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Abstract : The aim of this paper is to design an adaptive speed control system of a
marine diesel engine by fusion of hard computing based proportional integral
derivative (PID) control and soft computing based fuzzy control methods. The model of
a marine diesel engine is considered as a typical non oscillatory, second order
system. When its model and the actual marine diesel engine are not matched, it is
hard to control the speed of the marine diesel engine. Therefore, this paper proposes
two methods in order to obtain the speed control characteristics of a marine diesel
engine. One is an efficient method to determine the PID control parameters of the
nominal model of a marine diesel engine. Second is a reference adaptive speed control
method that uses a fuzzy controller and derivative operator for tracking the nominal
model of the marine diesel engine. It was found that the proposed PID parameters
adjustment method is better than the Ziegler& Nichols' method, and that a model
reference adaptive control is superior to using only PID controller. The improved
control method proposed here, could be applied to other systems when a model of a
system does not match the actual system.

Key words : Marine diesel engine, PID control, Model reference adaptive control,
Derivative controller, Fuzzy logic, Adaptive speed control system

1. Introduction fuel index jiggling, and they also have

the problem of the delay time related to

Recently, marine diesel engines have fuel injection system. Furthermore, the
become low speed and long stroke devices values of parameters for a marine diesel
in order to reduce the fuel consumption. engine vary widely according to the
But, these kinds of marine diesel engines operating range, and it is very difficult to
have problems with severe frictional wear  find out the exact parameter values for
of operating parts of the fuel rack due to marine diesel engine’’. In the past. a
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hydro mechanical governor had fixed
parameter values for controller and a
algorithm  such as
Therefore, the

governors were unable to achieve the

simple  control

proportional  control.
effective speed control of a marine diesel
engine. As a counter measure to solve
the above problem, digital. governors
using microcomputer were developed,
and are now used in some marine vessels.
So far, many digital governors use PID
control algorithm™® to regulate the speed
diesel

performance characteristics of this kind

of a marine engine® ™, The
of PID controller are changed remarkably
by the adjustment of the parameters of
the controller. Hence. the adjustment of
parameters of the PID controller is very
essential. Ziegler & Nichols' method'
has been used in order to adjust the
parameters of the PID controller, and a
method that minimizes the value of the
criterion function by the adjustment of
PID parameters has been utilized™. In
addition to the above, nowadays. several
kinds of speed control method such as LQ
(Linear quadratic) optimal control'™ %
adaptive speed control by the nominal
tracking system model™® . speed control by
the fuzzy PID controller or neural network
PID controller™ 19 are suggested.

In this paper. the model of a marine
diesel engine is considered as a typical
non-oscillatory, second-order system. A
new parameter adjusting method is
proposed for PID controller to be suitable
for speed control. The system which
consists of PID controller and marine
diesel engine model is regarded as a
nominal model. This also suggests that

even when the model does not match the

actual marine diesel engine, the adaptive
speed controller based on fuzzy logic for
tracking of the nominal model can control
the speed of the marine diesel engine
more effectively. The results of the unit
step responses show that this proposed
method has a superior response charac-
teristics compared with Ziegler & Nichols'
method. In addition. the proposed whole
system which consists of the nominal
system model and the tracking system for
a better
sensitivity in the unit step responses

nominal model shows speed

with no overshoot.

2. Modeling and control system of
marine diesel engine

Generally, a marine diesel engine

system consists of two parts: combus-
tion part and rotating part. Therefore,
the marine diesel engine model is
considered as two first order systems
with steady state gains (Kr, K;) and time

constants (Tr, 7;) as shown in Fig. 1.

disturbance

e [, e
v | e é L v
U+7,9) (=79 rotating - speed

combustion— part rotating — part

Fig. 1 Block diagram of a marine diesel engine

2.1 Adiustment of PID Parameters

Fig. 2 indicates a general block diagram
for PID control system which is described
by

K _
. 1 :
Gc(S) :AP(1+T5;+ Tds) (2)
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K,
Gm(S): (1+Tf03)(1+ I;DS) (3)
Yis) _ G(s)G,(s)
v~ Y T Trama o) )
I}OTY'O 7-;
];:Tfo+Tro7Td: T ’[(p:KT (5)
Gls) = 6)
ST+ 1)

Here, Go(s) is the transfer function of
an actual marine diesel engine. G.(s) is
the transfer function of PID controller
(K,
(T) and derivative time

consisting of proportional gain
integral time
(Ts). K in (1) indicates the steady state
gain of the marine diesel engine.
Actually, it is difficult to determine the
parameters of Gp(s). Assuming that when
finding out exactly the values of parame-
ters of Go(s), the exact parameters of
Gp(s) are K, Tw and Ty, and Gm(s)
implies the model of Gu(s). If Gu(s) is

replaced by Gan(s) in Fig. 2, the overall

closed transfer function G(s) of this PID
control system is given by (4). Further-
more, if the parameters of PID controller
are adjusted according to (5), the overall
transfer function G(s) of this PID control
system is rewritten as (6) that indicates
a first order time delay system in which
the steady state gain is one and the time

constant is Th.

