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Single shaft gas turbine and the cycles based on it are sensitive to frequency drops and sudden
change loads or large frequency dips might affect their stability. This phenomenon is related to
reduction of air mass flow rate through the gas turbine during frequency dips, which might lead to
interaction between the governor and temperature control loop. This interaction will prevent the
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gas turbine from being loaded further and might affect its stability. In this paper, the performance
of the two well-known power generation cycles based on the gas turbine -combined cycle and
steam injected gas turbine (STIG cycle)- are investigated during frequency dips and transient
maneuvers. For this purpose, two similar units are developed based on these cycles and their
performance are studied and compared in different scenarios. The simulation results show that
the steam injected gas turbine has a better performance during frequency drops and it can handle
larger step change loads. This superior performance of the steam injected gas turbine unit is
almost twice as good as the similar combined cycle unit in some of the operating conditions.
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1- STIG (Steam Injected Gas Turbine)
2- Heat Recovery Steam Generator (HRSG)
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3- Drum
4- Turbine Inlet Temperature (TIT)
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1- Inlet Guide Vanes (IGVs)
2- Sliding pressure
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4- superheater
5- evaporator
6- economizer

AR

1- GE6B
2- Matlab/Simulink
3- Off-design calculations
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2- Newton-Raphson
3- scale

A ool A E 053 AYAY QLT (e Silse i

e \ S sl easl

o | G L
.
L

Sl

ool el e o

lise Lulps 3 jpmeS Glize Gpe5l by Ygens lboaslSs ol
Sy jgmeeS 053l Ly 398 slayiall plad (6pSosluil 5 (60, Shee
b g bz JLid 5 Les 5l Jitwe Lol &Sl sl (mizmen il
(9 Sl iie ey 505 Ol sl & Ysane W3l g8 (6)lS
e ez sl 4 bajlsgel dm Nadioe Olo dme Sloy S sy
S ANE) 0 ol et pos « (111) 005 3ol oy (20 om0
& Sos)S cnl o5l Sy 3l g 5 3,T o0 Ot () 03k 5 (Pr) jLis
Wged QN0 oo dmsboe dn 2 S5 (nl 59, 5l kel la e wan
ol 0al ¥ S jo Sl O jgu0 4y jgun yueS il

Sl bl ez 5l el 99 (g patde b oS cnl 4 a2 L
O Ulgee 4l 50 0 alre 1) S0 el 90 (lgise gmpaS
Ll 5l Ll 0,8 o ls (2 5l 2 Slaslrs ;0 dolas 50 aliwg & |, <l
OeF 033k 9 (07 (23 Aelne LES S ol (i e S gl &S
Slaibie g K Ygons asl olpon (551535 b jym a8 3l (s,
bslas a5 (S8 Slaie (nl 8555 00 S 50 s SIS Sl (S
2 bype Slalne § 23,5 00 ) gy b5 Silpe igige 02nali L
ClSs & SaS Slatie ol pad 6l b ayleise sesls |, beolSs
5 ol adlal b il 2 OYolie degesre 4 dolre S g paS
3,5 Sleloes 3)lg (V) B (V) dolrs 4w L1y jgm e <25 o5 o0

rh:—rh;apfc(N:,ﬁ,IGV):O )
Pr.—Pr,,, (N.,B,IGV)=0 )
Ne = Map-o (N2 BIGV ) =0 )

Oy ClbS-Y-)-F

S abewsy 4 Y}M" sgypeS Wiles 5 el (60, Shes Clatie
S Oy il la e le ) Glo 4 a5 00,5 e @il clSS
2 eSS Slatte (Bire diejl (s Sl S Ll sl 5
Slelos 10 (@) 5 (F) SVoleo alowsg @ 1) ()98 Sl Glg5 o0 ames
L85 ke Akl

1) =0 )
)

*

Pr,—Pr,. (N,

map-t

U _nmap—t (N:,m =0 ()]

1- Beta line


https://dorl.net/dor/20.1001.1.10275940.1393.14.8.20.3
https://mme.modares.ac.ir/article-15-10931-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-24 ]

[ DOR: 20.1001.1.10275940.1393.14.8.20.3 ]

oblsed 9 solag e

U3 3l gle) 03 YRy 32055 b SIU ()95 9 i )5 JSaw SIS 3 yShes )

©

—
\

P 59555 syilegisS)
735 M o) (6350 )l 0550 -0l Hhigr Ssleds S5 & S5
orlegisST (639)5 =¥ ) nlesisST 295 =¥ )il nlsl (29,5 =Y Lo

