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Steady-state Operational Strategies of UPFC in the KEPCO
Transmission System

B. H. Chang*, J. B. Choo*, X. K. Xu** and B. P. Lam**

Abstract - This paper presents a study performed to investigate the steady-state operational strate-
gies of UPFCs in the Jeollanam-Do system in Korea. The objective of the study was to determine the
UPFC operating points under normal and contingency conditions. The study consists of developing
load flow models to simulate different load levels with and without UPFCs in the system, assessing
the effectiveness of UPFCs by contingency analysis, and introducing optimal corrective actions for

removing voltage problems caused by contingencies.

The paper describes analytical tools, models and approach. It also includes analysis and discussion of
the study results. The paper contributes to the area of transmission operational studies with FACTS

applications.
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1. Introduction

Fig. 1 shows a simplified power system of the Jeol-
lanam-Do region in Korea. Jeollanam-Do is divided into
three areas including Gwangju, Mokpo and Yeosu. In the
Gwangju area, Gwangju City is the major load center and
there are six nuclear plants in Youngkwang generating
about 6000 MW. In the Yeosu area, the Honam and Yeosu
thermal plants generate about 1000 MW in total, and the
Yeocheon industry zone is the major load while other
zones consist mainly of rural loads. In the Mokpo area,
most of the loads are small urban or rural consumers, and
the Haenam HVDC Converter Station (bus 7440) operates
to supply electric power to Jeju Island (about 40% of the
total island load) through submarine DC cable.

If the 345kV double-circuit line from GJU to WHS or
from WHS to KJN is tripped, the Mokpo area would be
electrically very remote from the generation sources in the
Gwangju and Yeosu areas and would have to be supplied
through 154kV lines. This would cause low bus voltages
in the Mokpo area and some branch overloads in the
Gwangju area.

To solve this problem, the KEPCO (Korea Electric
Power Corporation) had considered construction of a
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345%V line from KIN to GYG. However, the plan was de-
layed due to increasing difficulties in obtaining new
rights-of-way (ROWs). In the meantime, loads continue to
grow rapidly in the Mokpo area, aggravating the low volt-
age problems. This prompted KEPCO to look into alterna-
tives other than line construction.

The KEPRI (Korea Electric Power Research Institute),
as the research center of KEPCO, has conducted many
feasibility studies on FACTS (Flexible AC Transmission
System) applications to the Korean power system. One
study concerned the application of FACTS as a method of
resolving the aforementioned problem in the Jeollanam-
Do region {1, 2]. The study results suggested the installa

Mokpo area

Fig. 1 Simplified Jeollanam-Do Power System
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tion of a UPFC (Unified Power Flow Controller) with a
rating of +40MVA in each shunt and each series part at
the 154kV Kangjin Substation for regulating the voltage
on bus 7420 and controlling the power flow on the Y-M
interface shown in Fig. 1.

This paper describes a study performed to investigate
the steady-state operational strategies of a UPFC in the
Jeollanam-Do region. The objective was to determine the
UPFC operating points under normal and contingency
conditions. The study consists of developing load flow
models to simulate different load levels with and without a
UPFC in the system, assessing the relative effectiveness of
the UPFC under contingency conditions, and applying
corrective actions to remove voltage problems caused by
the contingencies.

This document further describes analytical tools, models
and approach. It also includes analysis and discussion of
the study results. The paper contributes to the area of

transmission operational studies with FACTS applications.

2. Analytical Tools, Models And Approach

The analytical tools and models used in this study include:
» Contingency Analysis

* Optimal Power Flow

* Reactive-Voltage (Q-V) Curve Analysis

* UPFC, Static Synchronous Series Compensator
(SSSC) and Static Synchronous Compensator
(STATCOM) Models

2.1 Contingency Analysis

Contingency analysis is based on an ac load flow model.
This analysis identifies severe contingencies leading to
thermal overloads, high or low voltages or voltage collapse
under steady-state conditions. The contingency analysis is
performed using a full AC Newton solution engine in the
widely used commercial software package, PSS/E'.

