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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.
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L. 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).
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 nonlinear 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 system (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.
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1. 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 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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Y

~ T12 Power
system
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[z ]
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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) IfIT1or IT2 is down, the UPFC is in the down state.

3) If T1land 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.

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.

Figure 2. Reliability network diagram of the three-state UPFC model
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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. 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 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.

The proposed model State-space model i [§]

UPEC

y + | Frequency . | Frequency
states | Probability (Occ/Y1) Probability Occ/YD

Up 09357 45936 09338 458
Derated 0.0625 48699 0.0625 457
Down 0.0018 0.2021 0.0017 0.17

Table i. Reliability results of upfc using three-statemodels

It can be seen from Table I 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.

The enumeration approach described in Section 11-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 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 I1.

Figure 3. Reliability network diagram of a four-state UPFC model
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UPEC states Probabliy F(ggc“e,‘;g
i 0557 150%
STATOOM (E SRS
55C 00314 3564
Down 0.0016 02079

Table Il. Reliability results of upfc using the four-state model

A comparison of the results in Table I and Table Il shows that the probabilities of up state is effectively the same in the two models,
in which the up state is defined in the same way. The results, therefore, mutually verify the correctness of both the models.

1. 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.

A. UPFC Mathematical Model

P +jo, 7 Ve P, +jQ,
N e Sl
I‘ | — | \_/ I ]
IW& -
e g I
I} ‘/ \.
"/

Figure 4. UPFC equivalent circuit

The equivalent circuit of a UPFC is shown in Figure 4. The shunt converter and the series converter are represented by two ideal
voltage sources in series with corresponding equivalent impedances. Vsh and ésh are the controllable magnitude and angle
respectively of the voltage source associated with the shunt converter. Similarly, Vse and 6se 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].

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]
P =VG,-VV,(G,cosf), +B, siné),)
-VV, (G, cos(6, -6,) + B, sin(6, -6,,))
-VV,(G,cos(6 -6,)+B, s -6,))
Q,=-V’B, -V (G,sin6, - B, cosé, )
_VV.(G,sin(8 -8,)~ B, cos(é, ~6.) @
_V¥,(G, sin(8,-8,)- B, cos(8,-6,))

(1)
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? :I:f G,~T7 (6, osd, +B,saf) ()
4T, 0000 -0, )+ B -4,

0,=-1'B, -1} (G, siad, -, cusd 0
+1F.(G, (e, -6 )- B cos, - 6,)

where GgO.]B{):l’Z.O G;_ﬁjB;h:l"“Z;h: G,‘,zGU"G:),. BH:BIJ’B.'}I:

GﬂzGU' Bj):BU': 0,',:0;-0}'. Hﬂ=9f€,‘: K :K ZH: and V’ = V{. Zﬁx

are the voltages at bus i and bus j respectively.
The power equations for the shunt converter are

B, =136, -VV,(G, cos(6, -6 + B, sn(6, -6) ()
0, =128, -V, (G,sin@, -6)-B,cos(d, -6)) (6)

The power equations for the series converter are

P = lijF -VV.(G,cos(8, -6,)+B,sin(6, -6)) 0
+VV,(G,cos(0, -6 ) +B,sin(6, -6))
0u=-VB,~T¥, (G sinle, -6)-B,cos6,-6) (g

+V1,(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,I, )+Re(V, I )=0 )
Where I is the current drawn from the series branch i-j at bus i; l¢, is the current extracted from the shunt branch at bus i.
The bound constraints on the capacity of the two converters are

VB + Qi < Sihmn (10)
\':P:i T Q..:o < S.:emax (11)

where Sg. max and Sg, max 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

Vomis<V <V e (12)
0<,,<2r (13)
VT (4
0<f, <2 (15)

where Vmax (V,min) and Vgmax (Vgmin) are the upper (lower) limits of the voltage magnitude of series and shunt converters
respectively.
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B. OPF Model for Load Curtailment Considering the Effects of UPFC

A non-linear OPF model based on AC load flow method for optimal load curtailment in reliability evaluation of a BPS is presented
in [15].
Objective: LC(x) = min()_ (P, — F,)) (16)
i=l
Subject to:

P +P,—P,=3VV (G, cos, + B, sin8,)+ P, —P, =0
Z]; , + B, v )+F,—F, an

0,+0, -0, =3 VV,(G,sin6, — B, c0s6,)+ 0, — 0, =0

y Qg::m: = Qar = gimax as)

O0<PF, <P,
0=9, =04

B,/ Qy =F; /Oy
Vi=12....n,

a9

| Sul T \‘"'}?U: a QJ: = Sv max
S«|=JBE+0% <5 0

¥ max

je[l.2.....m,]

where Pi and Qi are the active and reactive power respectively injected at bus i; Pgmin and Pgimax are the active power limits of
the generators at bus i; Qgmin and Qgmax are the reactive power limits of the generators at bus i; Pg and Qg are the active and
reactive generation outputs respectively at bus i; Py and Qg; are the load demands at bus i; Pj;and Qy; are the actual load supply at bus
i; Sijmax is the line capacity limit of branch i-j; Vimin and Vimax are the voltage magnitude limits of bus i; n, ng, nd and nb are the
numbers of buses, generator buses, load buses and branches respectively.