Al oz g Ol Jha g3l Joe 9j90 0 i Sl sl
5,8 aszlio [A] g o 4y g5 0 abga o slo sl

by —V-Y-F
Ll 5l oze3 eledl O J6u o cl 5> Jowe S (SH) yot 50
ol slp ol JEsl g 6550 sl dolas S 0 hows )5 368 b0 @

5 (V) Lulg, &g 4 0SS (6,105 ojled @y azg5 b le oo 1y Jos
g (VF)

mg(hgl_hgz):mw(hwl_hwz) )
m, (h,, - hy, ) =UAuLMTD(T,,.T,,.T,,.T,;) 0%

L8 il g ol b e S o Sl (Shs 4w mail ol 0 a5
w4 UA g LMTD (pizmen 535 o3k 5 Coon o Jlw (s
O drloms 0525 5 ol Joe &l JUiil 0 5 (ot sloo Jolis

ool 0al [A] gz po 33 Jhgs (15 Galizes Ll yo

o138 9 5851 plgl ac goxo - Y- Y- ¥

B ) ilegisST )0 0nd adsi (o) 90 4) bl ol acgazo o]
oo o o o5 ol o8 L5 Ll el s il e Jias gl
Soge @ Ol 1) aesemme (nl p @Sb (Sesludge i Laly, il ol
2,5 4= (W)L (V) Ly,

mw(hWZ _hw3) eva(b b ) (\a)
mw(hgz _hg3) eva(h h ) (\?)
mg(th - hg3) = UAevaLMTD(TgZDTeva 5Tg3 iTeva) (\ V)

33 Toig, YU 5 enig, b badls) a4 e AT g d Guail T s &S

39,5 o3k (eva) il ulsl

plogigST-Y-Y-¥

b1y jomilasS (29,5 ol &5 ol (Gl Jae o (e00) plogisS]
e @t s o Joe 4t 50 i8S 0 05 bl O (slos s9u>
im0 0D 5 OA) Laly) Gl ool a2 y9m

mg(hg3_hg4) mw( w3~ w4) Q)
i, (b, — by, ) =UA,LMTD(T,,.T,;.T,,.T,.) )

By b @leo )5 6l g alflaz &jso 4 Hhe gile Jae Baa S
oo by alflaz Sogo 4 Sl Shsr c¥oles degerms il Sl
FE Gl 4 (599,5 slajl5 5 o slos plys Jlad) ol (55,0 bl o
a5 bl jlaasl (oo 5 S 53 Sk 65 5 Saa STL ol >
358 DYoles acgame wlunl dinly )b (gl )5 alals @y el jLid

g o B e SYolae ol yem 4 il

1- Down-comer
2- Riser

VY

az ST gy onl 5o cusl a8 5 )15 Seolins oo 5o guas 4l alwg
Syo il 50 bulyd slp CYolae o gl (S <y ol o b
Oomb Dol 4 (Sealus Jue sl il aned ey (e o Ll gt

KW dales

S @2, gilw Jae-Y-F
o s ol Glise bE o Glgie | G5 ompp 4 B Gy
plsl ile G35 Glso 5o P 9 SEsm By5 il Sty g peS
Slr oS il B B SBas 4 Gy Gl el abt Sl ol
Wil 595 oSt goan ¥l ialS b &) 5l Bas ST ke
055 Lygo L g S J3L Sy b g g ypeS (295 50 Wl b )5
Ll 39 0an¥T el (2ol s alady aiciony gloo 2alS b o1 Ll b
@y gon G5 S g (2o Ol mlBl B Gyl See S
s 55 sk il 35, slya U 1y ol e ol 2 w2l 58
Bl glat o r:-’l’ O ) )b 3l i w2 Ol e s cnl 50
P By a8 90,5 ool iS5 al a pel cal e )5 (G35 s 05
abiaze )3 CEg lail Sty by jemeeS (295 0 )R 5l ok
208 alad Gand 5 3l 65l el Wlgon jom 325, bl
el 5 ol Grall B Gyl el Gas tagsy ol po &S Ll
L i)y ol By cal s Jol sy looyy 4 (59955 slojls sleo
St s b e 085 byl oo oad byl (58 5 s
Soyge Gl ahioe Cavs Gl o B @5 bl wal L)
ol Glafs b by s b oy Ygane Ul ol 0,5 o0
Sz D o ) Ll Sl 5 Kes byle 4y o 5 312
il 3,5 Ise ol

