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Abstract: Ever incrasing demand on power system needs latest FACTS devices to increase the
power transfer capability. One of such device is Generalized Unified Power Flow Controller.
This device has got more emphasis, as it has five/more degree of freedom, it can
simultaneously control the voltage at the sending end and the power flow through the
transmission lines to which the device is connected. The detailed Power Injection Model (PIM)
of GUPFC is proposed in this paper. Location and rating of the device plays a major role, to get
proper control in power system. An optimal placement strategy based on single line
contingencies through performance index is proposed. Without loss of generality, device rating
is calculated based on the power handling capacity of the converters. Series and Shunt
Converter switching losses and the shunt converter reactive power injection are considered, to
analyze the effect of the device. Analytical results confirms the effect of the device control
parameters on a given test system.

Keywords: Generalized Unified Power Flow Controller, Power Injection Model, Performance
Index, Contingency Analysis, FACTS device rating.

1. Introduction

Flexible AC Transmission Systems (FACTS) has got good reputation because of getting
higher controllability and increasing power transfer capability by means of power electronic
based converters [1]. Basically these devices reduce the network expansion cost/transmission
lines installation cost, by properly managing the system parameters. The basic applications of
the FACTS devices are: power flow control, increase of transmission capability, voltage control,
reactive power compensation, stability improvement, power quality improvement, etc [2]. It
can be seen that with the growing demand for electricity, the opportunity for FACTS-devices
gets more and more important.

The Unified Power Flow Controller (UPFC) can be used for simultaneous control of the
power system parameters (voltage, impedance, phase angle), or any of the above combinations
[3, 4]. A comprehensive load flow model for UPFC, to incorporate into existing
Newton-Raphson (NR) Load flow is presented in [5]. An algorithm is proposed for
determining the optimum flow and size of UPFC for power flow applications [6]. The UPFC
operation, control, sequencing, and protection methodologies under practical constraints are
discussed in [7]. An effective modeling of UPFC and its performance has been presented in [8,
9]. A set of analytical equations are derived to control any combination of the power system
parameters or none of them [10]. It is possible to study the power flow control in the presence
of UPFC by obtaining sensitivity matrix of the power system[11]. The congestion management
in power system is possible with the selection of suitable location and settings of its control
parameters[12]. An effective injection modeling approaches to power flow analysis in the
presence of UPFC is discussed in [13-15]. Power Injection Model (P1M) of UPFC and its effect,
based on location are analyzed in [16, 17]. Advanced UPFC model to reuse NR Load flow has
been developed in [18].

It is possible to extend the concept of voltage and power flow control beyond what is
achievable with the UPFC; name of the device is Generalized Unified Power Flow Controller
(GUPFC). Figure 1 shows the principle configuration of the GUPFC. Simply, it consists of
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three converters, one connected in shunt and the other two are in series with two transmission
lines at a bus. This basic configuration can control total five power system quantities such as a
bus voltage and independent active and reactive power flow in two lines.
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Figure 1. Principle configuration of GUPFC

The complete working procedure and fundamental frequency model of GUPFC is described
in [19]. In [20], a mathematical model of the GUPFC suitable for power flow is proposed.
\oltage source based mathematical models of the GUPFC and its implementation in Newton
power flow is presented in [21]. In [22], the application of GUPFC in a real power grid for
power flow as well as voltage control by applying a four converter GUPFC in Sichuan power
system of China is analyzed. Steady state mathematical model of GUPFC, based on d-q axis
reference frame decomposition has been derived in [23]. Robust modeling of the GUPFC with
small impedances in power flow analysis is given in [24]. A fuzzy rule based model for
GUPFC is proposed in [25]. Nonlinear predictor-corrector primal-dual interior-point optimal
power flow algorithm for GUPFC is presented in [26]. The design of the GUPFC damping
controller is designed in [27]. Analysis of sub synchronous resonance with GUPFC is
presented in [28].

The concept of GUPFC can be extended for more lines, if necessary. By using GUPFC
devices, the transfer capability of transmission lines can be increased significantly. Further
mores, by using the multi-line management capability of GUPFC; active power flows on lines
can not only be increased, but also be decreased with respect to operating and market
transaction requirement [24]. From the careful review of the literature, it is identified that, in
the GUPFC modeling, the switching converter losses are not considered.

