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Reliability Evaluation of Bulk Power Systems
Incorporating UPFC

V.S.K. Sandeep , M. Divya Charitha ,G. Uday Bhanu

Abstract—Unified power flow controller (UPFC) is one of the
most advanced flexible AC transmission system (FACTS) devices that
can simultaneously and independently control both the real and
reactive power flow in a transmission line. The utilization of UPFC
can result in significant reliability benefits in modern power
systems. This paper proposes a novel reliability network model for a
UPFC, which incorporates the logical structure and the distinct
operating modes of a UPFC. Two-state or three-state models have
been used for UPFC by previous researchers. The proposed model
divides the UPFC operating modes into four states, namely the
UPFC up state, STATCOM state, SSSC state and UPFC down state, in
order to improve the accuracy of the model by recognizing the
practical operating states of a UPFC. The new model also
incorporates an AC flow-based optimal load shedding approach to
assess the impact of bus voltages and reactive power flow on UPFC
in order to decide appropriate load curtailment in the reliability
evaluation process. The performance of the proposed model is
verified using a test system, and compared with different reliability
models of UPFC. Various operating schemes, such as different
placement locations of UPFC, and different capacities of UPFC are
used to illustrate the advantages of the developed models, and to
examine the impacts of UPFC on the system reliability.

Keywords- Unified power flow controller; reliability evaluation;
bulk power system; load curtailment model

I. INTRODUCTION

It becomes important to develop appropriate reliability
models for flexible alternating current transmission system
(FACTS) devices in order to carry out realistic reliability
evaluation of power systems that incorporate FACTS devices. A
number of studies have been conducted recently to
investigate the impact of FACTS devices on the system
reliability. Most researchers have focused on conventional
FACTS devices, such as Static Var compensator (SVC),
thyristor controlled series compensator (TCSC) and thyristor
controlled phase angle regulator (TCPAR) [1-6]. There is
relatively little research reported on the reliability implications of
unified power flow controller (UPFC).
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UFPC is currently the most versatile FACTS device available as it
combines the good properties of both the static synchronous
compensator  (STATCOM) and the static synchronous series
compensator (SSSC). UPFC is capable of providing active and
reactive power control, as well as adaptive voltage magnitude
control [7]. Reference [3] proposes a reliability model of TCSC
based on a state-space method, and the TCSC is used to adjust the
power distribution between two different parallel transmission
lines. A DC flow-based non- linear optimization model is
developed to evaluate the impact of TCSC on the reliability of a
power system in [4]. References [5] and [6] present analyses of the
reliability effects of TCSC, SVC and TCPAR using expanded
optimal power flow (OPF) method to evaluate the control
capabilities of the three FACTS devices. A UPFC system is
classified into three subsystems, and a three-state reliability model
is developed based on the state-space method in [8]. A reliability
model of UPFC, considering only the failures of the converters
and the control units is proposed using a state-space method in [9],
and the model is used with the Dig Silent power system analysis
software for reliability evaluation of a BPS. A three-state
model of a transmission component with FACTS is developed to
study the impacts of UPFC on the reliability of a bulk power
systems (BPS) in [10]. A network flow method is used to curtail
the load, and the impacts of UPFC on bus voltage and reactive
power are not considered in the model.

This paper proposes a new reliability model for the UPFC
that recognizes the logical structure and the four distinct
operating modes of UPFC using an enumeration approach. The
major advantage of the proposed model is that a four-state model
is used to simulate the practical operating states of UPFC
more accurately compared to the traditional two-state or
three-state models. The new model also incorporates an AC
flow-based optimal load shedding approach to identify bus
voltage violations in addition to overload situations in order to
decide the optimum load curtailment in the reliability
evaluation process.