B Gy A 008 o)y sl 3y lem b o Jle (05 bglsa b
s ol sl el osle s (bl 25l Slaslre asgeze @
Wolas 31 solizsl by 31,2l absio 5 g5 sl slos o el SIS
ol (V) dolrs 3l 00,5 acule To..xm S5 P Sl syl
i B(TIT, )+ i h(T,) = (1, + i, A(TIT,,) v
TR (g S5l sy slooyy 4 (69955 sl sles TIT ] o a8
Lulyd 4 i 5w new 5 old lagmail g pasie los )3 )5 Jlew
Owizped 23,5 ool L b ol bglke slaw 5 (B8 G ysd 605 Sl
Pl o gl sy o 4 (535,5 G35 slod ailons 5y ogdle
Sl wgdee e byl gl cews bl 2l Gln 58 ) Sl
2o (V) doles 3ol (Cpomiy) boglsee oy sl 5w po sl Jlie

my.c, . +m,.c

air ~ p—air st “p-st

pomix = m,, +m, av)

Sk Mg gilw Joe -F-F
2 bl Hhe Salns Gogy w5 @ axgi bl o)lil &5 el
ol 2l ey o o (Saalios )3, 5l lgise <63 g b amalie
Sk Sk bl L8, ks agh cnl o s ren 405 5 B0
ool b bl Sl L8, (g5l Jae el 483 15 ) 050 5 e
Gl il sy 3 5 o sl o9 i (58 ol alld ]
Seppge @ Olgee [ bl e (IS ek 4wl (See g
oolainl 5590 4l SYoles dslol ;0 0,5 cuunds [ 3logisST g plo ¢l nlel
el 0dl 00ls s Jlaisl 4 o isn cpl 51 SG o 6l

A ool A E 053 AYAY QLT (yurde Silse i


https://dorl.net/dor/20.1001.1.10275940.1393.14.8.20.3
https://mme.modares.ac.ir/article-15-10931-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-24 ]

[ DOR: 20.1001.1.10275940.1393.14.8.20.3 ]

oblsed 9 solag e

U3 3l gle) 03 YRy 32055 b SIU ()95 9 i )5 JSaw SIS 3 yShes )

Al b s CoS Glonir gyl este Oley o oy Jl sl o
&8 hee cilize glayially 5 S 93 (nl (255Gl ogru las 518
o ot @l e ol A-Sisla IS 40 Sglite sl a5 (gl o]
8l SzS b e Sl @ 08 ads S inl Gl |y il et
el Sl ol yo JSow (1S 3 S8l 5l 1aS (oS (oS 5SS W5
255 S 5 e 58 50 sl eyl SzsS sl i o 1
bl et Gl 4 Ll o)y osbre JSew b avalie )3 (5L (ol
ol (o5 S 5l 5 SZ 95 osb e S (uilS 2 8NS5 g Lt
WS s bawgie Glal et ;5 a5 295 ek 4S8 l ) g5dge (nl e
ey 5 ol Ay 3y Fruly Cae s 4y Bty syl Sl i IS ,8 24
los 4z 51,500 Bk sl S (oS 5§ S 5 Sl S Enly
S 51 5V sl po JSeow 53 Gy Jol sy slooyy 4 (5399 b8
mon 4 83959 o) led (Il e (b i el @ (g e (5 5
L‘JLQ" e o el i S S sl O J8l s, sl
Sk Gl e g oad Jlsb 5o (oS 5 S sl Led S35 0265
93 g waly> (oS § JSew wly 65lLL Ol el &5 095 o0 e
S 635 Jlws &Sl W8S s emsy rl slr e 1) el e
LAl il @ et s el Jo )53 65V ohg Sbe S up il ook s
LG ) walr Vb jiiy (oS 5 S )1 Jlow slos el S g
35 sloygile (lp (oS5 USem Sdib o g0 050> s a5 L]
S g onile b pom o Ol ln 4 53 el (g s JE

aled oy 093 (63 e bl Sl 4 o (gt Gl b

95
Y
“J o3t
-y
),
2
’\5 91t
__3; aol g g 00,ly b
-3 — gs'.".?sjs J‘i:-“"
s 87F L ol S
S
i 30 60 90 120 150
(sec) olej
(<l
1.01r
3
S
N
3
3,
9 0.99-
3
0.98 , . , . ,
: 30 60 90 120 150
(sec) oyl
()
1090r

30 60 90 120 150
(sec) sl
@
oa oy o9 ol (G ool 7 AT ay ool b L AVID 51,k i ¥ JSCS

g Jol oy slooy 4 (5095 slasls sled (7 ool Jloyi e pun (0

A ool A E 053 AYAY QLT (e Silse i

S o g g Jao - F-F
by ype alaly 51,y cnoyes 5l (11,) e Jbu @ Sl Jae sl
2yl (V) aolee Gl .ol ouns solitl Vol