2.2 Optimal Power Flow (OPF)

The severe contingencies identified by contingency
analysis are further analyzed using the OPF module in
PSS/E [3]. This module uses an interior point algorithm
based on the Newton and Kuhn-Tucker methods to solve a
nonlinear problem consisting of an objective function and
a combination of equality and inequality constraints [4].

! PSS/E (Power System Simulator for Engineering) is the commercial trade-
name for PTT’s transmission planning and operation software.

In this application, the OPF is used to identify optimal
locations and amount of reactive compensation required to
eliminate the voltage limit violations.

2.3 Reactive-Voltage (Q-V) Curve Analysis

Fig. 2 is a typical Q-V that relates the reactive injection
at a bus or a group of buses necessary to sustain a certain
voltage. The minimum point (“Nose”) on the curve (where
dQ/dV=0) is the critical point, also referred to as the Volt-
age Collapse Point. The points on the curve to the left of
the minimum represent unstable conditions, since lower-
ing the voltage requires a more reactive power injection.
The points to the right of the minimum are stable. The in-
tersection of the V-Q curve with the horizontal axis is the
voltage at the bus without reactive compensation. The ver-
tical distance between the horizontal axis and the critical
point is the reactive power margin. If the minimum point
of the V-Q curve is above the horizontal axis, the system is
deficient in reactive power, and additional supply of reac-
tive power is required to prevent a voltage collapse. If the
critical point is below the horizontal axis, the system has a
positive reactive margin.

Q-V curve analysis can be performed using another fea-
ture of PSS/E known as IPLAN [5, 6], to find the mini-
mum reactive compensation needed to maintain system
voltages within the criteria. IPLLAN is an environment in-
dependent programming language that can be used to con-
trol a host program, such as PSS/E. IPLAN can conduct
two-way communication with the host. For example,
IPLAN can provide instructions to PSS/E to sequentially
decrease the controlled voltage, thereby developing Q-V
curves. Upon detection of the critical “Nose” condition or
an unconverged load flow condition, IPLAN automatically
terminates the calculations.
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2.4 UPFC, STATCOM and SSSC Models

Fig. 3 shows the block diagram of the steady state
UPFC model implemented in PSS/E [7]. It has a series
element, which is connected between two buses (I, J), and
a shunt element, which is connected between the sending
end bus (/) and the ground. One or both of these elements
may be active, depending upon the type of device being
represented. In typical operations, the series element
maintains the desired active and reactive power flows
(Ppes & Qpgs in the diagram) between the sending bus (/)
and the terminal bus (J) while the shunt element main-
tains the desired sending end voltage magnitude (Vggy).

By properly selecting the data, different device types
and control options can be represented. For example, a
SSSC can be represented by setting the maximum bridge
power transfer to zero and disabling the shunt component.
A STATCOM can be represented by disabling the series
component, while the reactive power output of the shunt
element is varied to maintain the desired sending end bus
voltage magnitude. In a UPFC, the current in the shunt
connected bridge depends upon its variable output and the
amount of power transferred to the series connected ele-
ment.
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Fig. 3 UPFC Model in PSS/E
2.5 Study Approach

The following approach was adopted in this study:

1. Develop base power flow models representing peak,
shoulder and light conditions, with and without UPFCs,
for a given year. These base models are prepared using
OPF to minimize active and reactive losses and optimize
the UPFC operating points during normal conditions.

2. Perform contingency analysis to identify severe con-
tingencies leading to thermal or voltage problems.

3. Find solutions to the above problems using OPF:

(a) In systems without UPFCs, adjust transformer
OLTC’s (On Load Tap Changers) and add shunts (exist-
ing & future) to resolve voltage problems. If necessary, use
generation redispatch and load shed to settle overload
problems.

