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Performance of Gas Turbine-Based Plants
During Frequency Drops

Naoto Kakimotgo Member, IEEEand Kazuhiro Baba

Abstract—A combined cycle power plant, which combines a gas
turbine and a steam turbine, can achieve high energy efficiency. combustor  fuel  air
Many combined cycle plants have been installed in the world. How- W
ever, a large-scale blackout occurred in Malaysia in 1996. Com- exhaust T
bined cycle and gas turbine plants sequentially tripped out. The 9as | waste heat Ii{:
cause of this chain trip was thought to be a system frequency drop. recovery boiler
Consi(_jering thesz_a backgrounds, it is important to _study dynamic 9as  compressor generator
behavior of combined cycle plants. Several dynamic models of the turbine
combined cycle plant have been proposed. In our analysis, we use condenser
some of them and build a model for a single-shaft combined cycle /\PUMP
plant. We execute numerical simulations to see how the combined \J

cycle behaves when the system frequency drops.

Index Terms—Combined cycle, dynamic models, gas turbine, Fig. 1. Single-shaft combined cycle plant.

plant trip-out, under frequency.
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
combined cycle power plant, which combines a gas tugxhaust gas, and drives the steam turbine. Plant power output is
bine and a steam turbine, can achieve high energy effiie sum of the gas turbine and the steam turbine power outputs.

ciency. The plant mainly consists of a gas turbine, a waste hddie gas turbine produces about two thirds of the total power

recovery boiler, and a steam turbine. This type of plant hasitput, and the steam turbine produces the rest.

high energy efficiency which exceeds 50%. Many combined Since the air is adiabatically compressed, compressor dis-

cycle plants have been installed in Japan. Their capacity is abobarge temperatufg; (K) is given as follows [6]:

20000 MW and 10% of the total generation. -1

However, a large-scale blackout occurred in Malaysia in 1996 1y =T; (1 + ) 1)
[1]. Following a frequency drop of about 1.5 Hz, combined cycle 7_771%
and gas turbine plants sequentially tripped out. The total gen- z = (ProW) )

eration loss was 5760 MW. Because of its importance, SeVQVﬁ{ereTi (K) is compressor inlet temperature and equa|5 am-
studies were made on responses of combined cycle power plagist temperature;. is compressor efficiency; is compressor

to frequency drops [2]-{4]. Some models were developed basgehperature ratioP,, is design compressor pressure ratio,

on models in [5] and [6] to represent practical plants, and th@hairflow in per unit of its rated value, andis ratio of specific

used to calculate responses to frequency changes. Howevertigits. The airflowV depends on the ambient temperatifte
tailed analysis has not been made yet regarding how plant vajird the atmospheric pressure

ables behave for frequency drops. PoT
In this paper, we analyze dynamic behavior of a combined wW=Ww, P“ T“’ 3)

cycle plant for frequency drops. Several dynamic models of the ) ao Tt ] )

combined cycle plant have been proposed [2]-[6]. We combitédere subscripté” denotes rated value, anid, is the airflow

some of them and build a model for a single-shaft combinéd a0 andT;,. We assume’, = FPo,.

cycle plant. We execute numerical simulations to see how theGas turbine inlet temperatuif (K) is given by

combined cycle plant behaves when the system frequency drops.

. INTRODUCTION

w
T = Ta+ (Tpo — Tao) (4)
Il. COMBINED CYCLE PLANT whereW; is fuel flow in per unit of its rated value. The fuel

Fig. 1 shows a single-shaft combined cycle plant. The plafiW is a negligible amount compared with the airflow.
consists of a compressor, combustor, gas turbine, waste heat ré&as turbine exhaust temperatdfig (K) is described as fol-
covery boiler, steam turbine, and a generator. The compresEUYS:
compresses air, and sends it to the combustor. The combustor 1

T, =1, [1 - (1 - _) m] (5)
m: ;ﬁi{,fnggm"If‘y”o“tg“ﬁrﬁs'efs?g?kyom 606-8501, Japan. wheren; is turbine efficiency. The exhaust gas flow is practi-
Digital Object Identifier 10.1109/TPWRS.2003.814884 cally equal to the airflow.
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Joow 1 1+5Ted . Once the fuel flowV¢, the airflowW,, and the inlet temper-
1 T s atureT; are given, the temperatur&y, Ty, 1., and the airflow
Toad ) 1 W are determined by (1)—(5). With these values, the net energy
reference Vi Pg | (1+sTm)(1+sTo) supplied to the gas turbine is given by
heat recovery boiler
/ steam turbine E, = KO{(Tf — Te) — (Td — TZ)}W (6)
Fig. 2. Model of combined cycle. where K is a constant. This energy is converted to the power