2
e [ i )
P

)
P> Vin om0 Sl Za 5 699y B SLaS Pouc 5 P ol o oS
Oly dlme Gl Grizren ool (st <l €y 095, pgate

el o o8l (V) abasl 51 e mysd ozgy>
w  =mu, (b, —h,) 8D
Cashy Oliee 4 azg by Col Gy Sigs il 00jl e Ol o &
0,5 o0 dulie ()85 Wy, S )0 5 ey Sl TS S 50 osz e
dmlns 0975 55 9 )l Geysd il S a0 i Sl sl
oo oloy o 0,5 axzlye Al a2 o & Bl e T Sigg il ool
abii & Shs el jLad aizdl lad Jpus gl Gulul p B Gn s
g SYoles dcgezme (Jodo (e 4y g wlss Aty e )8
A0 g pleyed Sz a4l (V) B S¥oles ) Lk Shs 5 5l

Ngd Jo Y (5550 blpd (58,5

b sl dud gl -0

90 o5 5 IS 5§ Sl Cgb e S 8 Sles anlio g (o) p &l
el ot 48 S 5 s il (g9 L

N
91t
RN
3
+2. 89
) sl ag oy 5l
Bl e Stad S
=
3‘0 60 90 1é0 150
(sec) ole;
(4h
1.01r
- @SJ:JS-H‘

(sec) ole;
()
1070
(=)
L
&
B
- F S
S S
1040 30 60 ) 120 150
(sec) ylos
@

oads Jloyi ozg,5 (g (@l (ol b7 A0y (ol JL T AVID 5 5L pois 7 Sl

g Jol oy slooy 4 (5895 slasls sled (7 oo Jloyi e pn (0

1- Stodola


https://dorl.net/dor/20.1001.1.10275940.1393.14.8.20.3
https://mme.modares.ac.ir/article-15-10931-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-24 ]

[ DOR: 20.1001.1.10275940.1393.14.8.20.3 ]

oblsed 9 solag e

U3 3l gle) 03 YRy 32055 b SIU ()95 9 i )5 JSaw SIS 3 yShes )

e &5 el (S S 51 e il 99 0995 ol 51 (B 0 g se
S ;0 a5 00,8 ol 4S5l s oyl ol clde il az g LIl

Lol YL 51 50 515 Sl o9 o )5

S5 o -7

2l b Guils 3 28l e o ()T 4 aly sla S 5 G55 ey 0 Shae
Gy Oly Sl fals 5 0o Dglite Glgs a5 gl sleeanSadss
4 anal HOS5 50 Al glaaly () Slgiee eSSl ley o ]
28l gloy o ol 4 dly Sl S 5 5 g 0Shes S (ren
Rl 0 055 B sy 0550 el g Sl Sl iy b LWl
(Sl JSm) S 3,5 L 38 Gms 9 o5 5 S 3 es dlie
Sl gley 0wl 35 Gy wl p sledSew Giinte 3l &S
Ol ln el 48515 alie 5 oy p 990 )35 Slajgile 5 (15 2
gl Shee g ool (Hb SS9 Gl elal p alis wly g0 jolate
L olgse |y ol @S o5l 485 15 ) 050 cilide (glag )l
2,5 4 ;&g

I FS2S 55 S WS SElSasS Glah e Gl -
o8 Sl S g bawgie lajl i sl Ll el Gsbye JSen
Lol S5 S 5 S

Ole) 5° (o255 S & S 555 3, es (Sl sl pe S -
BB le ke ;o @olas @y alis ol e o e o)l Luils 8 cdl
S 99 65 Jlew o3as b5 o 9 IS lajgile jo (uyiws
89,5 o3k

il Lol el (oS 5 IS 51 VL b o S ) Sl slod -
IS 5l 55 o255 IS 50 65 Jlow slod 5t cplyy Sl oS

Lol b e

e S yg8 - Y

KjkgLK1) o5 slo S o o
kgs1) cogw (20 fuel
30 paS gl sy sl asls 16v
(kg.st) 2 m

(rad.st) Jlyse sy N

(kgms?) Lud

Slid cas Pr

X) Lea T

() (e85 Jsl sy booyy 4 (9995 slo) (sleo TIT
WK1 &> sl oo b UA
W) olgs W

Uy e

S Dlaike B

proes) A

ool n

59 Glo Sl pd o Y

s 6¥L

st Ll *

95r
3
B
.'\ -----
A\,
2
§, ot
. asly 4500 g b
% 89 .
] — 5P S
° 87 ] S
S . JSos
i 30 60 90 120 150
(sec) ;o
(=l
1.01p
— eSS S
ol S
120 150

