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Robust Speed Control of Marine Gas Turbine Engines
Using Fuzzy-PID Technique

Yun-Hyung Lee

Department of Marine Engineering, Graduate School

Aorea Maritime University

Abstract

Since the first naval ship propelled by a gas turbine engine was operated
in 1947, gas turbine engines have been developed rapidly until today. Gas
turbine engines in the commercial marine field, however, have not gained as
much attention as other fields such as aerospace, power plant industries and
naval ship. Recently gas turbine engines have increasingly been utilized as
commercial marine engine. The primary reasons are the engine’'s Ilow
weight, low volume, high availability, low first cost, and acceptable
operating costs.

The gas turbine engines, in general, are operated in operating points
which have the highest TIT(Turbine Inlet Temperature) and CDP(Compressor
Discharge Pressure) for thermal efficiency. And when gas turbine engine
accelerates and decelerates, that is transient condition, compressor tend to
move close to the surge line. If the gas turbine engine is accelerated from
design point to other operating point, front stages of compressor are to stall
and rear stages to choke. On the contrary when the gas turbine engine is
decelerated, rear stages are to stall and front stages to choke. Besides the
system parameters of the gas turbine engine, such as time constant and
gain etc., get changed remarkably in real operating condition. It means that

operators must consider to these operating environment and suitably control



fuel flow which is unique control input.

Although in this paper the author merely deals with system parameter
change with the exception of transient condition, the conventional controller,
such as a PID controller based on fixed parameters, could not guarantee the
robustness and good control performance in the aspect of system parameter
changes caused by the change of operating condition.

The author, therefore, propose a fuzzy-PID controller which combines PID
control and fuzzy technique to obtain the good performance of gas turbine
engine speed control system on the whole operating range.

To combine the PID controller with fuzzy logic, at first, the sub-PID
controller is designed at each speed mode, whose parameters are optimally
adjusted using a RCGA. Then fuzzy "If~Then"” rules combine the sub-PID
controllers as a consequence part.

Finally, the effectiveness of the proposed fuzzy-PID controller is verified

through computer simulation.



Nomenclature

A A Fuzzy sets

A Fuzzy sets

A, Cross sectional area of fuel metering valve orifice
A,B,C Matrix

CDP Compressor Discharge Pressure

c,C Fuzzy sets

Cqy Flow coefficient

Cp Specific heat at constant pressure
F!F%F? Membership function

G Fuel flow to combustor

| Polar inertial moment of gas generator
J Mechanical equivalent of heat

Jm Inertial moment of DC actuator motor
K, Amplifier gain

K, Back emf coefficient

Kp Derivative gain

Ky Gain of gas turbine engine

K; Integral gain

K,. Gain of metering valve

Ky Proportional gain

Kp Proportional gain

Kie Feedback gain of tacho-generator

Koy Feedback gain of DC actuator motor angle
K, Torque constant

Time delay of gas turbine engine

L, Armature inductance
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m Average of membership function

m, Air flow

m, Combustion gas flow

N¢g Rotation speed of gas generator(or compressor)
q Fuel flow

R, Armature winding resistance

R! ith fuzzy rule

T Number of fuzzy rules

S Specific gravity of fuel

T, Stagnation temperature of ith station

Ty Time constant of gas turbine engine

T, Torque of DC actuator motor

T, Time constant of metering valve

TIT Turbine Inlet Temperature

u Control input

A% Voltage Supplied DC actuator motor

b'e Linguistic variable

X State vector

z Linguistic variable or crisp output

Greek

AP Pressure drop between fuel metering valve orifice
e, Rotor angle of DC actuator motor

pi Firing strength of ith fuzzy rule

o Standard deviation of membership function
To Torque of compressor

Ty Torque of gas generator turbine

0 Rotor angular velocity of gas generator

0 Rotor angular velocity of DC actuator motor
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MAIN FUEL CONTROL
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to pump
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N »
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> valve w| actuator pOSItIOﬂ

Fig. 2.1 Simplified schematic of afuel control system for marine gas turbine engines
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Fig. 2.2 Speed control system of marine gas turbine engines
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Fig. 2.3 Speed and fuel flow of a actual gas turbine engine
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Fig. 2.4 Gains of a gas turbine engine model