P, after a transport delay.q.
The energy collected by the heat recovery boiler and the

lll. M opEL steam turbine is

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 contro{,vhereK1 is a constant. This energy changes to the pofer
Remaining blocks describe gas turbine, waste heat FeCOVERL | time delays denoted 1, andT;.
boiler/steam turbine, rotor shaft, and temperature transducerB

The input and output variables of each block are linked 3 . The rotor speedV varies if there is any difference between

shown in the figure. This model is based on models of [%me : .
S : power outpuf’,, and the load poweP;. In this paperp; is

and [6], whose validity has been tested in [2]-{4] and [7]. Wessumed to be proportional fo* whereolz isa constanﬂ’; is

briefly review each block. ’

The speed/load control block determines the fuel dendgnd
according to the load referendg, and the rotor speed devia-
tion (1 — N). Descriptions of parameters are provided in the V. CaSE Stupy
Appendix in Table 1 and Table 2. There are many power plants in practical power systems. In

The temperature control block restricts the exhaust temp#pis study, we consider a small system composed of a combined
atureT.(°C) not to injure the gas turbine. The measured egycle plant and a load. Their models have been described in the
haust temperaturé’ is compared with the reference temperaPreceding section. We regard this system as a part of a large
ture7,.(°C). The output is the temperature control sigfial system.

The fuel demand’; is compared with the temperature control
signal .. in the fuel control block. The lower value is selected\: System Parameters
by the low value selector, and it determines the fuel fléiy. As an example, we consider a 1190class single-shaft com-

The air control block adjusts the airfloW so as to attain bined cycle plant. Its rated power outputis 160 MW (gas turbine
the desired exhaust temperature [8]. The exhaust temperatl®6.7 MW, steam turbine 53.3 MW). On the gas turbine, we use
T.(°C) is kept lower thar¥’,.(°C), by an appropriate offset, for typical parameters provided in [5], while they change for prac-
example, 1% of its rated valué] is used fofT,, again. The air- tical turbines [7]. As for the steam turbine, we use parameters
flow is adjusted by compressor inlet guide vanes (IGV). Baséal[6]. The parameters are listed in the Appendix.
on explanations in [8] and [2], we use the model in Fig. 2. The Fig. 3 specifies how to control the exhaust temperature. The
adjustable airflow is about 30% of the rated airflow. The aduel flow W linearly increases with the power outplt,. The
justing speed is slow compared with the fuel flow. We assunexhaust temperatuf rises and reaches its rated value. The air-
the airflow changes at 1%/s at most from the test in [3]. The aitew control in Fig. 2 begins to increase the airfld¥ in order
flow W, is proportional to the rotor speed[6]. to keepT, constant. Ifl, exceeds the reference temperatilire

E.=K/T.W (7

y summingP, and P,, we obtain the plant power output

the time constant of the rotor.
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Fig. 4. Response to frequency drop (0.97 p.u.)Ra) =0.85 p.u. (b)".; = Fig.5. Response to frequency drop (0.97 p.u.){a) = 0.85 p.u. (b)P,,.; =
1p.u. 1p.u.

the temperature control acts. Its dynamics is shown in Fig. 2,Fig. 4(b) shows the case whef®,; is 1 p.u. In this case,
too.7;. is higher tharY, by 1%. The turbine inlettemperatufg the rotor speedV continues to fall, and does not return to the
still increases. I’y reaches its rated valu#; increases more normal value. This is an unstable case. The initial increase and
rapidly for 7' not to rise any morel, decreases as a result tadecrease i, is similar to the stable case. However, after that,
95% at the rated power. The exhaust temperature is thus képtslowly decreases. Its value is lower thBnand accordingly
high at part load conditions. This airflow control facilitates colthe rotor loses speed with time.

lection of exhaust gas energy in the waste heat recovery boiler

[8]. C. Analysis of Plant Outputs

As observed in Fig. 4, the rotor speed is governed’hy so
B. Response to Frequency Drop it is important to understand its behavior.