In this paper, the main contribution is to develop Power Injection Model (PIM) of GUPFC
with converter switching losses to get an effective control and secured operation. A proper
location to install the device is calculated by using single line contingency analysis. An optimal
rating of the device is estimated without loss of generality i.e. by using power handling
capability of the device subjected to the system loading conditions. The main advantage of the
proposed methodology is that, the rating and the optimal location of GUPFC are obtained to
show the effectiveness of the device on system parameters, which is not available in the
existing literature. The efficiency of the proposed model is tested on Hale Network.

A. Critic on Literature

Most of the literature has not given the detailed mathematical PIM of GUPFC in an optimal
location with proper size to analyze the effect of the same on a given power system. So, there is
a need of such a stated modeling to get proper control over the network to optimize certain
objectives. Hence in this paper, optimal location finding strategy, proper device size calculation
strategy, and a detailed analysis of the GUPFC power injection model are presented.
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2. Operating principle of GUPFC

There are several possibilities of operating configurations by combining two or more
converter blocks with flexibility. The GUPFC with combining three or more three-phase
switching converters connected back-back through coupling transformers.

The main function of the converter is to change a DC input voltage to a symmetrical AC
output voltage of desired magnitude, frequency and phase shift with respect to the selected
reference. The function of coupling transformers is to isolate GUPFC and transmission line and
to match the voltage levels between the line and the voltage produced by the converters. Series
converter inserts voltage of controllable magnitude and controllable phase angle in series with
the transmission line via series connected transformer, thereby it provides the control of real
and reactive power flow in the transmission line. The real power injected into the system by the
series branches must be taken from the parallel branch through dc link. The real power flows in
either direction between AC terminals of the converters.

3. GUPFC Mathematical modeling

A GUPFC can be represented by three voltage sources, which are controllable in both
magnitude and phase angle and are representing fundamental components of output voltages of
three converters & impedances being leakage reactance’s of three coupling transformers. Let us
define three GUPFC buses i, j and k as shown in Figure 2. The following considerations are
taken for analysis purpose:

1. Voltage at bus-i is taken as V; =V, /5,

2. The two controllable series injected voltage sources are identical.
3. The leakage reactance of the two series coupling transformers is equal.

The two controllable series voltage sources source V se, and v se, are defined as
\73e1 :\75@2 :\75@ = rViej7 (1)

where ‘r’ and ‘ y’ are respective per unit magnitude and phase angles of series voltages, and
which are operating in the following specified limits

0<r<rmy and 0<y<ynax

The GUPFC device is incorporated in between three GUPFC buses, out of which one is a
common bus for the remaining two buses. Briefly, one of the series converters is connected
between bus-i and bus-j, similarly, another series converter is connected between bus-i and
bus-k. The GUPFC power injection model is developed in two stages, one is series connected
voltage source model and the other is shunt connected voltage source model.

The voltages behind the series reactance’s can be calculated as

V'ij =\7i+\75e1 and V'ik =\Ti+\75€2 (2)

Figure 2. Voltage source model of GUPFC
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Figure 3. Equivalent current source model of GUPFC

A. Series connected voltage source mode
According to Norton’s theorem, the series connected voltage source can be modeled by

replacing the voltage source ‘V s * with an equivalent current source I * in parallel with a
transmission line susceptance ‘ By, ’ as shown in figure 3.

where
B = 1 3)
se Xse

X isthe series transformer equivalent reactance
The amount of current flowing from the source is given as
_ Ve e
lse = =BV 4
se X JBgeV se 4)

replace Vs in Eq.(4) from Eq.(1)

- . i, i(90° +5,
Ise = —jrVBee 1" = _pv;Be!® 97

®)
hence
(Tse)* - —I’Vi Bsee—j(90 +5; +7) (6)

This current source can be modeled by injecting equivalent powers at the respective buses,
to which the device is connected. The corresponding power injections are shown in figure.4.

This model can be seen as the three independent complex powers injections at the GUPFC
buses and can be written as

gise = —2\7i (Tse )* (7)
gjse :\7] (Tse)* (8)

§kse =Vi(lse)

©)

the detailed expressions for these injections can be deduced by substituting Eq. (6) in Egs.