disturbane

/ '

PID . Diesel Engines

Pe e | rs)
reference | controller. Model- actual
speed - , speed

G.(s) G, (s

Fig. 2 PID control system

2.2. Nominal Model Adaptive Speed Control System

2.2.1. System Configuration

If Gu(s) equals Gp(s). the speed of a
marine diesel engine will be effectively
controlled by adjusting the PID parame-
But, Gan(s) is
rarely equivalent to G,(s) in the actual

ters as shown earlier.

situation due to factors such as engine

modeling error, variation of the operating

e 1 [ it 1
| i | |
| T 1 |
| | | |
| | | |
[ I | e [
i 1 r !
| | 1 |
| | I |
Pt e | ap Uy K, Yl 1! Fuzzy S
: Controller (5 T,0s) 1+ Tp9) r T Controlier T (+z,0)(147,5) :
— i |
| | | . |
: GC(S) Gm(S) : : ! | GD(S) :
| 1

: Model of controlled system : : | Kd S | _CoerHEd system :
i ] T i ]
| i | D i
| I |
| 1 |

] 1

Nominal model

Tracking system for nominal model

Fig. 3 Nominal model adaptive speed control system.
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and environmental conditions and distur-
bances. In order to compensate for the
differences between Gn(s) and Go(s), a
model reference adaptive control system
(MRAC)"¥ i{s added to PID feedback
system as shown in Fig. 3. Tracking
system for nominal model consists of the
adaptive controller (G.(s)) and controlled
system (Gp(s)). The adaptive controller
and a

consists of a fuzzy controller

derivative controller.

2.2.2. Characteristics of the Tracking
System for Nominal Model

Fig. 4 shows the equivalent transfor-

of the

nominal model between Yi(s) and Yu(s).

mation tracking system for

Here,
1
G ()=l+——"—
G, ()G, (s) (7)
where, G:(s) obtained from Fig. 3

corresponds to the set point for the

tracking system for nominal model.
Generally, G,(s) which includes the phase
lead element, has the function of
prediction. The overall transfer function,

Gr(s) in Fig. 4 is given by

Gr(s)= L) =1+ l % (S)_GM@J
Y.(s) 1+G, (S)Gp (s) G, (5) (8)
DGs),,

PG )‘ ‘+’QH (AL JO—' G,(s)
Fig. 4 Equivalent block diagram of tracking system
for nominal model.

If the deviation between the input
(ym(t)) and output (y.(t)) is defined as

e(t), the output of the nominal tracking
system can be written as

Ya(t):Ym(t)+e(t) (9)

-]
where, e(t)=L" | " |[1+G,»)G,() G,(s) :
If Go(s) equals Gn(s), e(t) becomes zero,
Vm(t) va(t).
Although theoretically possible, Gy(s)
rarely equals Gn(s) in the actual system,

namely, always equals

and the gain of adaptive controller cannot
be infinite because perfect conditions
cannot be met. Therefore, the adaptive
controller needs to include the function
of integrator to eliminate the offset in

the nominal tracking system model.

2.2.3. Design of adaptive controller

A tracking system for nominal model is
designed to perform two functions. One is
the function of an integrator in order to
eliminate the steady state error of system,
the other is the function of a derivative
controller to reduce the hunting of the
tracking system for nominal model. The
design method of the adaptive controller
by H. control theory was given in"'". This
method is superior in terms of the system
stability and robustness. But, H. control
theory is not recommended in terms of
sensitivity and reduced
in this

combining a fuzzy

the speed

overshoot. Hence, paper, an
adaptive controller
controller with a derivative controller is
proposed as shown in Fig. 5. A relatively

(17

simple fuzzy controller used in this

study  takes care of insufficient
information of controlled system, and a
derivative controller plays the role of
reducing the hunting caused by the

integral action of the fuzzy controller.
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[T T T T T T T Also, control rule R' and R® act com-
| e Fuzzyeomsolr . o _

| ! plementarily within the region A and C
Ve I | Fuzzyinput £, AE, | Puzzylogic | Av, (91-(13)

™ generator controller > .
(N The simple membership functions for
i .

| the antecedent portion (P and P’) and
\ Derivative controller . .