First, we consider cases in which this system is separatedrig. 5 shows three variablé¥, 1., andWW. The time vari-
from the large system with a balanced load following a freation of the fuel flowW; is similar to that ofF,, in Fig. 4.
guency drop. Fig. 4 shows two cases where the frequency 8ince the rotor speeli drops, the speed control increades.
stantly drops to 0.97 p.u., and the initial power outpyt; is However, the exhaust temperatdrerises simultaneously, and
0.85 or 1 p.u.p, is assumed to be constant (i.a.,= 0), and it exceeds the reference temperatilire The temperature con-
accordinglyP, = P,,;. trol then acts to restrict the fuel flow. These controls explain the

Fig. 4(a) shows the case where the initial power oufgyt initial behavior of P,,,.
is 0.85 p.u. The rotor speel drops to 0.97 p.u, but returns The exhaust temperatuié lowers below the reference tem-
to the normal value in 12 s. The system is stable in this cageraturel,. = 1.01 pu in Fig. 5(a). HoweverT, remains above
The power outpuP,,, quickly increases, and quickly decreased. = 0.96 pu in Fig. 5(b). This difference is caused by the air-
Since its value is nearly equal 18, the rotor is not acceleratedflow control. The airflow is adjusted by the IGVs in reference
for a few moments. However,,, slowly increases, and exceedgo the exhaust temperatui€. When the initial power output
P,. The rotor consequently recovers speed. P,,; is 0.85 p.u., the airflowV increases slowly. As a result,
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Fig. 6. Critical frequency. Fig. 7. Fuel flow and air flow. (a)P,..; = 0.85 p.u. (b)P,..; = 1 p.u.

the exhaust temperature lowers, which subsequently allows E:r}ﬁical frequency moves upward. This is conspicuous
fuel flow W; to increase. The slow increasefi, is thus ex- 9 y P ) P WHEN

plained. However, whew,,; is 1 p.u., the IGVs are fully open is 1 p.u. The system becomes unstable for a frequency drop to

and the airflow does not increase any more. Hence, any incre 5997 p-u. These results are related with the frequency charac-

. : eristics of the power output,,,. We examine it in Section VI.
in the fuel flow is suppressed by the temperature control. : . m . .
PP y P In Fig. 5(a), the airflow varies slowly. If it varies faster, the

D. Critical Frequency fuel flow can increase more rapidly while keeping the exhaust

temperature undéer,.. Its speed may affect the stability of the

The system s stable fof the frequency drop to 0.97 p.u. .V‘.'h%)vstem. Fig. 6(b) shows some variation of the critical frequency
P,,; s 0.85 p.u. However, if the frequency drops belowacrltlc%th the IGV speed, whera = 0. For P,,; = 0.85 ~ 0.95 pu

v_alue, the sys_t(_am becomes unstable. Fig. 6 shows some VAR critical frequency lowers as the IGV speed increases. Con-
tions of the critical frequency.

. . ly, itri he IGV . This is wh -
In Fig. 6(a), the initial power outpuB,,; is changed, where versely, it rises as the IGV speed reduces. This is what we ex

. . o L pected. However, i?,,; = 1 p.u., the IGV speed does not in-
the Iogd pov_vele IS propornonal toN"*®. The SOl'd. lines show fluence the critical frequency at all. The reason is that the IGVs
cases in which the amplent temperatiiyes T,. First, y\(e ob- are fully open, and that the airflow does not increase.
serve the case af = 0 (i.e., constant power). The critical fre-
quency rises aB,,; increases. For example, the system is stable
for a 13% frequency drop d®,,; = 0.85 p.u., but it becomes
unstable for a 2% frequency dropBt,; = 1 p.u.. The system  The temperature control is a crucial factor in the above phe-
at P,,; = 1 pu is therefore weak for frequency drops. Next, waomenon. The exhaust temperature is determined by the fuel
changex from 0 to 3. Since the load powél decreases in pro- flow and the airflow, and it determines whether the temperature
portion toN <, the system becomes more stable:dscreases. control operates or not. In this section, we examine the phenom-
If « > 1.26, the system is stable for 15% or more frequenognon in terms of the fuel flow and the airflow.
drops. The broken lines in the figure show cases where the amFig. 7 shows how the fuel and air flows move on #ig-IW
bient temperature is higher thdp, by 2°C. In these cases, theplane, where their values are taken from Fig. 4. For simplicity,