Table 2.2 Gains of a gas turbine engine model

Operating Point Speed [rpm] Gain
1 7000 4.57
2 7500 2.97
3 8000 1.82
4 8500 1.13
5 9000 0.98
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Fig. 2.5 Time constants of a gas turbine engine model

Table 2.3 Time constants of a gas turbine engine model

Operating Point Speed [rpm] Time constant
1 7000 3.76
2 7500 3.37
3 8000 1.93
4 8500 1.14
5 9000 0.93
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Table 2.4 Parameters of an actuator system

Symbols Description Value Unit
R, Armature winding resistance 0.25 [V/A]
L, Armature inductance - [H]
T, Torque of a DC actuator motor - [N -m]
em Rotor angle of a DC actuator motor - [rad]
o Angular velocity of a DC actuator motor - [rad/s]
K, Torque constant 0.42042 | [N - m/A]
K, Back emf coefficient 0.42042 |[V - rad/s]
K1y | Feedback gain of a DC actuator motor angle| 10.1368 | [V/rad]
K1 | Feedback gain of tacho-generator 0.03184 |[V - s/rad]
Jn Inertial moment of a DC actuator motor 0.002214|[N - m - s 2]
Ka Gain of amplifier 10 -
Ky Proportional gain 4 -
Tx Integral time 0.5 [s]
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Fig. 3.1 Basic structure of a fuzzy logic controller
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Premise (A x is A’

Implication (7F3) If x is A then z is C (3.1

Consequence (A&) z is C°

I~
=

ro
&
XN

A7NM, x, z& HAAWFH, A AL Cce% Cc= A4 A4
t}.

-

AFez AE A Mg cE Cd TE RS 9gn @

FEo oy e UHoe AgHE FH HHo ue F3I
2 , Tsukamoto] =¥, Takagiot

H
Sugeno?] ®WH, olFHAd o3 FEWS 7|Hto R Fl= Zadehd W,

ol
o
rlr

ol
oX,
=
N
2,
o,
%
ol
i)

B =Ro|xE o] Fo|A Takagi-Sugeno? FEWNS A3t} o] WL
ZF Ao EHol Y- EHo MyPAolu HAH

g0 AFHFoz o Tt o] AGHE AAFHLe et 2ot

Ri: If X1 is Al,i and X9 1S AZ,i and --- and Xn is An,i
(3.2)
then z; = f;(x;,x5,"",X,)
A7, RI(1=1,2,,0) (9A ASI#Aoln, r& F40) Soln
A G=1,2,,n)% B2 AAQE, 2, FAR7E 9de gold)

Fig. 3.2 Takagi-Sugeno?] WH ol 9 298 729 FEH4AHS YEA
Aol ZF HA Ao A9 AYdrs Z o AEAHEANA “min” A4 EE
“product” A4tS& skl F3ka, A (8.
g5 A "k o] FEHE ARG HA o] aglol Algto] AokE = A

R ER!

w
w
w

=
m
o
°

g=—=1— (3.3)
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Fig. 3.2 Inference process of the Takagi-Sugeno method
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3.2 742Eul dRe WA waAY
AgolA dFstgsel A2Eu AR BAHe Wil
A AAe shebviE A Aek WEss] Mol A 545
Bl mde] Wastth o F a4 2gelA] BAH Wz o
N 3HE Aol NAAGRE P
= obaE AR AAgeln, AAR T AgH HA 2%5FF FLELF
= 77 7000[rpm], 8000[rpm], 9000[rpm] 44 =A ) HAFE vl Geh, of
g Ao AN A BH% B 7HHA(Gauss) BFE AHE

L Fig. 3.33% £t

1 , Yy <my
Fl(y) — ( 2 (3.4a)
_ em)” )
‘ exp ( 20, )? )5 yo=m,
o 2
F2(y) :exp(*b’—mg)) (3.4b)
2(‘72)
_ 2
, Jexp(— (y2( m)32) ),y = m;
Fi(y) = % (3.4c)
1 1 , Yy >my
7NA, v ZhaEE AR sldg, miek oi(i=1,2,3) 74 2%5Se]
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Membership grade
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Fig. 3.3 Fuzzy partitions of the input space
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A (215a)¢] FH WAA S AAATHE 4 (35)9F #o] Takagi-Sugeno?]

