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Abstract

Loss minimization is critical to a power system. Transmission linelossesin a power
system can be reduced by Var compensation. This paper investigates the transmission
line losses using the 5-bus Ring segment of Nigeria National Grid and the improvement
that a unified power flow controller (UPFC) can create by simultaneous or individual
controls of basic system parameters like transmission voltageimpedance and phase
angle. The network segment was analyzed using Newton-Raphson iterative method in
Matlab/ Simulink environment. The network was modeled using Simulink block sets.
The power losses in the transmission lines were calculated using differential power flow
with and without the unified power flow controller (UPFC).The simulation results
showed that all the bus voltageV, is within acceptable limit of 0.95p.u >V, <
1.05p.uand incorporating the UPFC reduced real power losses from 491.79MW to -
117MW and reactive power losses also decreased from -74.6 to -2548.8MVAr. This
device has minimized losses and ensures a high efficient and reliable system due to
power loss reduction. It was also shown that the power loss saved is 100-23.38% =
76.62% when UPFC are used. The high transmission and distribution losses of upto
45% currently associated with the Nigeria Power system will be greatly reduced if UPFC
is deployed.

1.0 Introduction

Today’s power systems are highly complex and reqadreful design of new devices taking into consitien the
already existing equipment, especially for transiois systems in new deregulated electricity markkés in Nigeria.
This is not an easy task considering that poweinergs are severely limited by economic and enviremal issues.
Thus, this requires a review of traditional methadsd the creation of new concepts that emphasimera efficient use
of already existing power system resources withedtiction in system stability and security [1].

Most of the large power system blackouts which aszliworldwide over the last twenty years are cduseheavily
stressed system with large amount of real andiveagbwer demand and low voltage condition [2]. Wlige voltages at
power system buses are low, the losses will alsadreased [3].The comparative losses in eachaeofi power system
are presented in[4]. Application of Flexible Altatmg Current Transmission System (FACTS) deviaescaarrently
pursued intensively to achieve better control aber transmission lines for manipulating power floj2s There are
several kinds of FACTS devices. Thyristor-ContrdliBeries Capacitors (TCSC), Thyristor ControllecgghShifting
Transformer (TCPST) and Static Var Compensator (SM@ich can exert a voltage in series with the knel, therefore,
can control the active power through a transmisBien[5]. On the other hand, Unified Power Flowr@oller (UPFC)
has a series voltage source and a shunt voltageesallowing independent control of the voltagegnitude, and the
real and reactive power flows along a given trassion line. The UPFC was proposed here for rea-thontrol and
dynamic compensation of the AC transmission sydtemrovide the necessary functional flexibility végd to solve
many of the problems facing the utility industry.his opens up new opportunities for controllihg fpower, decreasing
the losses and enhancing the usable capacity stirexitransmission lines.
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1.1 The Operating Principle of UPFC

A simplified scheme of a UPFC connected to amitdibus via a transmission line is shown in FiglrdPFC
consists of parallel and series branches, eaclt@mt@ining a transformer, power-electric convewih turn-off capable
semiconductor devices and DC circuit. Inverter 2aanected in series with the transmission lineséayes transformer.
The real and reactive power in the transmissiom ¢ian be quickly regulated by changing the magaitart phase angle
of the injected voltage produced by inverter 2. Blasic function of inverter 1 is to supply the rpalver demanded by
inverter 2 through the common DC link. Inverterah@lso generate or absorb controllable power.
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Figure 1 UPFC installed in a Transmission Line [3,8].

1.2 Mathematical Representation of UPFC
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Figure 2 Voltage source model of UPFC [3, 7,8].
The two ideal voltage sources of the UPFC can khenaatically represented as [3,7,8]:
Vie =Vialcos 8, + fsind,)

Je

I".s.rr = ',.f.r'J [CDE"E_-.'E.‘ + jsin gﬁr’.—]
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UPFC is connected between two bukesdm in the power system. Applying the Kirchhoff's cemt and voltage
laws for the network in Fig. 2 gives:

A
M
I.": f_|- Vie TVeh Ve Ve <Vsh If.::lr
| | . " . | i
Jlr.';lr_ L Ve Vie Ve 0 ] i.'.'l':'
Vo
s . (3
Where
1 !
Ygg = — Ve =
Zse and Zsh
The element of transfer admittance matrix can beapu
Vige = G = JBik = Vse = Vsh
Yoom = Gm ~ JBmm = Vse
Yiew = Yok = Gl = FBlm = “Vse
Y. =G + jB.p =-v
sh sh T J8sh = Vsh
.......................................... 4)

The UPFC converters are assumed lossless in thegeosources model. This implies that there isingorption or
generation of active power by the two convertersit®losses and the active power demanded bydfiessconverter at
its output is supplied from the AC Power systenth®yshunt converters via the common D.C link. Ti@liDk capacitor
voltage V4. remains constant. Hence the active power supplieithe shunt convertergPmust be equal to the active
power demanded by the series convertgaPthe DC link. Then the following equality corsiit has to be guaranteed
[3].