Il. RELIABILITY MODELS FOR A UPFC

Figure 1 shows a schematic diagram of a typical UPFC [1-
3, 8] that has two voltage-sourced converters. The two
converters are labeled as ‘Shunt converter’ and ‘Series
converter’. The shunt converter is connected in shunt with the
transmission line through two redundant shunt-connected
transformers T11 and T12, and the series converter is




Reliability Evaluation of Bulk Power Systems Incorporating UPFC

connected in series with the transmission line through a series
insertion transformer T2. The DC terminals of the two converters
are connected together with a common DC link and four DC
capacitors. Each converter consists of two identical converting
bridges connected in parallel. 1T1 and IT2 are intermediate
transformers.
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Figure 1. UPFC schematic diagram

The basic operating principle of the UPFC is as follows. The
series converter provides the main function of the UPFC by
injecting an AC voltage with controllable magnitude and phase
angle in series with the transmission line via the series
transformer T2. The basic function of the shunt converter is to
supply or absorb the real power demanded by the series converter
at the common DC link. In an ideal condition, the active power
supplied to the shunt converter must satisfy the active power
demanded by the series converter. In other words, the UPFC does
not consume any active power [1-2, 7-8].

A. Three-state reliability models for a UPFC

A key step in the reliability evaluation process for power
systems incorporating UPFC is to analyze the failure modes of
UPFC components and evaluate their effects on the system
reliability. A three-state reliability model for the UPFC is
proposed based on the three operating states of UPFC, i.e. up
state, 50% derated state and down state [8]. Before presenting
the four-state model, the three-state model in [8] is first extended
in this paper using an enumeration method to incorporate the
following reliability effects of component failures.

1) If only one bridge is down in a converter and the other
components are up, the UPFC is in the 50% derated state. If both
the bridges in a converter are down simultaneously, the UPFC is
in the down state.

2) IfIT1lorIT2isdown, the UPFC is in the down state.

3) If T11 and T12 are down simultaneously, the UPFC is
in the down state.

4) If T2 is down, the UPFC is in the down state.

5)  If one or more DC capacitors are down, the UPFC is in
the down state.

6) If the control system is down, the UPFC is in the down
state.
The reliability parameters are the same as those in [8].

Based on the three-state UPFC model and the reliability
network diagram, the state probabilities and frequencies can be
evaluated using basic reliability evaluation methods [11, 12]. The
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Figure 2 shows the reliability network diagram of a UPFC
obtained from the logical relationship between the UPFC
components, and the analysis of the six modes of failures listed
above. The block B1 consists of two identical bridges, where
both are required for the system up state, and a failure of one
bridge results in a 50% derated state. The same is true for the
block B2.

Reliability network diagram of the three-state UPFC model

Figure 2.

Each of the blocks B1 and B2 in Figure 2 represents a twin
converter bridges, blocks C1-C4 represent the DC capacitors,
and the “Con” block represents the control system of the
UPFC. The other symbols are already described in Figure 1.
contingency enumeration method is used to evaluate the
reliability indices in this paper [11-12]. The results for the
modified three-state model are compared with the original model
in[8] in Table I.

TABLE I RELIABILITY RESULTS OF UPFC USING THREE-STATE
MODELS
UPEC The proposed model State-space model in [8]
i, Frequency - Frequency
Probabilit Probabilit

states "y (Occ./YT) y (Occ./Yr)
Up 0.9357 4.5956 0.9358 4.58
Derated 0.0625 4.8699 0.0625 4.57
Down 0.0018 0.2021 0.0017 0.17

It can be seen from Table | that the reliability results obtained
using the proposed approach is very close to those presented in
[8], and this mutually verifies the correctness of both the
models. The modified three-state model, however, does not
require the subsystem division and the state-space model
combination as in the model in [8]. The proposed approach is
more flexible, and can be extended to a four-state model
described in the next section.

B. Four-state reliability model for a UPFC

Each converter of a UPFC can be operated independently
depending on the system conditions in actual system operation.
This is done by disconnecting the common DC terminals and
splitting the capacitor bank. In this case, the shunt converter
operates as a stand-alone STATCOM, and the series converter as
a SSSC [7]. The UPFC, therefore, has three distinct operational
modes: a UPFC, a STATCOM and a SSSC, which has not been
considered in the traditional two-state or three- state models of
UPFC [8, 10]. In order to develop a realistic model by
recognizing the actual operating modes of a UPFC, this paper
proposes a four-state reliability model based on the four
operating states: UPFC up state, STATCOM state, SSSC state
and UPFC down state.




