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Performance of Gas Turbine-Based Plants
During Frequency Drops
Naoto Kakimoto, Member, IEEE,and Kazuhiro Baba

Abstract—A combined cycle power plant, which combines a gas
turbine and a steam turbine, can achieve high energy efficiency.
Many combined cycle plants have been installed in the world. How-
ever, a large-scale blackout occurred in Malaysia in 1996. Com-
bined cycle and gas turbine plants sequentially tripped out. The
cause of this chain trip was thought to be a system frequency drop.
Considering these backgrounds, it is important to study dynamic
behavior of combined cycle plants. Several dynamic models of the
combined cycle plant have been proposed. In our analysis, we use
some of them and build a model for a single-shaft combined cycle
plant. We execute numerical simulations to see how the combined
cycle behaves when the system frequency drops.

Index Terms—Combined cycle, dynamic models, gas turbine,
plant trip-out, under frequency.

I. INTRODUCTION

A combined cycle power plant, which combines a gas tur-
bine and a steam turbine, can achieve high energy effi-

ciency. The plant mainly consists of a gas turbine, a waste heat
recovery boiler, and a steam turbine. This type of plant has
high energy efficiency which exceeds 50%. Many combined
cycle plants have been installed in Japan. Their capacity is about
20 000 MW and 10% of the total generation.

However, a large-scale blackout occurred in Malaysia in 1996
[1]. Following a frequency drop of about 1.5 Hz, combined cycle
and gas turbine plants sequentially tripped out. The total gen-
eration loss was 5760 MW. Because of its importance, several
studies were made on responses of combined cycle power plants
to frequency drops [2]–[4]. Some models were developed based
on models in [5] and [6] to represent practical plants, and then
used to calculate responses to frequency changes. However, de-
tailed analysis has not been made yet regarding how plant vari-
ables behave for frequency drops.

In this paper, we analyze dynamic behavior of a combined
cycle plant for frequency drops. Several dynamic models of the
combined cycle plant have been proposed [2]–[6]. We combine
some of them and build a model for a single-shaft combined
cycle plant. We execute numerical simulations to see how the
combined cycle plant behaves when the system frequency drops.

II. COMBINED CYCLE PLANT

Fig. 1 shows a single-shaft combined cycle plant. The plant
consists of a compressor, combustor, gas turbine, waste heat re-
covery boiler, steam turbine, and a generator. The compressor
compresses air, and sends it to the combustor. The combustor
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Fig. 1. Single-shaft combined cycle plant.

burns this air with fuel, and makes high temperature and high
pressure combustor gas. This combustor gas drives the gas tur-
bine. The waste heat recovery boiler collects some energy of
exhaust gas, and drives the steam turbine. Plant power output is
the sum of the gas turbine and the steam turbine power outputs.
The gas turbine produces about two thirds of the total power
output, and the steam turbine produces the rest.

Since the air is adiabatically compressed, compressor dis-
charge temperature (K) is given as follows [6]:

(1)

(2)

where (K) is compressor inlet temperature and equals am-
bient temperature, is compressor efficiency, is compressor
temperature ratio, is design compressor pressure ratio,
is airflow in per unit of its rated value, andis ratio of specific
heats. The airflow depends on the ambient temperature
and the atmospheric pressure

(3)

where subscript “” denotes rated value, and is the airflow
at and . We assume .

Gas turbine inlet temperature (K) is given by

(4)

where is fuel flow in per unit of its rated value. The fuel
flow is a negligible amount compared with the airflow.

Gas turbine exhaust temperature(K) is described as fol-
lows:

(5)

where is turbine efficiency. The exhaust gas flow is practi-
cally equal to the airflow.
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Fig. 2. Model of combined cycle.