(1)-(9)

Si, = 2rV{2B e 10"+
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— ~J(90° +6; =5 +7)
Sjse = —rViVstee J

= _ —j(90° +6; =5, +7)
Skse = —rVin Bsee ! k

by using Eulers identity, eJ* =cosa + jsina ; let us define 3ij =6; —6; and &y =8 -

Sig, = 2rV{Bge (Cos(90° + ) — jsin(90° +)) (10)
Sj, = —TViVBg(CoS(90° + & +7) - jsin(90° + & +7)) (11)
Sk, = ~TViViBye (€OS(90° + Gy +7) — sin(90° + 5y +7) (12)

by using trigonometric identities in Egs (10)-(12), the active and reactive power injections at i,
j, kare

P, = ~2rV{?Bg, sin(y) o
Qi = —2rV{?Bg, c0s(7) -
Pj_, = IViV|Bgesin(djj +7) 1
Qj,, =rViVjBs cos(8j; +7) oo
Py, = rViViBse sin(dik +7) o
kae = 1ViV By €OS(Si +7) o

The equivalent series connected voltage source model with the corresponding power injections
is shown in figure 4.

Kse 1 Vi|Bus~i
i

i P. .. HO-

Busi H PotQs =

Xsey | PusctiOyse

Y'Y Y\

Vk Bus-k

Figure 4. Equivalent series connected voltage source model
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Figure 5. Equivalent shunt connected voltage source model

The amount of apparent power supplied by the two series converters is derived as

_ _ S 1€ wo series con
Ste, = Pro, +1Qu, =Ve(1) = JrViByee (v V) (19)
substitute Eq.(2) in Eq.(18) and simplify
Pee, + IQse; = JrViBseej((si H)(rvie*j(’si”) +Vie7j6i —Vjeijbj)

= JrV{Bge + 'Vi?Bge (COsy + jsiny) — JrViVBee (COs(8;; +7) + jsin(S +7)
equate real and imaginary parts, then

Pee, = IViVBg Sin(Sjj +7) ~1V{?Bge siny (20)

QSel = ~1V;VBg cOs(djj +7) + 'V{?Bg cosy + rV;?Bg, (21)
Similarly,

Pee, = IViViBge SIS +7) ~1V{*Bge sin (22)

Qse, = ~TViVicBse COS(ik +7) + V2B, €0s 7 + rV;?By, (23)

B. Shunt connected voltage source model

The shunt connected voltage source can be modeled as an equivalent power injection
from GUPFC shunt branch to the series branches through converters 1 and 2. This model is
also used to provide the converter switching losses. The reactive power injection at shunt
converter is used to control/maintain the voltage level at sending end within limits. The
equivalent shunt connected voltage source model with the corresponding power injections is
shown in Figure.5. The total switching losses of the one converter is about 0.8-1% [2,21] of the
power transferred through the converter. If these losses are considered, then the real power
injection of the shunt converter is

Pap = ~1.03(Pee, + Pec, ) (24)

from Egs.(20) and (22),
Psh = 2.06|'ViZBSe sin}/ —lO&'VlVJ BSE SIn(5,J + }/) —l.O3rVin BSE Sin(&ik + }/)

Assume constant Q, is injected at bus-i. The apparent power injection at shunt branch is

Ssh = Psh + jQSh .
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C. GUPFC mathematical model

The final steady state model of GUPFC power injection model is obtained by combining
series connected voltage and shunt connected voltage source models. Then the equivalent
GUPFC model is shown in Figure 6. The resultant power injections are given as

i’gupfc - Pise + PSh (25)
Pi'gupfc = 0.06rVizBse sin V4 —103rV,VJ Bse Sin(5ij + }/) —1.03rVin Bse sin(éik + }/)
— — 2
Qi’gupfc = Qise +Qsh = —2rV{"Bge sy + Qgpy (26)
Pj'gupfc = Pjse = rViVj BSE Sin(é‘u +]/) (27)
Qi gupte = Qlge = MViViBse COS(Jj +7) (28)
Pk,gupfc = P, = IViViBse sin(di +7) (29)
Q. gupte = Qge = ViViBse COS(dik +7) (30)
v
Xsen Bus-jl
V
i u
& P, s
Bus-i severct Q5 currc

Bus-k | Preuprct Qi ouprc
-~

Y
P currcH Oy cupec Xse2

Vi
Figure 6. GUPFC mathematical model

D. Computational flow

Initially contingency analysis is performed for a given system to find a place where two
lines attached to the critical bus, to install GUPFC. After this the device rating is calculated by
using the procedure mentioned in the section 5 and using the flow chart shown in Figure.7.
Then, the complete analysis of the effect of GUPFC on a given test system is performed by
using NR load flow.