International Journal of Science and Modern Engineering (IJISME)

The enumeration approach described in Section I1-A in further
extended to incorporate the four operating states by considering
the reliability effects of the following modes of component
failures.
1)The UPFC operates in the SSSC state when the shunt converter
is down and the other components are up. The UPFC is, however,
in the STATCOM state when the series converter is down and the
other components are up. If both the converters are down
simultaneously, the UPFC is in the down state.

2)The UPFC is in the SSSC state when IT1 is down and
the other components are up. When IT2 is down and the other
components are up, the UPFC is in the STATCOM state.
3)The UPFC is in the up state when either T11 or T12 is down, and
the other components are up. When both T11 and T12 are down
simultaneously and the other components are up, the UPFC is in
the SSSC state. The UPFC is in the STATCOM state when T2 is
down and the other components are up.
4) The UPFC is in the down state when one or more DC
capacitors are down.
5)The UPFC is in the down state if the control system is down.
Figure 3 shows the modified reliability diagram of a UPFC

HeHeHeH e
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I1l. RELIABILITY EVALUATION OF A BPS
INCORPORATING UPFC

A state sampling Monte Carlo simulation method is utilized in this
paper for BPS reliability evaluation. The details of this method
are presented in [13-16]. The following section describes a
methodology developed to embed the UPFC in the traditional
OPF model to determine and implement an optimal load
curtailment philosophy in the BPS reliability evaluation

with the four-state model obtained from the analysis of the five
modes of failures listed above. The probability and frequency
indices of the four UPFC states can similarly be obtained by
applying the enumeration method [11-12] to the modified
reliability diagram. The results using the four-state model are
shown in Table II.
Figure 3. Reliability network diagram of a four-state UPFC
model

UPEFC

1

Figure 4The equivalent circuit of a UPFC

The shunt converter and the series converter are represented by
two ideal voltage sources in series with corresponding equivalent
impedances. VVsh and 6sh are the controllable magnitude and
angle respectively of the voltage source associated with the shunt
converter. Similarly, Vse and Ose are the magnitude and angle
respectively of the voltage source associated with the series
converter. Zse and Zsh are the equivalent impedance of the
series and shunt converters respectively [1, 16].

The equivalent circuit of a UPFC is shown in Figure 4. The shunt
converter and the series converter are represented by two deal
voltage sources in series with corresponding equivalent
impedances. Vshand @ are the controllable magnitude and angle
respectively of the voltage source associated with the shunt
converter. Similarly, V and 6 are the magnitude and angle
respectively of the voltage source associated with the series
converter. Ze and Zsh are the equivalent impedance of the series
and shunt converters respectively [1, 16].

Based on the UPFC equivalent circuit shown in Figure 4, the
active and reactive power equations at bus i and bus j are

[1, 2, 16]
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P =V’G,-VV,(G,cosb, + B,siné,)
~VV (G, cos(8 -0_)+ B, sin(@ -8,))
—VV (Gicos(l —8,)+ B, sin(f -0,))
O, =-V'B, V¥V (G, sinf, - B, cosb,)

(1)

-VV (G, sin(8 -8 )- B, cos(t -0 )) @)
-VV (G, sinf@ -8,)—B cos(f —6,))
P =V G,~V¥ (G, cos8, +B sing,) (3)
+VV (G cos(@ —6_)+ B, sin(f, —6_))
Q,=-V'B,-VV(G,sin8, - B, cosf,) (4)

+VV (G, sin(@ —8_)—B, cos(@, -6 ))

“'here Gli‘:iBi,':] Z.w: G|h‘j8;h: ] "Z\n: G,'_':Gll‘ Gsh' B“:B”""Bm;
G=Gy, B;i=Bi: 6,700, 6,=0-0: V,=V,£6. and y =y 20,
are the voltages at bus / and bus j respectively.