Pse + Psh =0. (5)

From Figure 2 and by equation (1), (2) (3) for ﬁwes and shunt sources the power equations BCURN be

written as[3].

3 -
Fre =VseOmm VeV i (CGppeostise - 8y )+ By sinllgp -6y 1)
W r'rn:'i'rw'f{ -~‘.'I|i-'r"r)"'-"Ir 5e ”'.i a BI?“F"" "L" = ’I-.l| A (6)
P =¥, -TJ'{'TF.I'I VoV (Gapeos(Bgy - O )+ Bopsinf@ey - B 1)

Where:
Vso Pie Qo Zse, 0se are the series UPFC voltage,active power,reactioerepimpedance and power angle
respectively.

Ve Pow Qs Zsh Osp @re the shunt UPFC voltage, active power, reagiewer, impedance and power angle
respectively.

Vi, P.Qk0k are the UPFC voltage,active power, reactive pamerpower angle respectively at tus
Vm, Pm, Qm,0m are the voltage, active power, reactive powerowler angle respectively at buoms
I, and |,are the currents in blsand busn respectively.

G and G, are the self-conductance of busnd busn respectively while ¢, is the mutual conductance between
busk and busn.

B and By, are the self-susceptance of bus k and bus m ragggonhile By, is the mutual- susceptance between
busk and busm.
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2.0  Methodology

Power flow analysis was carried out using Newtoptig®n method in Matlab environment[9, 10, 11, 1?] t
determine voltages and power angles, real and iveagower at various buses and the power losseshen
lines.Simulation of the results using graphic uséerface(GUI) method in Matlab/Simulink environnigiersion 7.5)
[13] to ascertain the various flow configuratiomsang various possibilities and effects on the nétaaovith flexible AC
transmission system (FACTSs) devices[6]. Figure @wghthe 330kV ring network of the Nigeria Transngasnetwork
[14] and Figure4 shows the Matlab/Simulink modeths test system with UPFCincorporated betweerbtises 1 and 2
in 5 bus system.
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Figure 3 330kV ring network of the Nigeria Transsinis network [8].
2.1 Optimal Power Flow Simulation with UPFC

A UPFC is used to control the power flow in the 380 transmission systems. The UPFC is connectéwdan
Ikeja West and Benin buses, it consists essentidlfive buses (B1 to B5) interconnected through tiflansmission lines
and two 132 kV/330kV transformer banks situatethatpower station. Two power plants located on3B@-kV system
generate a total of 1406MW which is transmittedht® 330-kV network and to loads connected at treeduThe plant
models include a speed regulator, an excitatiotesyss well as a power system stabilizer (PSShohmal operation,
most of the generation capacities of power plantsexported to the 330-kV network through 6x220-M¥32/330kV
and 6x140 MVA, 4x71.25 MVA, 6x140 MVA and 2x168.5MVitransformers located at the Egbin and Delta Power
plants [9]. For this investigation we are considigra contingency case where the Egbin power ptagenerating 80%
capacity and Delta power plants are generating 8af@city. Matlab/simulink model of the test systershown in
Figure 4.The block set in Simulink user guide [t&re used to develop the Matlab/Simulink modehef test system. A
base voltage of 330kV and base power of 100MVA used in this analysis.
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Figure 4 The Matlab/Simulink model of the test eyst
3.0 Results and Discussion

Table 1 shows the lines power flows, losses andeTalgives the summary of bus voltages profile. féwmilt shows
that the losses were higher in Oshogbo — Benid@MW) line and Oshogbo - lkeja West (0.0017WM) line

Table 1Simulation Result of 330kV Ring Network (Bus/oltages)

Bus No Name P.u (Volt) U (kV) Angle (Deg)
1 Oshogbo 0.9999 330 -0.0039
2 Benin 0.9999 330 -0.0013
3 Ikeja West 1.0000 330 0.0000
4 Ayede 0.9999 330 -0.0038
5 Ajaokuta 0.9999 330 -0.0036

Table 2 Simulation Result of 330kV Ring Network (Lhe flow and losses)

From | To Bus From From To To MVar | MW Loss MVar

Bus MW MVar MW Loss
3 2 44.92 109.71 -44.92 -109.7(¢ 0.00 0.01
1 2 -68.92 19.32 68.9221 -19.32 0.002 0.00
4 1 9.72 35.32 -9.72 -35.32 0.00 0.00
3 4 189.72 145.34 -189.7201 -145.3p -0.0001 0.02
3 1 115.36 102.02 -115.3583 -102.0p 0.0017 0.02
2 5 80.00 45.00 -80.00 -45.00 0.00 0.00
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3.1 Simulation Result with UPFC
Using the load flow option of the powergui blocketresulting power flow obtained at buses B1 toiBshown in

