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Methodology for Determining of Generator Operation Point
for Ensuring Voltage Stability Against Generator Faults
in Jeju-Haenam HVDC System

Sang-Gyun Kang*, Sangsoo Seo*, Byongjun Lee' and Joon-Young Joo**

Abstract — This paper presents a new algorithm for determining generator operation point for main-
taining stability considering generator faults in Jeju-Haenam HVDC system. As the HVDC system
consumes reactive power for the transmission of active power substantially, compensation of reactive
power is essential. And the HVDC system is operated on frequency control mode. That is to say, the
HVDC system almost manages system frequency. Therefore, we recognized that the Jeju system could
be unstable if the reactive power consumed by the HVDC is insufficient when out-of-step occurs with
large generators. When the solution of power flow analysis does not converge due to the unstable sys-
tem phenomenon, we have difficulty in establishing countermeasures as the post-fault information is
not available. In this paper, for the purpose of overcoming this difficulty in establishing countermea-
sures, we introduce the CPF(Continuation Power Flow) algorithm. This paper suggests an algorithm
for calculating the output limitation of the generator to maintain the stability in case of generator fault
in the Jeju system.

Keywords: Voltage stability, Current-based HVDC, The Jeju Power System, Generator Contingency,

CPF(Continuation Power Flow)

1. Introduction

The Jeju power system is an isolated island. Although
the load demand is increasing more and more, it is difficult
to construct additional thermal generators in the Jeju, and
the generation cost in the Jeju system is more expensive
than the mainland system. To solve abovementioned prob-
lem, the 300MW CSC (Current Sourced Converters)-based
HVDC system was installed between the Haenam substa-
tion on the mainland and the Jeju substation on Jeju Island
in 1998 [1]-[3].

Fig. 1 represents the Jeju system. The total peak load of
Jeju Island is approximately 500MW, and 150MW is
transmitted over HVDC under normal condition. As of
2006, major generators in the Jeju system are two units
(100MW) in the South Jeju bus and one unit (7SMW) in
the Jeju bus. These three generators and the transmitted
power through HVDC line supply most of the loads in Jeju
Island. As HVDC consumes reactive power for the trans-
mission of active power substantially, compensation of
reactive power in the system is essential. Actually, reactive-
power compensation is carried by filters and synchronous
condensers (2 X 55MVar) in the Jeju system.

Table 1 shows the HVDC operation criterion, which is
recommended by the KPX (Korea Power eXchange; Inde
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pendent System Operator), in detail. According to Table 1,
the HVDC system operates in frequency control mode.
That is to say, the HVDC system manages system fre-
quency in the Jeju. If generators have an accident in the
Jeju AC system, the HVDC system would guarantee active
power balance.

The Jeju system is highly dependent on the HVDC sys-
tem and large generators. Therefore, when the HVDC sys-
tem or a large generator has unexpected problems, it has a
fatal effect on the stability of the Jeju system. On April 1,
20006, the entire Jeju system was blacked out because of the
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failure of the HVDC system and the generator cascaded-
outage. As a result of this blackout, many researchers have
taken an interest in the Jeju system and have analyzed the
Jeju system stability in detail.

Many contingencies such as transmission line, genera-
tors, and HVDC system, were analyzed. The system was
stable in case of faults in transmission line and HVDC sys-
tem. Especially, the problem of voltage instability in AC-
DC systems is generally concerned with strength of the AC
system, which is determined by ESCR (Effective Short
Circuit Ratio) at the converter bus [4]-[6]. The result of

ESCR analysis was that the minimum value is larger than 5.

Therefore, we consider that the Jeju system is stable in
respect to ESCR. As the Jeju-Haenam HVDC system is
operated on frequency control mode, the HVDC system
maintains the system frequency when out-of-step occurs
with large generators in the Jeju system. As there is an ex-
tra margin of 150MW up to the maximum rated capacity of
the HVDC, the HVDC is capable of supplying 100MW
additionally in the event of fault with a 100MW-rated gen-
erator. However, it was recognized that the Jeju system
could be unstable if the reactive power consumed by the
HVDC is insufficient for the Jeju system.

When the solution of load flow analysis does not con-
verge due to the unstable system phenomenon, we have
difficulty in establishing countermeasures as the post-fault
information is not available. For the purpose of overcom-
ing this difficulty, introduction of the CPF algorithm is
intended in this paper. In the past few decades, various
methods of analyzing the voltage stability using the CPF
algorithm have been presented [7]-[12]. The major feature
of the CPF algorithm is that singularity of Jacobian matrix
can be avoided by reformulating the power flow equations
and applying a locally parameterized continuation tech-
nique [7]. In [9], Flueck had presented a tool estimating the
severity of contingency by obtaining the solution path ap-
proaching outage point with branch-parameterized CPF
method. This tool benefits to evaluate, particularly, tough
contingencies where traditional power flow solvers cannot
converge.

