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ABSTRACT

Controlling power flow in modern power systems can be made more flexible by the use of recent developments
in power electronic and computing control technology. The Unified Power Flow Controller is a FACTS device that can
control all the three system variables namely, line reactance, magnitude and phase angle difference of the voltages across
the line. The Unified Power flow controller provides a promising means to control power flow in modern power systems.
Essentially, the performance depends on proper control setting achievable through a power flow analysis program. This
paper addresses comparison of the two steady-state modeling of U.P.F.C within the context of Load flow study of a power
system. This model is incorporated into an existing Newton-Raphson Load flow algorithm.
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1. INTRODUCTION

With the development of power systems,
especially the opening of electric energy markets, it
becomes more and more important to control the power
flow along the transmission line, thus to meet the needs of
power transfer. On the other hand, the fast development of
power electronic technology has made FACTS (Flexible
A.C. Transmission Systems) a promising path for future
power system. With the FACTS technology such as
STATCON (Static Condenser), TCSC (Thyristor
Controlled Series capacitor), TCPR (Thyristor controlled
phase angle regulator), UPFC [1] (Unified Power Flow
Controller) etc, the bus voltages, line impedances, and
phase angles in the power system can be regulated rapidly
and flexibly. FACTS do not indicate a particular
controller, but a host of controllers whom the system
planner can choose based on cost benefit analysis.

The UPFC is an advanced power systems device
capable of providing simultancous control of voltage
magnitude and active and reactive power flows, all this in
adaptive fashion. Owing to its almost instantaneous speed
of response and unrivalled functionality, it is well placed
to solve most issues relating to power flow control while
enhancing considerably transient and dynamic stability.
There are two aspects in handling the UPFC in steady state
analysis [7].

= When the UPFC parameters are given, a power flow
program is used to evaluate the impact of the given
UPFC on the system under various conditions. In this
case UPFC is operated in open loop form.
= As UPFC can be used to control the line flow and bus
voltage, control techniques are needed to derive the
UPFC control parameters to achieve the required
objective. In this case UPFC is operated in closed loop
form.
In this paper UPFC is treated to operate in both
forms and the both the modeling methods are compared
with each other.

2. CLOSED LOOP OPERATION

2.1. Circuit description

Considering the well-established modeling
principle [1] and the steady state UPFC models suggested
in [2] the one shown in Figure-1 was adopted for the
study. The three controllable variables namely voltage
magnitude (Vr) injected by the booster transformer,
voltage phase angle difference (®1) and the exciting
transformer reactive current (I;) can be regulated
independently with in the region defined by

'={Vr, &, Iq}
VT € (OaVTmaX)
@ € (0,210)
Iq € ('Iqmax B Iqmax)~
¥p
ViEv /_’gﬁ1
‘ I L Vs
et
‘ v
Il IP
r
Fig. 1.
The mathematical relations of UPFC control variables are
Vg = Vp +Vi (1)
Ig :Ip—Iq—It (2)
arg(ly) = arg(Vp) (3)
I = Re(V{I§)/Vyy @)
arg(Iq) = arg(Vp )t 7/2 5

2.2. Power equations of the UPFC connected branch
Consider a UPFC with its boost transformer

connected in series with a transmission line. Assume that

the exciting transformer is connected to the bus ‘I’ and the
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two terminals of the transmission line are denoted as
bus‘s’ and ‘m’ respectively. By using the UPFC model [3]
illustrated in Figure-1 and ‘pi’ equivalent circuit of the
transmission line, the branch with the UPFC connected
between bus ‘I’ and ‘m’ can be modeled as shown in
Figure-2. Zy, = Ry, + jXim and jBy, denote the parameters
of the transmission line. Y, and Y, represent the system
shunt admittance at bus ‘I’ and ‘m’, respectively.
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8y =08 —%m , Om is the phase angle difference

between bus ‘1’ and ‘m’

2.3. Load flow equations

Assume that for a given control strategy the
power S, on the UPFC controlled transmission line 1-m is
set to constant P, + jQ.. By means of substitution theorem,
this branch l-m can be detached as shown in Figure-3 in
which S, represents power from bus ‘m’ and Sy,
represents power from bus’l’. For each other additional
UPFC, its corresponding branch can be dealt with
similarly.

v, In=FetiOn BarFHQ || Ya

Fig. 3.