To study the impact of GUPFC on an electrical power network, the device model should be
incorporated into the system. Power Injection Model is a popularly used model to incorporate
the device by changing the Jacobian and power mismatche equations in Newton-Raphson
algorithm[16].

The linearized system model based on NR algorithm is written as,

[APT:{H N}n[ﬁg} 1)
AQ J L EVE

The algorithm for solving power flow problem embedded with “UPFC" is implemented for
“GUPFC"[16]. The corresponding power mismatches Egs.(34) to (39) and corresponding
Jacobian elements are given in Egs.(40) to (67).
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4. Optimal location

Contingency analysis is a procedure of removing an alternator, transformer, or a
transmission line for temporarily or permanently based on the requirement. Because of this the
system may enter into an unstable state which may be insecure. This analysis got very
importance in power system analysis to predict the contingencies so that the
preventive/corrective actions can be taken appropriately. In this paper, single transmission line
contingency approach is followed [29]. For each line outage, the total lines which violate the
maximum power flow (OLL) and the total buses which violate the minimum/maximum voltage
limits (VVB) are identified. The performance index (PI) is calculated by performing the
summation of the total number of over loaded lines (NOLL) and total number of voltage
violated buses (NVVB). i.e PI = NOLL + NVVB. Rank is allotted to the contingencies based
on the performance index[30]. The line with highest performance index is the most severe than
the remaining. Then, the shunt converter is placed at the critical bus and the two series
converters are placed in the transmission lines which are connected to the critical bus and is
based on the line reactance and also the line flow limits. The contingency ranking of the test
system is given in Table.1.

5. Device size calculation

To get an effective and required control action, estimating proper size of GUPFC plays an
important role in the present day power system FACTS device installation . Without violating
loss of generality, the device power rating should be more than the device operating power in a
system.

Initialize I S |

é' Calculate X_. =X, r,. ..~ (Sa/Ss)
v

Perform GUPFC load flow for
rfromo > 0.1 &
Gama [y} from 0 2> 360

Perform GUPFC load flow for
rfromo > 0.1 &
Gama [y} from 0 2> 360

Calculate Sconvl, Sconv?2, Sconv3,
Line flows, Losses etc.

Figure 7. Flow chart to calculate device rating
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Based on this principal the device rating is calculated as follows:
The reactance seen from the terminals of the series converter transformer (in p.u base on
system voltage and base power) can be calculated as [6]

_ 2 SB

XS = XkTmax = (32)
Ss

where x, is the series transformer reactance, ‘r,,, ’ is the factor to maximum p.u value of the

injected voltage magnitude, § is the system base power, and “S, ’ is the nominal power

rating of the series converter.

Normally in transmission system, frequently used power transformers specifications are in,
MVA, kV, %Z, Hz.

By using these specifications, the transformer reactance (x,) can be calculated from the
fundamentals as
_(kV)? x%Z

100x MVA

Figure 7 shows the flow chart to determine the device rating.

Xk (33)

6. Numerical results
A. Setting of the proposed approach

A MATLAB code has been developed to perform contingency analysis for finding the
device location, to determine the device rating and also to analyze the effect of GUPFC on a
given power system on a computer with 2.5 GHz processor and with 2GB RAM. The
capability/compactness of the code can be calibrated in terms of the execution time. The time
taken for each iteration with constant ‘r’ and “ » * varies from 00 to 3600 with 100 interval is
around 15-20 sec.

In this study, the standard Hale Network is considered to investigate the effectiveness of the
proposed strategy. The data is taken from [31].