(b) In systems with UPFCs, adjust OLTC’s and add shunts.
Adjust STATCOM to solve voltage problems. The OLTC’s
and shunt capacitor settings define preventive action (pre-
contingency settings, if base case voltage criteria are not vio-
lated). STATCOM var output is set to be near zero (or slightly
negative) in pre-contingency to allow for dynamic response
during contingencies. The UPFC control will be corrective
action (post-contingency adjustment).

(c) In systems with UPFCs, after solving problems in (b),
if STATCOM output is at maximum in the post-
contingency steady state, then consider the addition of
more shunts to reserve STATCOM vars for dynamic re-
sponse.

4. Based on (3), define pre-contingency and post-
contingency settings of the STATCOM/UPFC for the three
load levels as specified in (1).

5. Perform Q-V analysis on buses where voltages are
observed to be lowest and/or shunt compensation is needed.
Develop Q-V curves at these locations. Compare with and
without STATCOM portion.

3. Case Studies and Results Analysis

The analytical tools, models and approach described in
the previous section were applied to the KEPCO system
with UPFCs. The subsequent sections present system back-
ground, case studies and results.

3.1 Brief Description of KEPCO System

Power generation complexes in Korea are concentrated
in coastal areas and loads are concentrated in inland met-
ropolitan areas considerably distanced from generation
sources. System peak demand in 2003 is expected to be
about 47 GW and total generation capacity is about 52
GW. The KEPCO transmission system consists mainly of
765 kV, 345 kV and 154 kV networks. Fig. 4 shows the
surrounding power system near Kangjin where the UPFC
is installed. The shunt connection of the UPFC is at the
154 kV Kangjin substation, and the series connection is on
the double-circuit transmission line between the Kangjin
and Jangheung substations. Under normal conditions, the
UPFC is meant to increase transmission line capacity and
reduce system losses through coordinated control of power
flow and reactive power compensation. During contingen-
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cies, the UPFC is used to relieve undervoltage and over-
load problems in the surrounding system, if possible.

The KEPCO system is modeled as seven areas in PSS/E.

Area 6, GWANGIJU, where the UPFC is located, was de-
fined as the Study Area. Other major voltage controlling
equipment in the Study Area includes transformer on-load
tap changers (OLTC’s) and switchable shunts.
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Fig. 4 Surrounding Power System near Kangjin

3.2 Power Flow Models Setup

The load flow scenarios were developed as follows:

* Peak case without a UPFC

* Peak case with a UPFC

* Shoulder case without a UPFC

* Shoulder case with a UPFC

* Light case without a UPFC

* Light case with a UPFC

In establishing these models, the OPF solution was used
to minimize active and reactive losses by controlling
power flow on the series element of the UPFC and by al-
lowing existing shunt capacitors and reactors to be
switched. The reactive output of the shunt element of the
UPFC was set to be near zero during pre-contingency to
allow for response during contingencies. The UPFC oper-
ating points in normal conditions are listed in Table 1.
Positive power flow indicates that direction is from Kang-
jin to Jangheung. Other parameters of the UPFC model in
PSS/E used in this study are included in the Appendix.

Table 1 UPFC Operating Setpoints In Normal Conditions

3.3 Contingency Analysis Results

In order to identify credible severe contingencies lead-
ing to thermal or voltage problems in the Study Area, a
contingency analysis was performed on all the base cases
to evaluate the steady-state response of the system to out-
ages of 345 kV and 154 kV double-circuit lines in the area.
The monitored elements included all 154 kV and above
branches and buses in the Study Area.

The KEPCO Operating Criteria were applied to the
contingency analysis. The Criteria require that, under
normal conditions, the power flow in any branch of 154
kV or above should not exceed Normal Ratings (Rate A).
Under contingencies (loss of any parallel 345kV or 154
kV circuits), the power flow in any branch of 154 kV or
above should not exceed Emergency Ratings (Rate B).

System voltages in normal and contingency conditions
are to be controlled in a range in accordance with the Cri-
teria, as shown in Table 2.