Any change in power injection at bus i and j of Figure 4 is calculated from Equation (17), in which, the impact of UPFC on power
injection at bus i is obtained from Equations (1-2), and at bus j is obtained from Equations (3-4) considering the constraints given in
Equations (9-15). An OPF model that incorporates the SSSC mode or STACOM mode for load curtailment can similarly be done.
Additional details on OPF models for different FACTS devices

are discussed in [1].

V. 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 Vsh and angle &s4 of the shunt
voltage source are 0.9<Vsh<I.1p.u. and 0<0sh<2r respectively [16]. The limits of the magnitude Vse and angle Ose of the series
voltage source are 0<Vse<0.5p.u. and 0<@se<2x respectively [16].
A computer program coded in C++ and MATLAB has been developed to incorporate the proposed model. In order to show the
impact of UPFC on the system reliability, the reduction in
EENS due to the application of UPFC is expressed as a percentage of the original EENS before the UPFC is incorporated in the
power system

EENS,_,_. ., — EENS,_,
EENS% = . _

EENS .,
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TABLEIL  ANNUALIZED SYSTEM INDICES OF THE RBTS INCORPORATDNG A UPFC AT DIFFERENT LOCATIONS

Different UPFC locations Three-state model Fouwstate model
lieko | Foube | Tobs | dewhs | L2 | OF | BN gy | e | W) BN g,
(OceAr) | (MWWYY) (Occr) | (MWHYY)

7] j [ j 00014 | 38093 | IB69 | 240 | 000%9 | 3513 | 1488 | 298
] ] [} [} 001300 | 83164 | 13808 | 24 | 00065 | 81§ | 1465 | MY
Ly 3 5 ] 0019 [ 93%6 | 13602 | 2360 | 000363 [ 9% | B0 | %41
i ] j ) 00067 | 94800 | BILY | 633 | 005 | M | 176 | B
1§ 4 j 4 00004 | 83ML | 1343 [ D4 [ 0007 | 7987 [ 1300 | WD
1§ 4 ) ) 001016 | S9n1 | M4 | WD | 000 | 3685 | 131 | 2l
Ji] ) 6 ) 00176 | 8281 | IS | 2603 | 004D | 781 | 1056 | B3
Ji] 3 § § 0006 [ 8264 | 1306 | 258 [ 00147 [ 78%1 | 1993 | 210

NoUPEC 001684 | 12310 | 17803 . . . . .

where EENS,ginai and EENS, 1 are the system EENS indices without and with considering the UPFC respectively.

The EENS% index obviously quantifies the degree of the impact of the UPFC on the system reliability. Because the UPFC is used to
increase the use-capacity of existing transmission system, the peak load conditions and annualized reliability indices are used in this
paper to examine

A. Basic Analysis

It can be seen from Table 11l that the reliability performance of the RBTS is improved when a UPFC is installed to a transmission
line. This is due to the fact that the UPFC simultaneously 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 Il also shows that the installed 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 is a very
complex problem. The detailed discussion on this problem is beyond the scope of the paper.

B. Comparison Between The Three-State 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 threestate model provides a more pessimistic reliability assessment than a
four-state model. A sensitivity study was conducted for the two models using different failure 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 increases with the converter failure rate when the UPFC is
represented by the four-state model instead of the three-state model. This is 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 reliability
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 threestate model therefore usually provides an underestimation of the reliability
performance, whereas the four-state model provides a more accurate technique for evaluating the impact of UPFC on the system
reliability.

EENSIMWh /Y1)

1% 20 2% 30 35 &0 FLl 50

Capacity ofthe UPFCMVA)
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Figure 6 shows the impact of the UPFC capacity on the annualized EENS index when the UPFC is installed on branch L4 close to
bus 3. It can be seen from Figure 6 that the system EENS decreases, or the system reliability increases with an increase in the UPFC
capacity, but tends to saturate when the UPFC capacity exceeds 30MVA. When the saturation occurs, other measures should be
considered to improve the system reliability since an increase in UPFC capacity will not significantly contribute to improving
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Impacts of the capacity of UPFC on the system reliability

system reliability.
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Three-state model Four-state model

Figure 6. Impacts of converter failure rate on the EENS index
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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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