V. EFFECT OFTEMPERATURE CONTROL
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TABLE |
GASs TURBINE PARAMETERS
1.0
parameter value
Tio | compressor inlet temperature 30 (°C)
. T4 | compressor discharge temperature 390(°C)
2 Ty, | gas turbine inlet temperature 1085(°C)
= 09 Teo | gas turbine exhaust temperature 532(°C)
2 Pro | compressor pressure ratio 11.5
) o ratio of specific heat 1.40
= Ne compressor efficiency 0.85
< ¢ turbine efficiency 0.85
08¢ Ko | gas turbine output coefficient 0.003030
K steam turbine output coefficient 0.000428
0.7 : . : A . . TABLE 1
08 0.9 1.0 1.1 CoMBINED CYCLE PARAMETERS
Fuel flow Ws (pu)
(@) parameter value
R speed regulation 25
Ty governor time constant 0.05
speed K4 ga?n of rad%at?on shfeld 0.8
P control Ksy gain o.f radu?,tlon .shleld 0.2
10 0.=0 | T3 radiation shield time constant 15
~ b Ty thermocouple time constant 2.5
3 P /:;::/ Ty temperature control time constant 3.3
‘é _ ,::/ T: temperature control integration rate 250
o - - T? ] Temaz | temperature control upper limit 1:1
‘g_ =132 s Temin | temperature control lower limit 0
5 /,/’ 7 T%.2°C Fymaz | fuel control upper limit 1.5
209~ ! 1 Fymi fuel control lower limit -0.1
5 - dmin uel co W
S |-~ K3 ratio of fuel adjustment 0.77
o Kg fuel valve lower limit 0.23
Ty valve positioner time constant 0.05
Ky fuel system feedback constant 0
0.988 Ty fuel system time constant 0.4
0.8 ) ) ) N Wmaz | air control upper limit 1.0
0.9 0.92 0.94 0.96 0.98 1 Winin air control lower limit 0.73
Frequency (pu) Tw air control time constant 250
Teq compressor volume time constant 0.2
(b) T tube metal heat capacitance time 5
) constant of waste heat recovery boiler
Fig. 8. Response to constant frequency drop. Ty boiler storage time constant of waste 20
heat recovery boiler
Tr turbine rotor time constant 18.5

we call a point ¢, W) “state.” In Fig. 7(a), the state moves
from A to A via B. The broken line shows combinationsldf
and W corresponding to the exhaust temperature 1.01 p.u. or VI. FIXED FREQUENCY

0.96 p.u. Under the line, the exhaust temperature is higher tharp;ig_ 7 corresponds to cases where a combined cycle plant is
the reference temperaiuif¢, and the temperature control actSgenarated from a large system, and its rotor speed varies with
Fig. 7(a) shows the case where the initial power oufput time. In this section, we consider a plant in a large system whose
is 0.85 p.u. The state jumps from A to B immediately after th@equency is not affected by the plant.
frequency drop, and then it moves right due to the speed controlrig. 8(a) shows some variation of the fuel and air flow. The
Since the state is under the broken line, the temperature contrefjuency instantly drops to 0.97 p.u. again, and the rotor speed
moves the state left. As the airflow slowly increases, the statgis fixed at this value. I2,,; is 0.85 p.u., the state moves from
moves upward along the broken line. Once the rotor recovg(so B. The airflow increases till the inlet guide vanes fully open,
speed, the state moves left and then downward. The state finalh the fuel flow increases until the exhaust temperature reaches
returns to A. 1.01 p.u. IfP,,; is 1 p.u., the state moves from C to D. The inlet
Fig. 7(b) shows the case wherg,; is 1 p.u. The broken guide vanes are full-open, and the fuel flow is restricted by the
line corresponds to the exhaust temperature 0.96 p.u. The stataperature control. [f;. is adjusted to 0.96 p.u. to protect the
jumps from A to B, moves right, and then left. This is similagas turbine, the point B moves to D.
to Fig. 7(a). However, the inlet guide vanes are full-open, andFig. 8(b) shows the power outpff, atthe point D P, varies
the airflow does not increase. Furthermore, the airflow slowlyith the frequencyP,, is smaller thar®, (1 p.u.) for frequencies
decreases because it is proportional to the rotor speed. The huelbw 0.988 p.u. For examplé,, decreases to 0.977 p.u. at the
flow is restricted by the temperature control. As the rotor loséequency 0.97 p.u., so the system needs 2.3% power reserve for
speed, the state moves downward along the broken line. 3% frequency drop. If the ambient temperatilyés higher than
It is thus observed that the state moves along the broken lifig by 2°C, P,, moves downward. This is because the exhaust
under the temperature control. temperaturd’, rises according to (1)—(5), and the temperature
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control overrides the speed/load control. AlImost the same result REFERENCES
?s obtained when the offset in the air coptrol is zero, anq accordqy] “Large-scale blackout in Malaysia,” irKaigai Denryoku (Foreign
ingly T;. is 0.95 p.u. The power outpi#,, is nearly proportional Power) Japan Electric Power Information Center, Inc., 1996, pp.