| consequent portion (N and N') are given
__________ Adaptive coroller by

Fig. 5 Block diagram of adaptive controller.
Antecedent ' P(x)=(1+x)/2. N(x)=P(x)(15)
The input variables (E; . AE). output (A
U?) of the fuzzy logic controller and the Consequent : P'(x)=x, N'(x)=P'(x) (16)

output (u;) of the integrator are given by

Region
Ei:ea (j)/emax, AEi:Aea (j)/AemaX (11) " A H B : c L
2 P ; Reference
[o}
o
AUi=Au(i)/Atmax, ui=uir+Au;, ui=u(ih) (12) o
_Tg e, Region A : Ae, ()= e,()-e,(i-1) < 0
. . . £ Region B :e (<0, 4 e (i< 0
In equation(11), e.(i) means e.(ih), B (1pg RESIONC e (<0 4 e 0
. e, (i-1)> . S g
and h is sampling time and Ae.(i) equals Region D e (i)>0, A e (i)> 0
e (i) —e (i—1) _ .
———— . Also, e.(t) is the devia- Time

h

tion between ideal response of the Fig. 6 Control logic according to the region

inal i del ym(t d trolled . . .
no'mlna engine model ().afl controte Fig. 7 illustrates the membership func-
object output y.(t). In addition, emax , A i .

. tions. The output of fuzzy controller is
emax and Aupax take the maximum .

) o given by
estimated values used for normalization.

Here, fuzzy input space is divided into 01 =P(E)APUE"). w:=N(EL)APUE) (17)
two simple control rules:

AUi= (w1P'(w1) +02N'(w2))/(w; +w32) (18)
Control rule 1 : R'=If E; is P and AE; is P

then AU; is P, (13) These equations are obtained by sim-

plifying the fuzzy inference suggested by
Control rule 2 : R = If E;i is N and AE; s Tgukamoto'® .

N then AU; is N (14)

Negalive Positive Negative Positive

i 1

P and P’ indicate the positive fuzzy
variables, and N and N’ indicate negative
fuzzy variables. Fig. 6 shows the response o ( < v \
that fuzzy controller will follow according
to the IF-THEN type control rules (R’
K% . R' is the control rule for region D.

4E, B, ] -1 X, 0 ¥ 1
(4, E) (av,)

and R? is the control rule for region B. Fig. 7 Membership functions
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In (17), wiand w2 denote the grades to
control rule B!, R and 4 denotes minimum
operator, E and AE’ denote the crisp
information to be obtained from the
control object. Equation (18) shows the
output of the fuzzy logic controller. In
equation (18), P'{w;) equals x; and N'(wz)
equals xz. Accordingly. the input of actual
controlled object can be expressed as

Uam (i) =Ua (i) +um(i)=u(i) +KgAeq (1)/h +Uum (i)
(19)

where, Ky is a gain of derivative
controller, u, is the output of adaptive
controller, and un is the output of PID

controller.

3. SIMULATION and RESULTS

3.1 Controlled System

The B&WA4L80OMC marine diesel engine
in Table 1 is
selected for our present study. Fig. 8
shows the parameters (K=KrK,, Tr . T»
of the marine diesel engine to be obtained
by the calculation method of NORCON

company“g]

with the specifications

using the data of a noload
(e.g.. a vessel without cargo) sea trial
test of the marine diesel engine described
below.

Table 1 Specification of B&WA4L8OMC Marine

Diesel Engine

Bore x Stroke x Cycle

800x2592mmx2cycle

Pmean

18.11 kg/cm®

BHP(MCR)

15,880BHP(at 83RPM)

Moment of inertia

27.130.27 kg - m - sec?

F.O. consumption

125g/BHP - hr

T T
3.5
I Qoo*”“’”m’a“}c?o
L, 301 o S0 1
§ :f DQOOO% T
Gé 25+ C’occ{){}
s ooy, T
g. 20 R
) e,
1=
g 15 -'o%‘.
-1 Oy =
Eoaop M K=K/K,
05
oo’ Tf
0.0 4 L . L .
20 30 40 50 60 70 80
RPM

Fig. 8 Variations of parameters of B&W4L8OMC
marine diesel engine (under no load).

3.2 Simulation and Results

First, when a model of controlled
system and an actual controlled system
do not agree., the simulation for the unit
of the

adaptive speed control system is carried

step response nominal model

out. The sampling time for simulation is
0.05
range

second and the usual operation
of the marine diesel engine is 20
rpm to 83 rpm. Fig. 9 illustrates the
comparison of the unit step responses by
the Ziegler&Nichols'

adjustment method and a proposed PID

PID parameter

parameter adjustment when excluding the
adaptive controller in the Fig. 3. In Fig.
9, C83 means that the parameters of the
PID controller are determined when the
marine diesel engine is operating at 83
rpm, and E20 means that the marine
diesel engine is running at 20 rpm.
C83+E20 means that the parameters of
the PID controller are the values at 83
rpm but the engine operating at 20 rpm.
T is the ideal time constant of closed-loop
nominal model when the proposed PID
parameters adjustment is adopted. Fig.
10 shows the comparison of unit step
responses by the Ziegler&Nichols PID
method and a proposed PID parameter
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adjustment when including the tracking
system for nominal model in the Fig. 3.