1200r

1160r

7IT (°C)

1100r

1040 30 60 ‘ ) :
(sec) o

@
IS bl £0,5)sal b 7 AVID ay b b L AVIS 51 e A JSSB
sl gl (g oad Jloy cep (@ ond Jloy (25 Oy (A (55
Omg Jgl i3 sl 4 (6899

18-
s 168 — eSS
A
T{L 14r ~
e S

L I I L

60 65 70 75 80 85 90 95 100

L L

(rasly Lo Ll
IS 5 555 s 51005 Lags Joons B s s 510 4 S
o (sl > Satl b e

S Gy Jgl sy slooy 4 (50555 o35 sled (s e 4
2 a5 a5 sbl o

=5 P S bags Jood BB aly Jb s SiSTa> pgs (g9l jo

S b lod ool ond 4odE A S 4 il sla b 4o Sloboee o]

A s Gy 0,Nas Sl Csbye S Canl el 5 JSG 0

o sl e 08es (nl o)y GLSL bl s 5o (oS5 S

A ool A E 053 AYAY QLT (yurde Silse i


https://dorl.net/dor/20.1001.1.10275940.1393.14.8.20.3
https://mme.modares.ac.ir/article-15-10931-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-24 ]

[ DOR: 20.1001.1.10275940.1393.14.8.20.3 ]

oblsed 9 solag e

U3 3l gle) 03 YRy 32055 b SIU ()95 9 i )5 JSaw SIS 3 yShes )

&lp-A

[1] Dynamic models for combined cycle plants in power system studies, [EEE
Transactions on Power Systems, Vol. 9, No. 3, pp. 1698-1708, 1994.

[2] E. F. Camacho, T. Samad, M. Garcia-Sanz, I. Hiskens, Control for
Renewable Energy and Smart Grids. In The Impact of Control Technology,
IEEE Control Systems Society, pp. 96-88, 2011.

[3] N. Kakimoto, K. Baba, Performance of gas turbine-based plants during
frequency drops, IEEE Transactions on Power Systems, Vol. 18, No. 3, pp.
1110-1115,2003.

[4] G. Lalor, M. O'Malley, Frequency control on an island power system with
increasing proportions of combined cycle gas turbines, In Proceeding of
Power Tech Conference, Bologna, Italy, June 2003, .

[5] G. Lalor, J. Ritchie, D. Flynn, M. ]. 0'Malley, The Impact of Combined-Cycle
Gas Turbine Short-Term Dynamics on Frequency Control, [EEE
Transactions on Power Systems, Vol. 20, No. 3, pp. 1456-1464, 2005.

[6] P. P. Walsh, P. Fletcher, Gas Turbine Performance, 2nd ed., Oxford, UK:
Blackwell Science Ltd, 2006.

[7] L. G. Rice, Steam-Injected Gas Turbine Analysis: Steam Rates, Journal of
Engineering for Gas Turbines and Power, Vol. 117, No. 2, pp. 347-353,
1995.

[8] R. Kehlhofer, B. Rukes, F. Hannemann, F. Stirnimann, Combined - Cycle Gas
& Steam Turbine Power Plants, 3rd ed., Oklahoma, USA: pennWell
Corporation, 2009.

[9] M. Jonsson, J. Yan, Humidified gas turbines: a review of proposed and
implemented cycles, Energy, Vol. 30, No. 7, pp. 1013-1078, 2005.

[10] W. 1. Rowen, Simplified Mathematical Representations of Heavy-Duty
Gas Turbines, Journal for Engineering for Power, Vol. 105, No. 4, pp. 865-
869, 1983.

[11] S. Bahrami, A. Ghaffari, M. Thern, Improving the Transient Performance
of the Gas Turbine by Steam Injection during Frequency Dips, Energies,
Vol. 6, No. 10, pp. 5283-5296.

A ool A E 053 AYAY QLT (e Silse i

B g2 )

Le 0

lg2 air
)9**’)““5 c
s3begisS] eco
S eva
odig; b d
» g
29,9 in
S m
bolso mix
Qo> new
] old
ST out
oy Yk r
IR R SH
S st
Bl ol w
\#


https://dorl.net/dor/20.1001.1.10275940.1393.14.8.20.3
https://mme.modares.ac.ir/article-15-10931-en.html
http://www.tcpdf.org