B. Illustration of contingency analysis

Table 1. Contingency analysis of test system

) Over Line.FIow/ Voltage Min.
L,\'l';eoﬁitsge th_){ancéesd I'_-I'r?“et NOLL Véﬁﬁﬁid \\//I%'ﬁ:‘tgez NVVB PI=NOLL+NVVB| Rank

(MVA) (p.u)

1] 12 | 13 | 42.04/100 | 1 0 0 0 1 2

2 | 13 0 0 0 0 0 0 0 7

3| 23 0 0 0 0 0 0 0 6

4| 24 0 0 0 0 0 0 0 5

5 | 25 0 0 0 5 0.8579 1 1 1

6| 34 0 0 0 0 0 0 0 4

7 | 45 0 0 0 0 0 0 0 3

The single line contingency analysis procedure is performed on the test system for
determining the proper location and results are tabulated in Table 1. From this, it is observed
that bus-5 is the critical one and the lines connected to this bus are ‘line-6” and ‘line-7’. Hence
the device is placed in this location.

C. Optimal device rating

Based on the procedure mentioned in section 5, the device rating of the test system is
calculated and are tabulated in Tables.2 with different ‘ Qg  values. To show the validity of the
methodology, power transfoermer specifications considered in this paper are 100MVA, 138 kV,
12.7 %Z, 50 Hz. From these results, it is observed that the required nominal power rating of the
converter is 10MVA.
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Table 2. GUPFC rating analysis (when Qg, =0, 0.25 and 0.5 p.u)

) Q:n=0pu Q:n=025p.u Q:n=05p.u
De\{lce ~ B 5. -M ~ B B B ~ B ~ B
S. No Rating |ss-M Sse gse2 Status ss -M Sse ss -M Ssep Status ss -M Ssey ss -M Ssep Status

(MVA) | (MvA) (MVA) (MVA) (MVA) (MVA) (MVA)
1 9 0.0223 4.15 VALID 0.0165 4.1498 VALID 0.0107 4.1496 VALID
2 10 0.0135 4.4965 | VALID 0.0069 4.4962 REQUIRED | 0.0004083 4.4959 REQUIRED
3 11 0.0026 4.8214 |REQUIRED| -0.0047 4.8209 INVALID -0.0119 4.8204 INVALID
4 12 -0.0103 5.125 | INVALID | -0.0182 5.1243 INVALID -0.0261 5.1236 INVALID
5 13 -0.025 5.4076 | INVALID | -0.0336 5.4067 INVALID -0.0422 5.4058 INVALID

M menas Maximum value of corresponding S, as » varies from 0° to 360°
D. Analysis

This section gives the effect of device control parameters (r,y,Q,,) on a given test system. Here, the device parameters are varies as:

1. ‘r’varies from 0 - 0.1 in steps of 0.02.
2. “y’varies from 0° - 360° in steps of 10°.

3. Qg varies from 0 - 0.5 p.u in steps of 0.25 p.u.

Table 3. Voltage magnitudes of test system under different * Qg * values

\oltage magnitude in p.u
Qs =0pu Qs =0.25pu Qsn =0.50pu
BUSNO | ithout device with device without device with device | without device |  with device
(r=0&y=0") (r=01&y=90) (r=0&y=0") (r=o01&y=90") (r=o0&y=0") (r=01&y=90°)
1 1.0600 1.0600 1.0600 1.0600 1.0600 1.0600
2 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
3 0.9859 0.9860 0.9860 0.9861 0.9861 0.9861
4 0.9825 0.9826 0.9826 0.9827 0.9827 0.9828
5 0.9628 0.9632 0.9632 0.9636 0.9635 0.9640
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Table 4. Active power flows through lines under different * g, * values