Presentation of an algorithm for calculating the output
limitation of the generator to maintain the stability in case
of generator fault in the Jeju system, where HVDC is oper-
ated in constant-frequency mode, is intended in this paper.
For this purpose, the new method that parameterizes the
critical generator output is presented.

In Section II, the basic concept on proposed method and
system modeling for application of CPF is explained. In
Section I1I, the result of g-V analysis on the peak system of
Jeju in 2006 is described. In Section IV, the conclusion is
given.

2. The Proposed Method

2.1 Basic Concept

Consider two power systems linked with the HVDC sys-

tem that operate in frequency control mode, as shown in
Fig. 2. When disturbance, such as generator outage or load
increase, occurs, the HVDC system guarantees the fre-
quency of system B by increasing transfer power from sys-
tem A to system B. Assume that system A is robust enough
to ensure against any disturbance in system B. If loss of
active power sources is less than the maximum power
transfer capability of HVDC in system B, we don’t need to
consider frequency problem. Unfortunately, the more
power is transmitted by HVDC, the more reactive power is
consumed from system B through HVDC. Therefore, If
reactive power required for HVDC power transmission is
not sufficient in system B, this system B will face serious
problem even when the maximum capacity of HVDC is not
exceeded.

Fig. 3 shows the basic concept of the proposed method.
The power that HVDC can additionally transmit is limited
not by the capacity of HVDC device, but by the capacity of
supplying reactive power in system B. Figure 3 is the result
of applying continuation power flow on the locally param-
eterized output P of the generator. Y-axis indicates system
voltage and X-axis indicates shifted active power from the
faulted generator to the HVDC. PG0O means the generator

HVDC system

(frequency control mode)

Fig. 2. Two power systems with HVDC that operate in
frequency control mode.
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Fig. 3. Generator contingency analysis using CPF algorithm.
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is under fault condition. We can find that the solution path
approaches the outage point by generation shift from
faulted generators to HVDC system. As the output of the
generator decreases, that is, transmission of active power in
HVDC increases, consumption of reactive power in the
system increases, whereby a nose curve shaped graph
showing decrease of voltage is obtained. Figure 3(a) is a
stable case where the capacity of faulted generator is
smaller than the stability boundary, which can be deter-
mined by transferred power over the HVDC system. Figure
3(b) is for the case that the capacity of faulted generator is
larger than APHVDC, which is an unstable case in which
HVDC cannot cover PGO.

A method of solving the afore-mentioned problem is in-
dicated in Fig. 4. Fig. 4(a) is limiting the output of the
faulted generator for decreasing active power shifted from
the generator to the HVDC. Fig. 4(b) is connecting reactive
power source to system B for releasing the limitation of
HVDC transmission capacity due to insufficient reactive
power. Connection of a new source of reactive power re-
quires certain procedure and time allowance. In this paper,
methods of limiting the maximum output of the generator
are handled. In Section II-B, a system modeling for realiz-
ing the algorithm to calculate the generation output limita-
tion is handled.

unstable region
stable region
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after modify the Pg :z/ (unstable)

fpg
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boundary  toJeju-Haenam HVDC

(a) Limitation of critical generator
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Fig. 4. Countermeasures to avoid voltage collapse.
2.2 System Modeling

In order to apply the CPF (Continuation Power Flow)
method, a stress parameter (e.g., increasing loads) must be

inserted into the power flow equations. In general, the
power flow equations at bus i are as follows:

Fi(6,V)-Fu+F,; =0 (1)
0,(6,V)=0;+0, =0 2)

where the subscript T, G, L, 3, and V represent injection,
generation, load, bus voltage angle, and bus voltage magni-
tude, respectively. In Fig. 2, a generator fault increases the
transmission of HVDC power, and this eventually increases
the demand for reactive power in the HVDC. To material-
ize this scenario, we express the generation shifted from
the faulted generator to HVDC as stress parameter 1 .

We put the generation before fault as PO and we know
the value of 1 will be 0 before fault and 1 after fault
through normalization. The steady-state behavior of the
power system will be observed by varying the parameter
1 from O to 1. This means that parameter 1 is O for pre-
contingency’ and 1 for ‘post-contingency’. After remodel-
ing the faulted generator and HVDC for each 1, the
above equation (1) and equation (2) will be recomposed.