T T T N

B by Ziegler&Nichols method |

Indicial responses
[N
o N M O
T

o oo oo
o N A OO ®
.

by proposed PIDparameter adjustment method

100 200 300 400 500
Time (x 0.05 sec)

(=]

Fig. 9 Comparisons of unit step responses excluding
the tracking system for nominal model at C83+E20.

1.2 T T T —r
t by Ziegler&Nichols' PID parameter adjustment
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T=0.5
7=0.2

by proposed PID parameter adjustment

<
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[ndicial responses
=}
)

o
N

0.0

0 100 200 300 400 500
Time (x 0.05 sec)

Fig. 10 Comparisons of unit step responses
including the tracking system for nominal model at

C83+E20.

1.2 Ak}y Zieg]elr&Nichols' PIDI parameter adj\:stmem I
5 1 0 ! \by proposed PID parameter adjustment
é 0.8 d=02 ' 1
£os
0.4

0.2 i

O . O 1 1 1 !

0 100 200 300 400 500

Time(x 0.05 sec)

Fig. 11 Comparisons of unit step responses when
the model of controlled system coincides with the
actual controlled system at C83+E83.

Second, when a model of controlled
system coincides with an actual system,
the simulation for the unit step response
of the nominal model adaptive speed
control system is shown in Fig. 11.

Fig. 12 shows that when a model of
controlled system and an actual controlled
the unit

responses are improved by the adaptive

system do not agree, step

control.

24 —+— C83+E83(by proposed method)

—+— C83-+E20(by proposed method without an adaptive control)

+ CS3+E20(by propased method with an adaptive cootrol)
20 — e CR3+E20oy Ziegler&Nichols'method withous an adaptive cortrol)
—— C83+E20(by Ziegler&Nichols'methiod with an adaptive control)

Indicial responses
N
T

o

3

LQ
«\

04 i}

00 i 1 1 —

0 100 200 300 400 500
Time{ x 0.05 sec)

Fig. 12 Comparisons of unit step responses when
the adaptive control is adopted.

0.16 ——— T T
0141 \by Ziegler&Nichols' PID parameter
: adjustment without an adaptive control {
72}
= +
g 0.12
Q 10 7
o 010
g o by proposed PID parameter adjustment — e
= 0.08- without an adaptive contro) el |
17} ,\,&-,r""'
= 06 o o
8 0.06 ™ by proposed PID parameter adjustment
T
ex™ with an adaptive control p—
2 0.04 e p m“""“"}(M,,...um.
n-“nnxxunnunu"“‘"'"
0.0z ' ' '
0.2 0.4 086 0.8 1.0

Time constant (sec)

Fig. 13 Comparisons of mean square errors (at
C83+E20).

Fig. 13 illustrates the comparison of the
mean square errors when the model of
controlled system does not match the

actual controlled system. Fig. 14 indicates
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the comparison of the mean square control
input when the model of controlled object
and the actual controlled object do not

match.
T T T T

@ 70k

5 |}

(=9 5 ]

£ 60F %

§ “‘g! by Ziegler&Nichols' PID parameter

‘E 50k S / adjustroent without an adaptive control

a?; 40 ’\ S,

= I "‘n.‘,‘ by proposed PID parameter adjustment

= \'“'1.1 e ‘x\;ithanadaptive control

Z 30t S T, ]

S e,

S 2 |- by proposed PID parameter adjustment

z without an adaptive control | .

0.2 04 06 0.8 1.0

Time constant ( x 0.05 sec)

Fig. 14 Comparisons of mean square control inputs
(at C83+E20).

Fig. 13 indicates that when the adaptive
control and the proposed PID parameters
used, the
excluding the

adjustment are errors are
smaller than the cases
adaptive control. Fig. 14 indicates that
when the

proposed PID parameter adjustment are

adaptive control and the
used, the control energy inputs needed
are more than the case excluding an
adaptive control. Furthermore, when the
Ziegler& Nichols's method excluding an
adaptive control is adopted, the control
energy inputs needed are more than the
case including an adaptive control in the
region of time constant 0.33 above.

4. Conclusion

This paper proposed two methods to
investigate the speed control character-
istics of a marine diesel engine. One is
an efficient method to determine the PID

control parameters. Second is a combina-
tion of soft and hard computing methods
such as a reference adaptive speed control
method that adopts the fuzzy controller
and derivative operator for tracking the
of the
engine. It was found that the proposed

nominal model marine diesel
PID parameters adjustment method is
better than the Ziegler& Nichols method,
and that a model reference adaptive
control is superior to using only PID
controller. The improved control method
proposed here, could be applied to other
systems when a model of a system does

not match the actual system.
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