1.26 Thi ; o ; ] 103-104.
toN - This eXplamS the results in Fig. 6(a)' Whenis con [2] T. Inoue, Y. Sudo, A. Takeuchi, Y. Mitani, and Y. Nakachi, “Develop-

stant @t = 0) or proportional taV (a = 1), P,,, decreases faster ment of a combined cycle plant model for power system dynamic sim-
than P, so appropriate power reserve must be prepared. It has ulation studies,Trans. Inst. Elect. Eng. Jpnvol. 119-B, no. 7, pp.

788-797, 1999.
been shown by tests that many loads have 1[9], [10]. The [38] S. Suzaki, K. Kawata, M. Sekoguchi, and M. Goto, “Combined cycle

characteristics of?,, is therefore important, and some investi- plant model for power system dynamic simulation studyans. Inst.
gation has been made in [4]. Elect. Eng. Jpn.vol. 120-B, no. 8/9, pp. 1146-1152, 2000.
[4] K. Kunitomi, A. Kurita, H. Okamoto, Y. Tada, S. Ihara, P. Pourbeik, W.

W. Price, A. B. Leirbukt, and J. J. Sanchez-Gasca, “Modeling frequency
VII. CONCLUSIONS dependency of gas turbine outpu®foc. IEEE/Power Eng. Soc. Winter
. . . . Meeting Jan. 2001.
Inthis paper, we examined how a single-shaft combined cyclegs] w. I. Rowen, “Simplified mathematical representations of heavy-duty

plant behaves for frequency drops. The obtained results are sum- ggg;urbines,’ﬁan& Amer. Soc. Mech. Engol. 105, pp. 865-869, Oct.

marized as f_O”OWS: [6] F. P. de Mello and D. J. Ahner, “Dynamic models for combined cycle
1) Following a frequency drop, the temperature control soon  plants in power system studiedEEE Trans. Power Systvol. 9, pp.

: : 1698-1708, Aug. 1994.
overrides the speed control, and restricts the fuel flow [7] L. N. Hannett and A. Khan, “Combustion turbine dynamic model vali-

about its initial value. dation from tests,|IEEE Trans. Power Systvol. 8, pp. 152-158, Feb.
2) The fuel flow then slowly increases as the inlet guide  1992.

; ; ilin 8] W. 1. Rowen and R. L. Van Housen, “Gas turbine airflow control for
vanes open. Their speed considerably affects the stablht); ] optimum heat recoveryTrans. Amer. Soc. Mech. Eng. J. Eng. Power

of the plant. vol. 105, pp. 72-79, Jan. 1983.
3) If the inlet guide vanes open fully, the temperature con- [9] C. Concordia and S. Ihara, “Load representation in power system sta-

trol and the frequency determine the fuel flow and accord- ~ Pllity studies,"IEEE Trans. Power Apparat. Sysuol. PAS-101, pp.

. 969-977, Apr. 1982.
ingly the power output. [10] T. Frantz, T. Gentile, S. lhara, N. Simons, and W. Waldron, “Load be-

4) The power output is approximately proportional\d-26 havior observed in LILCO and RG&E system$EEE Trans. Power
in our model. This frequency characteristics must be con- ~ Apparat. Systvol. PAS-103, no. 4, pp. 819-831, Apr. 1984.
sidered in estimating power reserve.

Lastly, although this paper addresses a combined cycle plant,
the above results are applicable to any gas turbine-based plégsto Kakimoto (M'78) was born in 1952 in Japan. He received the Ph.D.

: P degree in electrical engineering from Kyoto University, Kyoto, Japan, in 1982.
which operates at or near exhaust gas temperature limits. Currently, he is an Associate Professor at Kyoto University. His current in-

terests are power system stabilities, power electronics devices, and distributed
power generation.
Dr. Kakimoto is a member of IEE of Japan.
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APPENDIX

See Table 1 and Table 2 on previous page.
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