Generators are sources of not only active power but also
reactive power supplied to the system. Therefore, PGi and
QGi of the faulted generator due to the variation of parame-
ter 1 (Shifted power from faulted generator to HVDC) have
to be included in the power flow equation. The Q value of
a generator in the power flow equation calculated after
power flow solution is not appropriate to be used as a con-
tinuation parameter. Accordingly, the value of Q limit,
which is the capacity of supplying (or consuming) the reac-
tive power, has been used instead of Q value of a generator.
The equations of a faulted generator related with variation
of continuation parameter ( 11 ) are as follows.

B = (=) x By, (3)
QGiiMAX* =(l—p)x QG,;MAX 4)
QG;;MIN* =(1-w)x QGLMIN (5)

Where, Pgo; Output P of pre-fault generator
QGLMAX* Maximum Q limit in the faulted generator
QGLMIN* Minimum Q limit in the faulted generator
Qci max Maximum Q limit in the pre-faulted generator
Qi Miw Minimum Q limit in the pre-faulted generator

As the HVDC is operated on frequency control mode, it
is evident that the power shifted from generators to HVDC
system increases by 1 PGO when p varies. Also, the
HVDC will consume more reactive power of system B in
order to transmit additional power corresponding to 11 PGO.
Generally, 50~60% of active power is consumed for the
transmission of active power in steady-state condition. Un-
der transient condition, more reactive power is required
momentarily. Fig. 5 shows the measurement data of actual
fault in the Jeju-Haenam HVDC system. Fig. 5(a) presents
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the measured result for variation of active power transmis-
sion (P) and reactive power (Q) consumed in HVDC by
changing transmission power in the event of system fre-
quency fluctuation due to the disturbance in the Jeju system.
From Fig. 5(b), we can find that approximately 68% of
transmission power is consumed for reactive power in the
steady-state condition and 80% of transmission power is
consumed in the transient condition. It is assumed that
generators supply during the transient period (2~3sec), as
they are capable of supplying more power than the rated
IFD(excitation current) for a short duration of time under
the transient condition. In this paper, the HVDC system is
represented as a minus load which supplies active power to
the system. The HVDC system can be modeled as follows.

Py ==(Pyo + 1F5) (6)

Oy =ax by, 7)

Where,

Py  Active power transferred from HVDC by variation
of 1

Qu  Consumed Reactive power in HVDC system by
variation of 11

Pyo Active power transferred by HVDC before fault
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Fig. 5. The relationships between transfer active power and
reactive power consumption in the Jeju-Haenam
HVDC system.

2.3 Methodology for Determining of Generator Opera-
tion Point for Maintaining Stability

This subsection elaborates on a method of deciding the
new operation point of a generator for maintaining system
stability when a new equilibrium point does not exist after
a generator fault. (Also see Fig. 4.) In Fig. 6, information
on the amount of maximum shift within the stability limits
the attainment of power flow solution. A new operation
point of a generator for maintaining stability can be ac-
quired from equation (8).

B tim = Foo X Hyax ®)

Where, P Original output of generator before limiting
I max Maximum value of continuation parameter 1

unstable region
stable region

basecase

after modify the Pg :/ (unstable)

i Pe

i
new Pg
stability  to JeiuzHaenam HVDC
boundary

transferred P from Gen

Fig. 6. Determining new PGout for system stability.

PG_lim becomes a new operation point of a generator
for system stability, and the extra transmission capacity of
the HVDC system is limited by PG _lim.

The procedure of deciding the generator operation limit
(a maximum transmission power of HVDC) is as follows.

Step 1) Analyze the P,Q ratio of HVDC and select the
object group of generators.

Step 2) Perform modeling of faulted generator and
HVDC, and execute the proposed method.

Step 3) Select unstable contingency in “Step 2”. If the
system is stable, the network system is considered stable.

Step 4) If the system is unstable, a new operation point
of the generator is calculated using equation (8).

Step 5) Verify the stability through system analysis after
limiting the generation capacity.

If the generation reserve for generation dispatch is not
sufficient when limiting generation capacity in “Step 57, a
new generator has to be operated considering generation
cost.

3. Result of the Application in Jeju System

In this section, the simulation result is handled using the
proposed method on the Jeju system. Table 2 shows the
major generation data of the Jeju system. The total load of
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Jeju is approximately S00MW, and 150MW is supplied
from HVDC. Operation of the HALLIM combined cycle
power plant has been stopped as the operation cost is
higher than those of the other plants. In Fig. 5(b), PQ ratio
(a) is considered as 0.7 approximately.