Table 2 VOLTAGE Criteria

Voltage Limits (for Both Normal and | High (pu.) | Low(puw.)
Contingency Condi tions)
345kV | For All Loading Conditions 1.0435 0.9739
Peak 1.0649 1.0129
154kV Shoulder 1.0454 0.9935
Light 1.0389 0.9870

Loading | PDES QDES VSET | QSHUNT
(MW) | (MVA) (p.u) (MVAr)
Peak 314 18.8 1.035 0.1
Shoulder 6.8 92 1.016 0.0
Light 6.8 142 1.016 0.0

All of the contingency cases were solved using the fixed
sloped decoupled Newton-Raphson iterative algorithm
with transformer taps, and switched shunts and DC tap
controls were disabled.

Contingency analysis shows that outages of the parallel
circuits result in only a few minor thermal overload prob-
lems but many voltage violations. Therefore, this study
focused on the voltage performance of the Study Area. Ta-
ble 3 shows statistics regarding the analysis results. There
were about 60 double contingencies tested. Some of them
resulted in multiple voltage violations. As expected, the
system with the UPFC in operation shows fewer post-
contingency voltage violations.

From the contingency results, five severe contingencies
were selected for further study with corrective actions.
These severe contingencies are:

(1) Loss of the YKG-GJU 345 kV double-circuit line

(2) Loss of the GTU-WHS 345 kV double-circuit line

(3) Loss of the WHS-KJIN 345 kV double-circuit line

(4) Loss of a 154 kV double-circuit line(7610-7615/7616)

(5) Loss of a 154 kV double-circuit line (7610-7215)
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Table 3 Contingency Analysis Statistics

Case No. of Voltage Violations
Peak Shoulder Light
W/ UPFC 113 105 47
W/0 UPFC 184 133 61

3.4 Corrective Actions and OPF Results

For severe contingencies, the following corrective ac-
tions were applied:

(a) In the cases without UPFCs, existing OLTC’s and
switchable shunts were adjusted to relieve voltage prob-
lems.

(b) In the cases with UPFCs, existing OLTC’s and
switchable shunts were adjusted to relieve voltage prob-
lems. In addition, the var output of the UPFC shunt part
(STATCOM) also responded automatically to provide
voltage support. The var outputs of STATCOM under the
severe contingencies are shown in Table 3. It can be seen
from the table that the outputs vary by contingency and
loading level.

Table 4 STATCOM Var Output During Contingency

Contingency UPFC STATCOM Output (MVAI)
Peak Shoulder Light
I]‘)‘(’)Slfbﬁcf_ Cthlrec l}ﬁ?nsm MSEVE 495 392 397
;‘;isb; féll’:c SJEXHS MSKV) 545 392 40.1
Ilfrf:, ?7f§ 1 é?;zli\sl)Double-Cmmt 246 136 73

(c) The corrective actions in (a) and (b) would not com-
pletely remove the voltage violations caused by the severe
contingencies. Therefore, OPF was used to find new cor-
rective actions, including the location and amount of new
switched shunts and the optimal control of existing
OLTC’s and switched shunts, summarized as below:

» In all base power flow cases, the voltage control
ranges of the switched shunts at 154 kV buses were
set at 1.02 to 1.05 p.u. during peak load. These limits
are within the minimum and maximum voltage crite-
ria of 154 kV buses. Using these limits allow the
switchable shunts to respond to voltage violations
during contingencies and initiate switching actions to
correct the problems.

» The OLTC’s of 345/154 kV transformers were set to
control 154 kV voltages between 1.02 and 1.05 pu
during peak load. Switchable shunts at the 154 kV

buses of the transformers were set to control local
voltage. This avoided control conflicts between the
OLTC’s and switchable shunts.

+ Following the above actions, the remaining low volt-
age violations under the severe 345 kV contingencies
were eliminated by adding new shunt capacitors at
buses 7675 (5x5.0 MVAR), 7695 (5x5.0 MVAR) and
7945 (3x5.0 MVAR) as determined by OPF.

» Similarly, the low voltage violations under the severe
154 kV contingencies were eliminated by adding new
shunts calculated by OPF.