2 Fez ded gl
If yis F',then x (t)=A'x(t)+B'u(t—L") (3.52)
If yis F2,then x (t)=A%x(t)+B2u(t—L?%) (3.5b)
If yis F?, then x (t)=A°*x (t)+B%u(t—L?) (3.5¢)
3714, Atet B (i=1,2,3)= 247 &9 BRAHN Azw gda} g

duE g v, LiG=1,23)s A%t

T 292 7t Hdste] A (36)3 #o] FEH

o

o

EERE

ﬂ,{

- 27 -



' _Zpi [Aix (t) +Blu(t—L")]
x (t) == 7 (3.6)

A71A, pli=1,2,3)= ivA4 2 7dxs deuyn, 4 3737 2o
A 2k o 7 o}

p'=F'(y) (3.7)

]

1

i Gas turbine
i engine model 1
i

1

1

Gasturbine Fuzzy

— . >
engine model 2 Inference

Gasturbine
engine model 3

400

Membership
function

Fig. 3.4 Fuzzy model of a gas turbine engine
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3.3 RCGA 7|99 PID Aloj7] &%

PID A7l ofe] 7hA ©@de] A A5 a0 9l7]= shA R vk kel Alo) A
T YEHA i, @Y TeaAsodA HE Aser] wWiel dAzkA =
Aol A 7HE wol AAgE L e Aoj7lojth 7F2=E R Ao Aojo =
=9 FADEC(Full Authority Digital Electrical Controller)o] @& 7id o] A 2% 7]
oA = FFASE PID Alol71E A& s8R THI)

Ho=Fo A 72 AR PID A7l 5F+ G4 E T8 FoAA %
=

2

)

AolA HHozg gAd = e FALIYF(GA)S o] &3, ALy
2 1975 J. H. Holland[17]7} A¢tat Aoz RzAye FA8ds dugs

Few FEE A3 FAZE Fo ol o2 TEA] A4 a7t 2 7
sdwols 2e fd AVAE AFEo

MNAE WFsta[18], ol5 zroll ARE wgksto] Hd el ZHAZE sl 77t

olr
ox
)
hacs
rlr
N,
mt)
=,
>
2
oX
2
El
=)

-

2 A8HE ZEwHAd wE A o] =Z Y (Binary
coding), 2439 (Real number coding), 7] & 39 (Symbolic coding)®| 37}A

e, A¥ Ao AMAE FHeti=u HE Bol AgHole Y

-

=
M oldad FAWolr. Zeup FAFIol AAY, n LR 7 2aF
G, Aol EAT ARodl= @A dolE AA slof stal o= A4k
Feow yeur, 4 weA s F4E E7ke A do19] weA B o=
9 S5t Agxzdol U=
Atole AP Adead Fd23e F(Real coded genetic algorithm)S AH&-
stk RCGAx 9 A Al (Chromosome) & A= RS, dA4A] A+ 4
ZHGene)E PID Alol7] Aot daid =2 of 3 A2t
Fig. 35% RCGAE ol &3to] T2 H2 Al=d sgpugr 148l Aqn
do] PID Aoj7] %A L vely, 7000[rpm], 8000[rpm], 9000[rpm]e &
Aol A Fx2E Ael71E 27 PIDi, PIDy, PID;Eka Aol gheh. ojul RCGAE
ol BAgE A4 HEE PID Aol AFE Folxl oA g

o},
J= "’ e(t)|dt 3
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Fig. 3.5 RCGA-based tuning of the PID controller on local models

EE, HAEd M= ¢et AT HUIRFE ARl RCGAE PID
A7 8 Fxeh Fig. 8362 o] & AL vERUH, 7000[rpm], 8000[rpml],
9000[rpm]e] F2HolA FxFH Aoj7]|= Z+7ZL sub-PID;, sub-PIDs, sub-PID3;
gt A olstr] = gkt

—» RCGA

—+—»{ PID}controller »| Fuzzy model >

A

Fig. 3.6 RCGA-based tuning of the PID controller on the fuzzy model
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3.4 H A -PID A o]7]