Table 3.
Table3 Bus Voltages and Power With and Without UPFC
Bus Bus Voltage Bus Voltage Bus Power Without Bus Power With UPFC
No. Without UPFC With UPFC UPFC
Voltages( pu) Voltages( pu) P (MW) Q (MVar) P (MW) Q(MVar)
1 0.8748 0.8331 -212.60 -589.80 -203.60 -898.8(
2 0.8749 0.9053 351.40 492.90 160.70 -26.80
3 0.6912 0.6612 -140.30 -216.10 -79.33 -120.8(
4 0.7045 0.6997 -153.10 -257.00 -200.50 -319.4(
5 0.8748 0.9053 64.91 9.298E-13 67.83 8.327E-

13

The load flow shows that most of the power gendrhtethe plants is transmitted through the tramsés along bus
2 path on the 330kV network transmission networke Tstudy illustrates how the UPFC can relieve tiasver
congestion through optimal power flow. The P anch€asured at bus B2 follow the reference valuess¢he UPFC.
At t=5s, when the Bypass breaker is opened theraapower is diverted from the Bypass breaker ® WHPFC series
branch without noticeable transient. The power elgses at a rate of 2pu/s. It takes two secondhdgrower to decrease
to 160 MW as seen in the result of Table 3. Thi8 RIW decrease of active power at bus B2 is achidwethjecting a
series voltage of 0.1pu with an angle of 94 degtiees relieving the congested branch elements ebu

Tables 4 and 5 shows power flow results of a 5dyssem without and with UPFC. Table 3 shows the pamative
results of system. From the tables it is concluthad the system power transfer was optimized aadabses are reduced
when UPFC is installed.

Table 4 Power Flows without UPFC

. F.rom bus . T_o bus Loss

Branch | From | To injection injection

P(MW) Q(Mvar) |[P(MW) |Q(MVar) P(MW) [QMVar)
1 1 2 -212.60 -589.80 351.4( 492.90 138.8 -96.9
2 1 3 -212.60 -589.80 -140.30 -216.10  -72.3 -373.7
3 1 4 -212.60 -589.80 -153.10 -257.00 -59.3 -332.8
4 2 4 351.40 492.90 -153.10 -257.00 198.3 235.9
5 2 5 351.40 492,90 | 64.91 9.298E-13| 286.49| 492.9
Total 49 -74.6
Table 5 Power Flows with UPFC

From To
bus injection pgs . Loss
Branch | From | To injection

P(MW) Q(MVar) P(MW) Q(MVar) P(MW) Q(MVar)
1 1 2 | -203.60 -898.80 160.70 -26.80 -42.9 -872
2 1 3 | -203.60 -898.80 -79.33 -120.80 -124127 -778
3 1 4 | -203.60 -898.80 -200.50 -319.40 -3.1 -579
4 2 4 | 160.70 -26.80 -200.50 -319.40 -39.8 -292
5 2 5 | 160.70 -26.80 | 67.83 8.327E-13| 92.87 -26.8
Total -117.2 -2548.8

»
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Table 6 Comparative Result

Power Loss P(MW) | Q (MVar)
Without UPFC(UPFGo) 491.79 -74.6
With UPFC(UPFG) -117.2 -2548.8

From the comparative results presented in Tabileetpercentage drop in the magnitude of active pdogs is given
as

(UPFCy, JUPFCy,)X100 = (117.2/491.79)x100 = 23.38%

Hence the power loss saved is 100-23.38%=76.62%nWHHPFC are used. The high transmission and disiit
losses of upto 45%[16] currently associated withNligeria Power system will be greatly reduced.

4.0 Conclusion

The paper presents the application of UPFC in aisgmization in power system. The unified powenflaontroller
provides simultaneous or individual controls ofibag/stem parameters like transmission voltagegoapce and phase
angle, there by controlling the transmitted pow&he model was implemented in MATLAB and SIMULINK
environment to compute power flow. The power lossuoring in the various branches and state varsatlé bus system
was evaluated.The Numerical result for the 5 bus/ork has been presented with and without UPFCcamdpared in
Tables 4, 5 and 6. From the results it is concluthedl the system performs better when the UPF@rnsiected .i.e. the
state variables are improved and the total lossesninimized.The results obtained showed thatha&llius voltages, Vb
is within acceptable limit of 0.95@W_b<1.05p.u and incorporating the UPFC reduced realepolwsses from
491.79MW to -117MW and reactive power losses ablmrehsed from -74.6 to -2548.8MVAr. It was alsovaiaohat the
power loss saved is 100-23.38% = 76.62% when UREQsed. The high transmission and distributiosdesof upto
45% [16] currently associated with the Nigeria Posystem will be greatly reduced.
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