Table 1. The status of generators in Jeju system

Gen Name Case 1 Case 2 Pmax
Poex(MW) Poen(MW) (MW)
SJEJU TP#3 100 95 100
SJEJU TP#4 0 95 100
JEJU TP#2 0 42 75
JEJU TP#3 0 42 75
JEJU DP 40 38 40

3.1 Case 1(unstable case)

During off-peak hours, 50%(140MW) of the total load
(280MW) is supplied from HVDC (see Table 1), and the
remaining loads are supplied from SJEJU TP#3 and JEJU
D/P considering the generation cost (economical effi-
ciency). As only 2 generators are operated, the object gen-
erator groups for analysis are SJEJU TP#3 and JEJU D/P.
The result of CPF analysis after modeling on the respective
pn for 2 generators and HVDC is shown in Fig. 7. Fig.
7(a) gives the result of a fault on SJEJU TP#3. The system
collapses before 1 reaches 1, which is an unstable case.
Fig. 7(b) is the result of JEJU D/P fault.

The system solution exists once the 1 becomes 1, and
this is judged to be a stable condition. The worst contin-
gency is a fault on SJEJU TP#3, and the generation limit is
calculated using equation (8). The 1 value on collapse of

o] 0.2 0.4 0.6 0.8 1 1.2

(a) Upon fault on STEJU TP#3

1.5 2 2.5

o 0.5 1

(b) Upon fault on SJEJU TP#3

Fig. 7. Result of Generator Fault Analysis during Off-peak
Load Demand.

solution is 0.73, and the new operation point of the genera-
tor is 73MW (0.73 x 100MW=73MW). 27MW has to be
supplied from another generator. As it is not possible to
receive any more power from the two generators being
operated in the Jeju system, operation of another generator
has to be started. Fig. 8 is the result of CPF analysis after
startup of JEJU TP#2 considering economical efficiency. In
Fig. 8, the 1 value reaches 1.2 exceeding 1.0 because the
source of reactive power has increased by the paralleling of
a new generator into the system. Actually, JEJU TP#2 is
capable of supplying 35Mvar of reactive power to the system.
As a new generator has to start operation when genera-
tion capacity is limited, the proposed algorithm has been
executed again with a new generator (JEJU TP#2) being
operated. The result is indicated in Fig. 9, where the 1
value is 0.95, and the new output (P) is 95MW (0.95 x
100MW). Fig. 10 indicates the result of the proposed analysis

Fig. 8. Result of the proposed analysis after changing the
generator operating point from 100MW to 73MW.

1 1.2

Fig. 9. Result of the propose analysis before limiting
SJEJU TP#3.

0 0.2 0.4 0.6 0.8 1 1.2

Fig. 10. Result of the proposed analysis after changing the
generator operating point from 100MW to 95SMW.
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of a fault on SJEJU TP#3 when SJEJU TP#3 is limited to
95MW and JEJU TP#2 generates the remaining SMW.

3.2 Case 2(stable case)

During peak hours in the Jeju system, total load is ap-
proximately 530MW, of which HVDC supplies 150MW
and the remaining loads are supplied by the other genera-
tors in the system (Table 2). Both P ratio and Q ratio of the
HVDC system are considered as 0.7. The assumed faulted
generators are SJEJU TP#3, JEJU TP#2, and JEJU D/P.
The result of the proposed analysis on the most sever con-
tingency (SJEJU TP#3) is indicated in Fig. 11. For the
moment when 1 is 1.0, i.e. the moment of fault, power
flow solution exists for each assumed fault. As there are
many generators under operation in the Jeju system during
peak demand, reactive power reserve is sufficient in the
system different from off-peak demand. This explains the
reason why the system is stable when HVDC transmits all
the power corresponding to the output of a generator dis-
connected from the system.

1.04

1.035 4
1.03
1.025
1.02

- 1.015
1.01

1.005

0.995
o] 0.7 0.4 0.6 0.8 1 12 H

Fig. 11. Result of the proposed analysis upon fault in
SJEJU TP#3 (the most sever contingency).

5. Conclusion

As the Jeju-Haenam HVDC system is operated on fre-
quency control mode, the HVDC system maintains the
system frequency when out-of-step occurs with large gen-
erators in the Jeju system. And, it was recognized that the
Jeju system could be unstable if the reactive power con-
sumed by the HVDC is insufficient for the Jeju system.
When there is no solution of power flow due to the unsta-
ble system phenomenon, we have difficulty in establishing
countermeasures. For the purpose of overcoming this diffi-
culty, introduction of the CPF algorithm is intended in this
paper. In order to apply the CPF method, we express the
generation shifted from the faulted generator to HVDC as
stress parameter |1 and recompose the power flow equa-
tions. The HVDC system is represented as a minus load
which supplies power to the system. We suggest the new
operation point of a generator for system stability when a
new equilibrium point does not exist after a generator fault
in this paper.
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