HA-PID Alo7]5 AAs7] HaliA WA 7F=ERl dzle] dA 365 o
o FEAS dedE HAARDS ek, 7 s gidl sub-PID; Alo] 7]
(i=1,2,3)% RCGAE o] &3l AAs ATt

ol Al Zbz2E Wl <ol B grE wEghe] wel PID Aloj7] AlgvE WA HE
= sub-PID; Al0]7](=123) &< AAZAE @vh. webA o] 5% “If-then”
FHRog A% 4+ J1u, AXAEDS Fote WHI F U A Takagi-Sugeno

B =
mdg tedt o] el 5 gl

R' : If yis F', then u'(t) :Klie(t)+Kf/e(t)dt+K]i)ded(tt) (3.9)

R
_vg
>
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)
y
)
N
2
N
1o
i
i
rlo
v
lo
A
e
©
A
ru
i,
k)

u(t) = +—5—— (3.10)

A7A, pl(i=1,23)= 184 #4 7ld=s deue, 4 3113 2o
Ak o

pl=F(y) (3.11)
Fig. 3.7 A -PID Ao]719] Fx HAA Al="E Ho]FEr
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Fig. 3.7 Schematic diagram of the fuzzy-PID control system




A 473 Asdo R nF

4.1 PID Aloj7]9 HH F=x

A 3 FARAAAA T3 Alze seuEzt nHE AGrde sl
PID; A1¢]17](=12,3)2 RCGAR Ex&t} olu] ALg¥ RCGAY wAdFE F
thel =7] 40, AAA A 17, we) BFE 09, SAwWo] 35 010t} Table
41& &2 PID A7l A+S HET, Fig. 418 2 345 e dG,

S0 g HA-PID Alo]7] AAe 49 A2 tls sub-PID; #o]7]

(i=123)2 R =7] 30, AR A5 18 ww) &5 09, =d¥o]l & 01
o] RCGA /M52 Alasto] ABd oS a3l Table 42 9 Fig. 42%
Zzk Fx¥ PID Alo}7] As% £ #A4S eI

A EH ol A3} RCGAE PID: Alol7] 9} sub-PID; Alo17] 5% 404t A5
o)A #Ae PID AFE ot 3l

Table 4.1 PID parameters on the local models

Speed 7000[rpml] 8000[rpm] 9000[rpm]
Parameters
Kp 4795537 4.485099 5.499978
PID; (i=1,2,3)
K, 0.947086 2.073660 4.884353
controller
Kp 0.923248 0.398024 0.214779

Table 4.2 PID parameters on the fuzzy model

Speed 7000[rpm] 8000[rpm] 9000[rpm]
Parameters
Kp 3.041822 3.094625 3.792497
sub-PID; (i=1,2,3)
K, 1.370627 1.982646 2.335634
controller
Ky 0.546101 0.322003 0.000296
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PID parameters PID parameters

PID parameters

100
Generation

(a) PID; controller tuning on the local model 1

0 10 20 30 40 50 60 70 80 90 100
Generation

(b) PID: controller tuning on the local model 2

.........................................................................................

100
Generation

(¢c) PID;3 controller tuning on the local model 3
Fig. 4.1 PID; controller parameter tuning using a RCGA
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PID parameters

90 100
Generation

(a) sub-PID; controller tuning on the fuzzy model

PID parameters

40 50 60 70 80 90 100
Generation

(b) sub-PID: controller tuning on the fuzzy model

PID parameters

100
Generation

(c) sub-PID;3 controller tuning on the fuzzy model
Fig. 4.2 sub-PID; controller parameter tuning using a RCGA
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)

Z R IR 4
421 AQgrdo A Fx3 PID; Alol7]
Fig. 43~Fig. 45 2ol wet Al=d gen g7 248 A gl A
RCGA® sx% PID; Alo17], PID: Ao} 7], PIDs Ao 7ol whg &g A o7
=95 vEhd Aotk vl RAHo®m o AojrlE e T4
& FA YERY ST
Fig. 43& PID; Alel71& 7 A5 99 A8d o= 8000lrpm]t
9000[rpm] E& A= AAAH =

9tk 531, 9000[rpm] T&A M= 1527 A% A =gsx 3
T odoH, Aoy 92 A A"E wolu 9l

= o
Fig. 44% PID: A0171% A 3145 9o 4442 A2 7000lpm] %7
Holdes SHFEZE 24 289, 9000[rpm] 5

[oJRNe] I~
Zbo] =& ¢ & 9.