After modifying all of the UPFC embedded branches the
load flow equations can be written as follows:

QGi —QLi = ZViVj(GijCOSSij —Bijsinéijj (18)
PGi —PLi = ZViVj (Gijcoséiij +BijSin8ij) (19)

=123 n; but i£l,m

QGm _QLm = ZVmVj(ijcosﬁmj —ijsm5mjj+Qc
21

P6m ~PLm = ZVmVj(ijCOSSmj +ijsin8mj)+PC
(22)

QG1 - QL1 =2 Vle (GleOSSIj - BljsinSlj )+ le (23)
2.4. Load flow computation

Since Sy, = P.+jQ. is set as constant for the given
control requirement, S, = P;,+jQn can be treated as a
special load varying with respect to the voltages V; and
V. As a result, the UPFC’s have already been decoupled
from the system and the load flow equations (18-23) can
be solved by standard Newton Raphson load flow
program.

2.5. Computation for the UPFC control setting

After the load flow computation converges, the
control setting of the UPFC can be computed as follows.
First P and Qs are computed from (7). Note that P, and Q,
are given and (6) gives
ASezPe+er=PC+jQC—Pf—ij (24)
Vi £y =—(Pe —jQe)R | +iX 1 M(Vin L) (25)

vi= [0 e @iz, ot 1 v 29
0 =v-PB+dmy (27)

X
y = arctg[Qe/(—Pe )], B = arctg{ 1% } (28)
Im

From (25) and (26) V1 and @ can be determined readily
once the load flow calculation converges for the given (P,

Qo).
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3. OPEN LOOP OPERATION

3.1. Circuit description

The steady state model is based [4] on two ideal
voltage source converters. One in series with the line and
one are in shunt with the line. The output voltage of the
series converter is added to the AC terminal voltage V,, via
the series connected coupling transformer. The injected
voltage V. acts as an AC series system voltage source
changing the effective sending end voltage as seen from
node m. The product of transmission line current Im and
series voltage source V, determines the active and
reactive power exchanged between the series converter
and AC system. The real power demanded by the series
converter is supplied form the AC power system by the
shunt converter via the common DC link.

3.2. Equivalent circuit and power equations

The UPFC equivalent circuit shown in Figure-4 is
used to derive steady state model. The equivalent circuit
consists of two ideal voltage sources representing the
fundamental Fourier series component of the switched
voltage waveforms at the AC converter terminals. The
ideal voltage sources are:

Vi = Vvr (cos 0y, +] sin6y,) (29)
Ve = Ver (cos 0 ] sin ;) (30)
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Fig. 4.

The real and reactive powers injected at the nodes k, m
and also at series converter and shunt converter.
At node k,
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At shunt converter,

Pyr = _V\%err +Vyr Vi (Gyreos®yr =6 )

+Byrsin(0 .y, —0 K )

Qyr = V\%err +Vyr Vi (Gyrsin(@yy -6, )

—Byrcos(®yr -6, )

Where
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. -1
Yim = G + B = ~Zer (41)
. -1
Yyr =Gy +JByr ==Zyr (42)

Assuming a free loss converter operation, the UPFC
neither absorbs nor injects active power with respect to the
A.C system. The dc line voltage Vg, remains constant.
The active power associated with series converter becomes
the DC power V4. *I,. The shunt converter must supply an
equivalent amount of DC power to maintain Vg4, constant.
Hence the active power supplied to the shunt converter P,,,
must satisfy the active power demanded by series
converter, P, i.e.,

P

er TP

vr =0 (43)
The UPFC linearised power equations are combined with
the linearised system of equations corresponding to the
rest of network as

(0] = [v][x] (44)
where
f(x)= [APkAPmAQkAQmAPcrAchAPbb ]T (45)

APy, is the power mismatch and superscript ‘T’ indicates
transposition. ‘X’ is the solution vector and ‘J’ is the
jacobian matrix, where

[X]= A0, A0 AV AV AO AV AD 1 || (46)

k2VmAVvraVmAYerA VerAYvr

This steady state model is suitable for interpolation into an
existing Newton-Raphson load flow algorithm. In
common with all other controllable plant component
models available in algorithm, the UPFC state variables
and interpolation inside the Jacobian matrix and mismatch
equations, leading to a best iterative solution.