Active power flow (MW)
Qs =0pu Qsn =0.25pu Qqn =0.50pu
Line No without device with device without device with device without device with device
(r=0&y=0") (r=01&y=90°) (r=o0&y=0") (r=01&y=90) (r=0&y=0°) (r=o01&y=90°)
1 87.7981 87.7955 87.7970 87.7945 87.7960 87.7935
2 43.4433 43.4409 43.4417 43.4393 43.4400 43.4377
3 27.0345 27.0310 27.0317 27.0283 27.0290 27.0255
4 30.9593 30.9552 30.9561 30.9520 30.9529 30.9488
5 47.3543 47.3593 47.3593 47.3643 47.3642 47.3694
6 23.4165 23.4117 23.4129 23.4081 23.4093 23.4046
7 13.7430 13.7344 13.7364 13.7278 13.7298 13.7212
Table 5. Reactive power flows through lines under different ‘ g , * values
Reactive power flow (MVAr)
Qsn =0pu Qs =0.25pu Qs =0.50pu
Line No without device with device without device with device without device with device
(r=0&y=0") (r=01&y=90°) (r=0&y=0") (r=01&y=90°) (r=0&y=0") (r=01&y=90°)
1 74.4465 74.4472 74.4468 74.4475 74.4471 74.4478
2 16.9831 16.9538 16.9591 16.9299 16.9352 16.9060
3 -2.5221 -2.5590 -2.5522 -2.5890 -2.5822 -2.6191
4 -1.7460 -1.7934 -1.7847 -1.8321 -1.8233 -1.8707
5 8.5260 8.3136 8.3526 8.1404 8.1794 7.9673
6 2.4602 2.3978 2.4092 2.3469 2.3583 2.2960
7 -0.3158 -0.4242 -0.4043 -0.5127 -0.4928 -0.6011
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To illustrate the effect of device on the system, ‘r’=0.1 and *»’=90° is considered. The
device can increase/decrease the magnitude of the voltages and angles at the buses. The Table.3
gives the effect of GUPFC, on voltage magnitude of the buses. This table reveals that, the
voltage at buses varies, as ‘r’ varies from 0-0.1 and “ * varies from 0°%-20°. The noticeable
point here is that, voltage at load buses is increased after the device is placed. The voltage at
bus-5 is increases drastically when Qg increases from 0-0.5 p.u at bus-5.

The corresponding power flows in the transmission lines is given in Tables.4 . It is observed
from these tables is that, at constant Q,,, the active and reactive power flows through some of
the lines is increased/decreased.

The corresponding power flows in the transmission lines is given in Tables.4 and 5. It is
observed from these tables is that, at constant Q,, the active and reactive power flows through
some of the lines is increased/decreased. But, these flows in many lines gets decreased as Q,,
is increased.

The active and reactive power losses are given in Table.6. At constant Q,, the active and
reactive power losses in the system are decreased after GUPFC is placed. But, these losses gets
decreased drastically as Qg is increased.

Table 6. Active and reactive power loss in the system under different ‘ Qg ’ values

Qsh = Op-u Qsh =025 pu Qsh =0.50 pu
Description Vgletvf}cc)gt With device Without device | With device Vg'etvhi(c):t With device
(r=0&y,=0) (r=01&y=90") | (r=0&y=0")|(r=01&y=90") (r=08&y=0") (r=01&y=90")
Total active
power 6.2414 6.2390 6.2387 6.2353 6.2360 6.2327
loss (MW)
Total reactive
power -7.7799 -8.3637 -7.7960 -8.3795 -7.8119 -8.3951
loss (MVAr)
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Figure 8. Voltage magnitude and phase angle variations at load buses with ‘r’ variation

(at Qsh :0)
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Figure 8 shows the variation of voltage magnitudes and angles at load buses 3,4 and 5 as
* % varies from 0° to 360° and * I * varies from ‘0’ to ‘0.1’ with Q,, is equal to ‘0’. From this

it is observed that there is an increase in bus voltages as ¢ ¥ * varies from 0° to 90°.

Figure 9 shows the variation of active and reactive power flows through the lines 1,5,6 and
7 as * ¥’ varies from 0° to 360° and * I' * varies from ‘0’ to ‘0.1’ with Q,, is equal to “0’. From

this it is clear that, active power flow is increased in all lines as * 7 * varies from 300° to 360°.
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Figure 10 shows the variation of voltage magnitudes and angles at load buses 3,4 and 5 as
* ¥ varies from 0° to 360° and Q,, varies from ‘0’ to ‘0.5’p.u with * I' ” is equal to “0.1°. This

shows, the bus voltage magnitude increases as “ Q,, ’ varies from 0 to 0.05 p.u.

Figure.11 shows the variation of active and reactive power flows through the lines 1,5,6 and
7 as * ) * varies from 0° to 360° and Q,, varies from ‘0’ to ‘0.5’p.u with * I' * is equal to *0.1".