III. M ODEL

Fig. 2 shows a model of the combined cycle plant. It consists
of several blocks. There are four blocks related with speed/load
control, temperature control, fuel control, and air control.
Remaining blocks describe gas turbine, waste heat recovery
boiler/steam turbine, rotor shaft, and temperature transducer.
The input and output variables of each block are linked as
shown in the figure. This model is based on models of [5]
and [6], whose validity has been tested in [2]–[4] and [7]. We
briefly review each block.

The speed/load control block determines the fuel demand
according to the load reference and the rotor speed devia-
tion ( ). Descriptions of parameters are provided in the
Appendix in Table 1 and Table 2.

The temperature control block restricts the exhaust temper-
ature not to injure the gas turbine. The measured ex-
haust temperature is compared with the reference tempera-
ture . The output is the temperature control signal.

The fuel demand is compared with the temperature control
signal in the fuel control block. The lower value is selected
by the low value selector, and it determines the fuel flow.

The air control block adjusts the airflow so as to attain
the desired exhaust temperature [8]. The exhaust temperature

is kept lower than , by an appropriate offset, for
example, 1% of its rated value. is used for , again. The air-
flow is adjusted by compressor inlet guide vanes (IGV). Based
on explanations in [8] and [2], we use the model in Fig. 2. The
adjustable airflow is about 30% of the rated airflow. The ad-
justing speed is slow compared with the fuel flow. We assume
the airflow changes at 1%/s at most from the test in [3]. The air-
flow is proportional to the rotor speed[6].

Fig. 3. Heatbalance.

Once the fuel flow , the airflow , and the inlet temper-
ature are given, the temperatures, , , and the airflow

are determined by (1)–(5). With these values, the net energy
supplied to the gas turbine is given by

(6)

where is a constant. This energy is converted to the power
after a transport delay .

The energy collected by the heat recovery boiler and the
steam turbine is

(7)

where is a constant. This energy changes to the power
after time delays denoted by and .

By summing and , we obtain the plant power output
. The rotor speed varies if there is any difference between

the power output and the load power . In this paper, is
assumed to be proportional to , where is a constant. is
the time constant of the rotor.

IV. CASE STUDY

There are many power plants in practical power systems. In
this study, we consider a small system composed of a combined
cycle plant and a load. Their models have been described in the
preceding section. We regard this system as a part of a large
system.

A. System Parameters

As an example, we consider a 1100class single-shaft com-
bined cycle plant. Its rated power output is 160 MW (gas turbine
106.7 MW, steam turbine 53.3 MW). On the gas turbine, we use
typical parameters provided in [5], while they change for prac-
tical turbines [7]. As for the steam turbine, we use parameters
in [6]. The parameters are listed in the Appendix.

Fig. 3 specifies how to control the exhaust temperature. The
fuel flow linearly increases with the power output . The
exhaust temperature rises and reaches its rated value. The air-
flow control in Fig. 2 begins to increase the airflow in order
to keep constant. If exceeds the reference temperature,
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(a)

(b)

Fig. 4. Response to frequency drop (0.97 p.u.). (a)P = 0.85 p.u. (b)P =
1 p.u.

the temperature control acts. Its dynamics is shown in Fig. 2,
too. is higher than by 1%. The turbine inlet temperature
still increases. If reaches its rated value, increases more
rapidly for not to rise any more. decreases as a result to
95% at the rated power. The exhaust temperature is thus kept
high at part load conditions. This airflow control facilitates col-
lection of exhaust gas energy in the waste heat recovery boiler
[8].

B. Response to Frequency Drop

First, we consider cases in which this system is separated
from the large system with a balanced load following a fre-
quency drop. Fig. 4 shows two cases where the frequency in-
stantly drops to 0.97 p.u., and the initial power output is
0.85 or 1 p.u. is assumed to be constant (i.e., ), and
accordingly .

Fig. 4(a) shows the case where the initial power output
is 0.85 p.u. The rotor speed drops to 0.97 p.u, but returns
to the normal value in 12 s. The system is stable in this case.
The power output quickly increases, and quickly decreases.
Since its value is nearly equal to, the rotor is not accelerated
for a few moments. However, slowly increases, and exceeds

. The rotor consequently recovers speed.