Ao e AAAANEH ZEA

npAuro 2 Fig. 45% PID; A71& A 3dF G HEAz A=
7000[rpm]¥} 8000[rpm] T2 - oA @8] & LHFEZ HAL JFS &

A& glen, 53 7000lrpm] FF AN M= A FdHE= LA
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(b) Control input
Fig. 4.3 Step response using PID; controller on the local models
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Fig. 4.4 Step response using PID: controller on the local models

_38_



Speed [103 rpm]

Control input [V]

10.0

T :

4 W O O B
I N P ! L -

oo |
7.5- /\v -------------------------------------------------------------
k \/ : : : : : : :
0
S S T T e

6.0 — ' ,
0 5 10 15 20 25 30 35 40 45
Time [sec]

(a) Step response

24

20 N N T2 )

=
()]

[y
N

(o]

...............................................................

e B A
0 5 10 15 20 25 30 35 40 45
Time [sec]
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Fig. 4.5 Step response using PID3; controller on the local models
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422 AARD X FxIF sub-PID; Alo]7]

Fig. 46~Fig. 482 AR F2HHZ RCGAE A&3ste Tx4
sub-PID; Ao} 7], sub-PID; Al o] 7], sub-PID; Ao} 710l thit S-e3} Alo]7] &
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734 % e AT
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Control input [V]
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(b) Control input

Fig. 4.6 Step response and control input using sub-PID; controller

on the fuzzy model
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Speed [10" rpm]

Control input [V]
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(b) Control input

Fig. 4.7 Step response and control input using sub-PID2 controller

on the fuzzy model
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(b) Control input

Fig. 4.8 Step response and control input using sub-PIDs controller

on the fuzzy model
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423 AA R D] g3 3 X -PID A|o]”]
AF7A ARE vhel gol Axw® st ndH AdRE HAw

of el 5P EARAA ExE PID Ao71E o] g A FAs oL

I
23k sub-PID; Ao} 7] (i=1
01

1% o] g5l waﬂ A7

Speed [103 rpm]
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Fig. 4.9 Step response using the Fuzzy-PID controller on the fuzzy model
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4.2.4 3 A -PID, PID;, sub-PID; Alo]7]o] & 3¢ wlu

Fig. 410~TFig. 4.12% A -PID #Aloj7]19] 945 AEs 7] A% Aoz
Ske 1 RCGA® 5x% PID:; Alo}7]¢ sub-PID: Alo}7]& A 3dF F
Agska, o8 HA-PID Ale]7]e vaste] e el 7be A4 of
TxE Ae7lE vugoer AT of= PIDp Aloj7] ¢ PID; Alol7] ¥
sub-PID; Alo]7] ¢} sub-PID; Aloj7]= Txd T24-E Hojuwd $@A4%
ol @A3 v wlangoz Adelsty)d = gl AelA Xshr] wiolth

PID; Ao} 7] ¢} sub-PID: Al o]7] &€& o] 1qlel AAsA7] wfo] 7]
M HA-PID Aloj719 E9ws 2 1989 (b)ol] YEY 2 o

Fig. 4102 7000[rpm] F#3elAe $w& et Slvk. PID: Ao} 7] ¢t
sub-PID; Alo17] 2% At oW FEZ} HAeL o, E3] sub-PID: Al
o7l Wi 2 oW HFEZ BAska lrk whd el ¥ A -PID Alo}7]lE ofF &
& oW FEY A i, AANH EEAE w2 As Fd T+ 9
. Fig. 411 8000[rpm] &2 HolA e SHS YE WD A= A2 PID; A
°]7]1¢} sub-PID: Aloj7]= o FAF A RCGARE &
-PID Alo]7] ®Wt} %5
7h~ENlY 5EAE ngste) AZggw Jm egk SExojgty & ke gl
Fig. 412% 9000[rpm] T2 A el &9& vERH 9lo
PID, Ao} 718k A -PID Ao}zl $%o] Ae & -l
U sub-PID: Alo}71= A< A 7 (Rising time)® A4 =2 A7o] A3

cd 2o dee & 5 Ak

=

=]
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responses and control input of the Fuzzy-PID controller
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Fig. 4.11 Step responses and control input of the Fuzzy-PID controller
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Fig. 4.12 Step responses and control input of the Fuzzy-PID controller
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Fig. 4.13 Responses of the PID; controller to a disturbance change
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