The power equations for the shunt converter are
P, =ViG,-VV,(G,cos(8,—6)+B, sin(@, —8)) (5)
0. =—ViB, —VV.(G,sin{0, —8)— By cos(8, —8)) (6)

The power equations for the series converter are

P =V G, —VV (G, cosif,_—8)+B, sin(6,—8)) (7
+V ¥V, (G, cos(f_—6)+ B, sin(f_—8))
O, =-V.B —VV_ (G, sin(6,—6)- B, cos(d,_—8)) (8)

+V V. (G, sin(6, —6,)— B, cos(6,, —6,))

In an ideal situation, the active power supplied to the shunt
converter must satisfy the active power demanded by the
series converter, and therefore, the UPFC does not consume
active power.

Re(V, 1, )+Re(V _I_")=0 9)

where /_, is the current drawn from the series branch i-j at

bus i: [, is the current extracted from the shunt branch at bus
i.

The bound constraints on the capacity of the two
converters are

\' P!I:x + Q‘:F < S.-hm.n ( I(”
2 2
YO S8 (11)

where S, and S are the upper limits of the capacity of
series and shunt converters respectively.

The bound constraints of the voltage magnitude and angle
of the two ideal voltage sources are

,‘!v‘.':mn(—: I .n‘lf-: I ‘J'l"l&\ ( 12 )
0<0,<2x (13)
J ‘mmnﬂ / .n'i‘: / .h'm;\ (14)
0<0,<2x (15)

where ¥ (Vemin) and Vo (Viimiz) are the upper (lower)
limits of the voltage magnitude of series and shunt converters
respectively.
B. OPF model for load curtailment considering the effects of
UPFC
A non-linear OPF model based on AC load flow method fo
optimal load curtailment in reliability evaluation of a BPS is
presented in [15].

TABLE IHILANNUALIZED SYSTEM INDICES OF THE RBTS INCORPORATING A UPFC AT DIFFERENT
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Objective: LC(x) = min()_ (P, — F;)) (16)
=l
Subject to:

‘I’*I’ — Py =3 VV,(G cosb, + B sin6, )+, - P, =0

(17)
'g + O -0, :il'l (G, sin#, - B, cosb,)+0, -0, =0
Yi.j=12...n
PL:(.’“IH S PKI S 1)\'1 max
Q:lman S Q:: S Q)‘.:Im.n ( ls’
Vi=12,...n
O=F = Fy
020, =0,
If_l. f_.l'. - 1[‘]'
'FFE ! Q.'I = F:'l ! E_"]...'.'
|Vi=L12,..n,
' M, 2
5:'.'| = ‘1|,|| 'F:!.' + Ql i < 5:'.' max
5 5
{ 5.;| = \.II P: +Q- E Slfn-m 121}r
| el.2,...m]
V.2V sV Vi=12,..n (21)

IV. CASE STUDIES

A test system developed at the University of Saskatchewan
designated as the RBTS [17] was used to illustrate the application
of the proposed models. The RBTS has 11 generating units and a
peak load of 185 MW. The generating unit and line reliability
parameters are presented in [17]. The UPFC component
reliability parameters provided in Reference [8] are used in this
study. It is assumed that a UPFC has two 30MVA converters, and
their equivalent impedances are Zse=Zsh=j0.1p.u.. The limits of
magnitude V of the shunt voltage source are 0.9=Vand angle
0=1.1p.u. and 0=6=2prespectively [16]. The limits of the
magnitude V of the series voltage source are 0=Vand angle
6=0.5p.u. and 0=0=2prespectively [16].

where EENSqgina and EENS¢ are the system EENS indices
without and with considering the UPFC respectively.

The EENS% index obviously quantifies the degree of the impact
The annualized system indices of the RBTS incorporating a
UPFC at different system locations are shown in Table I11. The
results obtained from the four-state model are compared with
the results from the three-state model.