This shows, the active power flow in line-5 increased as ‘ Qg * varies from 0 to 0.05 p.u.
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Figure 11. Active and reactive power flow variations in lines 1,3,5,7 with Q,, variation

(atr=0.1)

Figure 12 shows the variation of active and reactive power losses of test system as “y’
varies from 0° to 360° and Q,, varies from 0’ to ‘0.5’p.u with * I' * is equal to *0.1’. From this
it is clear that, active power and reactive power losses are decreased in the system as ‘ y ” varies

from 40° to 160°.
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Figures 13(a) and (b) shows, the variation of active and reactive power losses in the system
as * ¥’ varies from 0° to 360° and * I * varies from ‘0’ to ‘0.1’ and Figures.13(c) and (d) shows,

the variation of active and reactive power losses in the system as ‘r’ varies from ‘0’ to ‘0.1” and
¥ is fixed at 0°, 90°, 180°, 270° with Q,, is equal to ‘0’. From Figures. (a) and (b), it is
clear that, both active and reactive power losses in the system gets decreased as * 7’ varies

from 0° to 160°. From Figures. (c) and (d), it is clear that, both active and reactive power losses
in the system gets decreased as * ¥ * is maintained at 90°.
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Figures 14(a) and (b) shows, the variation of apparent powers handled by the two series
converters as * » * varies from 0° to 360° and Figures.14(c) and (d) shows, the difference of the
converter apparent powers from the device rating. Power handling capability of first converter
is very nearer to the device rating (LOMVA). From Figures. (a) and (b), it is clear that, when
apparent power of the converter-1 is in increasing mode and simultaneously converter-2 is in
decreasing mode and vice-versa.

Figure 15 shows the variation of active and reactive power flows in the transmission lines
1,5,6,7 as ‘r’ varies from ‘0’ to ‘0.1’ and * / * is fixed at 0°, 90° , 180° , 270° with Qg is

equal to ‘0.
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Figure 16(a) and (b) shows the variation of the voltage magnitudes and phase angles at
buses, (c) and (d) shows the active and reactive power flows in the transmission lines, (€) and
() are active and reactive power losses in the transmission lines as * 7 * varies from 0° to 360°

and * I' ” varies from ‘0’ to ‘0.1’ with Q, isequal to ‘0.

7. Conclusion

The effect of multi-line controller (GUPFC) has been analyzed by using the proposed
Power Injection Model of the device. Since it is the combination of the multiple converters, it
can simultaneously control the voltage by using shunt converter and power flows (both active
and reactive) through the transmission lines using series converters. All these converters are
coordinated together to perform the device operation successfully. The proposed strategies, to
find optimal location and device rating works in a constrictive manner to analyze the effect of
device on a given test systems. The analytical resutls shows the variation of the system
parameters like, bus voltage magnitudes and phase angles, line power flows and losses greatly
effects based on the device parameters like ‘r’, “’ and ‘ Q,, . Finally, the developed PIM of

the GUPFC can effectively controls the power system parameters of the test systems.
8. Appendices

A. Modifications in Jacobian elements

The modified diagonal and off-diagonal elements of ‘H’ are

' aPi'gupfc
Hj = — = =-10Q; . -1.03Q

34
06, k'gupfc (34)
|-|.'.=6Pi'ﬂ=103Q. (35)
1) aeJ ' J'gupfc
oP,
Hi = — 99T _g g30 (36)
06 "gupfc
H. = aPj'gupfc =_Q, (37)
U 00; ) gupfe
o Py, qupte A (38)
I 20, J'qupfe
oP,
H, = —oue _ o (39)
Kk 06 K gupfe
H|‘(i = M = Qk (40)
a6, ‘qupfe

Simillar modification can be applied for other Jacobian elements.

B. Modifications in power mismatch equations
The modifications in active and reactive power mismatches are given as (superscript ‘0’
indicates the power mismatches without device)

— 0
AP =APS 4P (41)

— 0
APy = AP +P (42)
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9.

- 0
AR =AY +P (43)
AQ; = AQY + Qi,gupfc (44)
AQ; =AQY +Q ot (45)
AQy = AQ¢ +Q, (46)

gupfc

System Data
The single line diagram with corresponding data of the Hale Netwrok is shown in

Figure.17.
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