(a)

(b)

Fig. 5. Response to frequency drop (0.97 p.u.). (a)P = 0.85 p.u. (b)P =
1 p.u.

Fig. 4(b) shows the case where is 1 p.u. In this case,
the rotor speed continues to fall, and does not return to the
normal value. This is an unstable case. The initial increase and
decrease in is similar to the stable case. However, after that,

slowly decreases. Its value is lower than, and accordingly
the rotor loses speed with time.

C. Analysis of Plant Outputs

As observed in Fig. 4, the rotor speed is governed by, so
it is important to understand its behavior.

Fig. 5 shows three variables , , and . The time vari-
ation of the fuel flow is similar to that of in Fig. 4.
Since the rotor speed drops, the speed control increases.
However, the exhaust temperaturerises simultaneously, and
it exceeds the reference temperature. The temperature con-
trol then acts to restrict the fuel flow. These controls explain the
initial behavior of .

The exhaust temperature lowers below the reference tem-
perature in Fig. 5(a). However, remains above

in Fig. 5(b). This difference is caused by the air-
flow control. The airflow is adjusted by the IGVs in reference
to the exhaust temperature. When the initial power output

is 0.85 p.u., the airflow increases slowly. As a result,
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(a)

(b)

Fig. 6. Critical frequency.

the exhaust temperature lowers, which subsequently allows the
fuel flow to increase. The slow increase in is thus ex-
plained. However, when is 1 p.u., the IGVs are fully open
and the airflow does not increase any more. Hence, any increase
in the fuel flow is suppressed by the temperature control.

D. Critical Frequency

The system is stable for the frequency drop to 0.97 p.u. when
is 0.85 p.u. However, if the frequency drops below a critical

value, the system becomes unstable. Fig. 6 shows some varia-
tions of the critical frequency.

In Fig. 6(a), the initial power output is changed, where
the load power is proportional to . The solid lines show
cases in which the ambient temperatureis . First, we ob-
serve the case of (i.e., constant power). The critical fre-
quency rises as increases. For example, the system is stable
for a 13% frequency drop at , but it becomes
unstable for a 2% frequency drop at . The system
at is therefore weak for frequency drops. Next, we
change from 0 to 3. Since the load power decreases in pro-
portion to , the system becomes more stable asincreases.
If , the system is stable for 15% or more frequency
drops. The broken lines in the figure show cases where the am-
bient temperature is higher than by 2 . In these cases, the

(a)

(b)

Fig. 7. Fuel flow and air flow. (a)P = 0.85 p.u. (b)P = 1 p.u.

critical frequency moves upward. This is conspicuous when
is 1 p.u. The system becomes unstable for a frequency drop to
0.997 p.u. These results are related with the frequency charac-
teristics of the power output . We examine it in Section VI.

In Fig. 5(a), the airflow varies slowly. If it varies faster, the
fuel flow can increase more rapidly while keeping the exhaust
temperature under . Its speed may affect the stability of the
system. Fig. 6(b) shows some variation of the critical frequency
with the IGV speed, where . For ,
the critical frequency lowers as the IGV speed increases. Con-
versely, it rises as the IGV speed reduces. This is what we ex-
pected. However, if , the IGV speed does not in-
fluence the critical frequency at all. The reason is that the IGVs
are fully open, and that the airflow does not increase.

V. EFFECT OFTEMPERATURECONTROL

The temperature control is a crucial factor in the above phe-
nomenon. The exhaust temperature is determined by the fuel
flow and the airflow, and it determines whether the temperature
control operates or not. In this section, we examine the phenom-
enon in terms of the fuel flow and the airflow.