As noted in Section 11-B, the derated state due to the failure of one
of the converting bridge is not considered in the proposed
four-state model. This derated state, is therefore, not considered
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LOCATIONS
Different UPFC locations Three-state model Four-state model
LineNo. | Frombus | Tobus | Nearbus | LOLP LOLF EENS 1 eensw | Lowe LOLF EENS 1 eenso
(Occ./Yr) (MWh/YT) (Occ./YT) (MWh/YT)
L4 3 4 3 0.01014 5.8093 1256.9 29.40 0.00999 5.5513 1248.8 29.86
L4 3 4 4 0.01301 8.5164 1380.8 22.44 0.01265 8.1187 1346.5 24.37
L5 3 5 3 0.01392 9.5586 1360.2 23.60 0.01363 9.2599 1310.0 26.41
L5 3 5 5 0.01377 9.4870 1311.5 26.33 0.01356 9.1453 1277.6 28.24
L8 4 5 4 0.01294 8.3771 1384.3 22.24 0.01257 7.9837 1350.0 24.17
L8 4 5 5 0.01016 5.9741 1277.4 28.25 0.01002 5.6685 1253.1 29.61
L9 5 6 5 0.01276 8.2831 1315.1 26.13 0.01242 7.8591 1275.6 28.35
L9 5 6 6 0.01269 8.2624 1320.6 25.82 0.01247 7.8991 1299.3 27.02
No UPFC 0.01654 12.2310 1780.3 - - - - -

A.  Basic analysis

It can be seen from Table 111 that the rehability performance
of the RBTS 15 mproved when a UPFC 1s mstalled © a
transmission line. This 1s due to the fact that the UPFC
simultancously and independently controls the active and
reactive power flow in transmission lines, and controls the bus
voltages. In this case, some abnormal states in the original
RBTS system are converted to the normal states or states with
reduced load curtailment. Table 111 also shows that the mnstalled
locations of the UPFC have a significant impact on the system
reliability. Installation of the UPFC on branch L4 close to bus 3
of the RBTS provides the greatest improvement in the overall
system reliability. The determination of the optimal UPFC
location in a large power system s a very complex problem.
The detailed discussion on this problem 1s beyond the scope of

the paper.

B. Comparison between the three-stale and four-state
models

The four-state model represents the actual operating modes
of a UPFC more closely than a three-state model, and therefore,
provides more accurate results. Table 111 shows that the three-
state model provides a more pessimistic reliability assessment
than a four-state model. A sensiivity study was conducted for
the two models using different faillure rates for the UPFC
converters. The impacts of converter failure rate on the system
EENS are shown in Figure 5.

It can be seen from Figure 5 that the reduction in the system
EENS increascs with the converter failure rate when the UPFC
is represented by the four-state model nstead of the three-state
model. This 15 due to the fact that the three-state model does
not consider the STATCOM or SSSC state of a UPFC, and this
model regards these two states as failure states in the rehability
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evaluation process. The control and adjustment of UPFC to
alleviate or minimize the extent of system outage during these
states are not recognized in the three-state model. The three-
state model therefore usually provides an underestimation of
the rehability performance, whereas the four-state model
provides a more accurate technique for evaluating the impact of
UPFC on the system reliability.

0]

=

[F1]

O P s L B i |

Capaciity ofthe UPFCTMYAL

Figare 5. Impact of the capacity of UPFC on the RBTS which incorporates o
UPFFC

C.  Impacts of the capacity of UPFC on the sysiem reliability
Figure 6 shows the impact of the UPFC capacity on the

annualized EENS index when the UPFC 15 nstalled on branch
L4 close to bus 3.

It can be seen from Figure 6 that the system EENS
decreases, or the system rehability increases with an increase in
the UPFC capacity. but tends to saturate when the UPFC
capacity exceeds 30MVA. When the saturation occurs, other
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V. CONCLUSION

This paper proposes a new four-state reliability model for a
UPFC. A methodology that incorporates the UPFC model in
an AC flow-based optimal load shedding approach to identify
optimum load curtailment in the reliability evaluation process
is presented.

Comparisons of the impacts of the UPFC on the system
reliability using different models show that the precision of the
proposed model is relatively higher than the traditional
models.
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