erenin = Ve = Vsrenax ) Sglin <8 < (Sglax (25)

4 Solution Methodology

In this paper, an IEEE 14 bus test system is considered to analyze the performance
of UPFC. The single-line diagram of the UPFC-connected standard test system is
presented in Fig. 3. A detailed description of standard test systems (such as branch
data, bus data, and generator data) has been adopted from [7]. The permissible limits
of all control and state variables are also adopted from [7]. In the present simulations,
itis assumed that an UPFC has been connected between buses 9 and 14 [11] as shown
in Fig. 3. It is also assumed that this is an optimum location for the UPFC which
has been adopted as in line with [11]. The weakest line in the network for UPFC is
identified based on (a) voltage collapse point indicators (VCPI) and (b) line stability
indices such as a line index (LQP) [11]. The simulations includes the interior point
solution method [9] for ORPD problem in the presence of an UPFC as presented in
subsequent section.
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Fig. 3 Single-line diagram of IEEE 14 bus system

5 Simulation Results

The UPFC-based modified ORPD problem has been tested on a standard IEEE 14 bus
test system and simulated the system under heavy loading conditions. For this, a total
of ten loading conditions have been created and solved the modified ORPD problem
using the interior point method. The entire simulation work is divided into two cases;
the first is modified ORPD with UPFC and the second is without UPFC. Comparative
analysis of simulation results has been performed. A comparative analysis based on
real power losses for each loading condition is depicted in Fig. 4. It shows the
effectiveness of the UPFC for a significant reduction in its real power transmission
loss. Furthermore, the comparison of the voltage profile for two extreme situations
such as base loading condition and extreme loading condition is presented in Fig. 5.
The optimal setting of the control variables under each loading condition is presented
in Table 1.
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Fig. 4 Comparison of real power losses without and with UPFC device
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Fig. 5 The best voltage profiles obtained in case-1 and case-10

6 Conclusion

In this paper, the UPFC-based modified ORPD problem has been successfully solved
by interior point method. A comparative analysis of the obtained simulation results
gives a clear indication that the power loss in transmission network is effectively
reduced by UPFC. Moreover, it is also observed that UPFC can provide controlled
voltage support as well as it minimize the real power losses under the systems
overloading conditions with no violation in any system constraint.
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Table 1 Optimal settings of control variable considering UPFC for loss minimization

Optimal settings with UPFC

Control variables Case-1 Case-2 Case-3 Case-4 Case-5

Vi (in pu) 1.0600 1.0600 1.0600 1.0600 1.0600
V;, (in pu) 1.0453 1.0447 1.0441 1.0436 1.0428
V3 (in pu) 1.0216 1.0196 1.0178 1.0160 1.0142
Ve (in pu) 1.0305 1.0324 1.0333 1.0344 1.0354
Vg (in pu) 1.0372 1.0407 1.0442 1.0470 1.0497
Vg (in pu) 1.0240 1.0257 1.0265 1.0276 1.0286
Ve (in pu) 0.3537 0.3699 0.3915 04116 0.4364
T47 1.0210 1.0170 1.0230 1.0240 1.0240
T 0.9820 0.9780 0.9750 0.9710 0.9670
Ts.6 1.0020 0.9980 0.9940 0.9900 0.9850
Qc9 (in MVar) 14.0000 15.0000 15.5000 16.5000 17.0000
Pge, (in MW) 0.3695 0.4033 0.4452 0.4874 0.5372
Ploss (in MW) 9.1595 10.4299 11.7950 13.2548 14.8147
Control variables Case-6 Case-7 Case-8 Case-9 Case-10
Vi (in pu) 1.0600 1.0600 1.0600 1.0600 1.0600
V3 (in pu) 1.0416 1.0394 1.0359 1.0310 1.0253
V3 (in pu) 1.0121 1.0089 1.0030 0.9941 0.9836
Ve (in pu) 1.0358 1.0368 1.0381 1.0399 1.0416
Vg (in pu) 1.0518 1.0535 1.0550 1.0559 1.0564
Vg (in pu) 1.0291 1.0301 1.0312 1.0326 1.0341
Ve (in pu) 0.4642 0.4962 0.5326 0.5774 0.6273
T4q 1.0230 1.0200 1.0130 1.0030 0.9910
Ta9 0.9640 0.9600 0.9560 0.9500 0.9430
Ts.6 0.9800 0.9730 0.9640 0.9520 0.9390
Qc9 (in MVar) 17.5000 18.0000 18.5000 18.5000 18.5000
Pge, (in MW) 0.5938 0.6579 0.7306 0.8173 0.9150
Ploss (in MW) 16.4788 18.2552 20.1623 22.2354 24.4975
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