3.5 Q-V Curve Analysis Results

In order to verify the suggested shunt additions deter-
mined by OPF, Q-V curve analysis was performed using
an IPLAN program to discover the minimum reactive
compensation needed to maintain system voltages within
the Criteria.

In the study, Q-V curves were generated for the pre-
contingency and post-contingency conditions for a set of
selected severe contingencies and buses where voltages are
worst and/or shunt compensation is needed. One case has
been selected for illustration here. The selected bus and
corresponding critical contingency are:

* Monitored bus is 7590

+ Contingency is the loss of a 154 kV double-circuit

line (7160-7615/7676)

Fig. 5 shows the Q-V curves at the monitored bus in the
peak load case with a UPFC. The curve represents two
conditions:

* Pre-Contingency (solid line in the figures)

+ Post-Contingency (dashed line in the figures)

The curve also includes capacitor Q-V characteristics
(10 MVAr, 50 MVAr and 100 MVAr) that represent the
relationships between voltage and the reactive power pro-
duced by shunt capacitors.

It is observed from the figure that the minimum (“Nose™)
points under pre-contingency and post-contingency condi-
tions are below the horizontal axis. This indicates that the
reactive margins in these conditions are positive and volt-
age collapse would not occur on the system. This further
verifies the previous contingency analysis in which no
voltage collapse was found.

However, it is noted that the intersection of the V-Q
curve with the horizontal axis under the post-contingency
condition is below 1.0 p.u. voltage, which is lower than
the Voltage Criteria (1.0129~1.0649 p.u. for 154 kV buses
during peak load operation). This indicates that additional
shunt compensation is needed. The intersection between
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the set of capacitor Q-V curves and the system post-
contingency Q-V curve establish the steady-state operating
point. From the figure, to operate the monitored bus at
1.0129 p.u. voltage under this contingency, approximately
30-40 MVAr of shunt capacitors are required at this bus.
This is close to the value identified by OPF.

300.9 T T B : : H 7
H i ; H i i i 54/{
150.0

pd 100.0

—"" s Q

0.0
P
-
”
-150.0
300, prme =zl ; : //
-150.0
-b00.9 /
-750.0

-800.0

10,9

ACTUAL MVARS
CAPACITOR MVARS

-1050.

0.60 0.0 0.80 0.50 1.00 110
....... PU VOLTAGE

Fig. 5 Q-V Curve for Bus 7590 for Peak Case with UPFC

4. Conclusion

This study focused on the voltage issues in the Study
Area. In general, the UPFC improved the voltage per-
formance of the Study Area. The study can draw the fol-
lowing conclusions on- the operation strategies of a UPFC
with respect to the contingencies tested and the load flow
scenarios studied:

1. The UPFC should be set such that the var output of
its shunt part (STATCOM) is near zero under normal
conditions for all three load levels, thus providing maxi-
mum reactive reserves for contingencies.

2. The series element of the UPFC should be set to con-
trol flow such that area losses are minimized.

3. To maximize the effectiveness of the UPFC, the voltage
control ranges of OLTC’s and switched shunts in the Study
Area should be consistent with the Operating Criteria.

4. The control of 345/154 kV transformers and
switchable shunts at 154 kV buses should be coordinated
to avoid control conflicts.

5. Additional shunt compensation (approximately 100
MVAr determined by OPF) is needed to completely re-
move low voltages caused by the contingencies tested.

Appendix

Parameters of the UPFC model in PSS/E used in this
study are set as follows:

* Maximum series voltage magnitude (VSMX)=0.0682

* Maximum series current magnitude (JMX)=586.8

* Maximum shunt current magnitude (SHMX)=40.0

* Maximum terminal voltage (VIMX)=1.05

* Minimum terminal voltage (VTMN)=0.95

* Maximum power transferable between the shunt and
series connected bridges (TRMX)=40.0

« UPFC Rating: Series Part: +40MVA; Shunt Part:
+40MVA
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