Fig. 7 shows how the fuel and air flows move on the-
plane, where their values are taken from Fig. 4. For simplicity,
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(a)

(b)

Fig. 8. Response to constant frequency drop.

we call a point ( , ) “state.” In Fig. 7(a), the state moves
from A to A via B. The broken line shows combinations of
and corresponding to the exhaust temperature 1.01 p.u. or
0.96 p.u. Under the line, the exhaust temperature is higher than
the reference temperature, and the temperature control acts.

Fig. 7(a) shows the case where the initial power output
is 0.85 p.u. The state jumps from A to B immediately after the
frequency drop, and then it moves right due to the speed control.
Since the state is under the broken line, the temperature control
moves the state left. As the airflow slowly increases, the state
moves upward along the broken line. Once the rotor recovers
speed, the state moves left and then downward. The state finally
returns to A.

Fig. 7(b) shows the case where is 1 p.u. The broken
line corresponds to the exhaust temperature 0.96 p.u. The state
jumps from A to B, moves right, and then left. This is similar
to Fig. 7(a). However, the inlet guide vanes are full-open, and
the airflow does not increase. Furthermore, the airflow slowly
decreases because it is proportional to the rotor speed. The fuel
flow is restricted by the temperature control. As the rotor loses
speed, the state moves downward along the broken line.

It is thus observed that the state moves along the broken line
under the temperature control.

TABLE I
GAS TURBINE PARAMETERS

TABLE II
COMBINED CYCLE PARAMETERS

VI. FIXED FREQUENCY

Fig. 7 corresponds to cases where a combined cycle plant is
separated from a large system, and its rotor speed varies with
time. In this section, we consider a plant in a large system whose
frequency is not affected by the plant.

Fig. 8(a) shows some variation of the fuel and air flow. The
frequency instantly drops to 0.97 p.u. again, and the rotor speed

is fixed at this value. If is 0.85 p.u., the state moves from
A to B. The airflow increases till the inlet guide vanes fully open,
and the fuel flow increases until the exhaust temperature reaches
1.01 p.u. If is 1 p.u., the state moves from C to D. The inlet
guide vanes are full-open, and the fuel flow is restricted by the
temperature control. If is adjusted to 0.96 p.u. to protect the
gas turbine, the point B moves to D.

Fig. 8(b) shows the power output at the point D. varies
with the frequency. is smaller than (1 p.u.) for frequencies
below 0.988 p.u. For example, decreases to 0.977 p.u. at the
frequency 0.97 p.u., so the system needs 2.3% power reserve for
3% frequency drop. If the ambient temperatureis higher than

by 2 , moves downward. This is because the exhaust
temperature rises according to (1)–(5), and the temperature
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control overrides the speed/load control. Almost the same result
is obtained when the offset in the air control is zero, and accord-
ingly is 0.95 p.u. The power output is nearly proportional
to . This explains the results in Fig. 6(a). Whenis con-
stant ( ) or proportional to ( ), decreases faster
than , so appropriate power reserve must be prepared. It has
been shown by tests that many loads have [9], [10]. The
characteristics of is therefore important, and some investi-
gation has been made in [4].

VII. CONCLUSIONS

In this paper, we examined how a single-shaft combined cycle
plant behaves for frequency drops. The obtained results are sum-
marized as follows:

1) Following a frequency drop, the temperature control soon
overrides the speed control, and restricts the fuel flow
about its initial value.

2) The fuel flow then slowly increases as the inlet guide
vanes open. Their speed considerably affects the stability
of the plant.

3) If the inlet guide vanes open fully, the temperature con-
trol and the frequency determine the fuel flow and accord-
ingly the power output.

4) The power output is approximately proportional to
in our model. This frequency characteristics must be con-
sidered in estimating power reserve.

Lastly, although this paper addresses a combined cycle plant,
the above results are applicable to any gas turbine-based plant
which operates at or near exhaust gas temperature limits.

APPENDIX

See Table 1 and Table 2 on previous page.
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