4. CASE STUDY

4.1. Open loop control

A five-bus network has been used to show
quantitatively, how the UPFC performs. The power system
model was drawn in simulink and it was simulated using
PSAT/SIMULINK. The original network is modified to
include UPFC as shown in Figure-5, which compensates
the line between buses 3 and 4 The UPFC is used to
regulate the active and reactive power flowing in the line
at a pre specified value.

=
-

—

e, o |

© Fig. 5. '

The load flow solution for the modified network
is obtained by using Newton-Raphson method. Once the
load flow is converged the final values of voltages at 3™
and 4™ node are taken and the UPFC control setting is
determined. The maximum amount of active power
exchanged between the UPFC and the AC system will
depend on the robustness of UPFC shunt bus i.e., bus
‘3”.Since the UPFC generates its own reactive power, the
generator at the 1% bus reduces its reactive power as
observed from the simulation studies It must be noted that
selected UPFC initial conditions have a good impact on
the convergence of load flow problem in open loop
system. If the initial values of UPFC are not chosen in a
proper way, the load flow problem diverges, because the
initial conditions are estimated by using the pre specified
power flows.

4.2. Closed loop control

The original network is modified to include
UPFC which compensates the line between buses 3 and 4 .
The UPFC is used to regulate the active and reactive
powers leaving UPFC towards node ‘4’ at specified
values. Moreover the UPFC shunt converter is set to
regulate the node voltage at bus 3 at 1 p.u. (Or any other
specified value).The converged load flow results can be
used to determine the control settings of UPFC. In closed
loop control, the control setting of UPFC can be
determined directly without iteration and hence have no
need for any assumption of initial values. Keeping the load
demand at the buses where UPFC is connected, the pre
specified real and reactive power flows are gradually
increased to see how the control setting of UPFC is
changed. As the pre specified real power is increased, the
UPFC series voltage is increasing in quadrature with the
system voltage. The results of both the close loop and
open loop systems are given in Tables 1 and 2,
respectively. The final converged values of UPFC series
and shunt voltage sources are also mentioned in Table-2.
In both the cases to compare the results the pre specified
power flow from bus ‘3’ to bus’4’ is kept same and studies
are carried out. The number of iterations for convergence
in open loop system is more when compared with the
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closed loop system. It is because of the factor that the
number of non linear equations in open loop system is
more when compared with closed loop system.

Table-1. Closed loop control.

Load demand Prﬁﬁgigaed UPFC Angle
(MW) (p.u) voltage (D)
]?; ’s ]?X,S P. Q. (V) pu | radians
45 40 0.2 0.01 | 0.0072 | -1.9828
45 40 0.24 | 0.01 | 0.0091 | -1.8323
45 40 034 | 0.02 | 0.1474 | -1.683
45 40 0.40 | 0.03 | 0.0181 | -1.650
45 40 -0.34 | 0.02 | 0.0259 | -1.150

Table-2. Open loop control.

Loa((jN?{aVn;and UPFC parameters

Bus’3’ | Bus’4’ |V, 0 o Vi 0 v
45 40 0.0648 | -1.5917 | 1.0493 | -0.0950
45 40 0.0590 | -0.8272 | 0.9783 | -0.0853
45 40 0.0488 | -0.5791 | 0.9191 | -0.0703
45 40 0.0403 | -0.4594 | 0.8611 | -0.0583
45 40 0.0646 | -1.8515 | 1.0566 | -0.1171

5. CONCLUSIONS

In this paper a steady state model based on power
flow between two buses is presented. It is observed that in
closed loop operation as the pre specified real power flow
is increased the voltage angle (®r) is reaching near —90°.
In open loop operation prior to the incorporation of UPFC
the power transfer between bus ‘3’ and ‘4’ is 18-j5.2.After
the UPFC is incorporated the power flow has been
changed to 34-j5. This is done by appropriately choosing
the initial conditions of the UPFC. The disadvantage in
open loop operation is that we have to choose appropriate
initial conditions other wise we may not get the solution
for the load flow.
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