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Abstract

The marine propulsion diesel engine with mechanical- hydraulic
governor has been widely used to control the engine speed.

But these days, marine propulsion disesel engine tends to become
slower in speed and longer in stroke for higher engine efficiency, so it
leads to difficulty for the mechanical- hydraulic governor to regulate the
speed of high power engine with long stroke and low speed, because of
the jiggling caused by rough fluctuation of rotating torque and the
hunting by long dead time occurred in fuel combustion process.

To cope with these difficulties, engine manufacturers highly reco-
mmend to adopt digital governor for the longer stroke and slower speed
engine.

Most of the digital governors adopt the feedback control method in



which the only engine rpm-signal is used, but it does not work
effectively when the load variation occurs.

In this paper, the author considers the perturbation of engine
parameters as the modeling uncetrainties and designs not only the
robust speed controller but fuzzy speed controller for the engine.

Through the computer simulation, the performances of both controlle-

rs are compared and reviewed.



Nomenclature

A . System matrix of the plant.

B : Control matrix of the plant.

B,,B, . Control matrix of the generalized plant.

C : Output matrix of the plant.

C.,C, : Output matrix of the generalized plant.

D :Used for disturbance matrix, diagonal scaling matrix and

the output matrix.

Dy;;,Dy, @ Output matrix of the generalized plant.

E : Matrix related to noise.

e : Error signal vector.

F(s) . Transfer function matrix of the feedforward controller.
F(z) . Bilinear transformation of the F(s).

F,(G,K): Lower linear fractional transfomation of the generalized

plant and the controller.

G(s) : Transfer function matrix of the generalized plant.
G.(9) . Transfer function matrix of the combustion subsystem.
Gal(S) : Transfer function matrix of the plant from the

disturbance d to the error signal e.
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Gy (S) . Transfer function matrix of the plant from the reference

input r to the error signal e.

G,(9) : Transfer function matrix of the rotational subsystem.
Gy (9) : Transfer function matrix of the plant from the reference

signal r to the signal vy.

H. : The set of asymtotically stable transfer functions X,

with  ||X [l <o

K(s) : Transfer function matrix of the controller.

K(z) . Bilinear transformation of the K(s).

K., : Gain of the actuator.

K.(9) : Gain of the combustion subsystem.

K <(9) : Gain of the experimental engine.

K. (9) : Used for both gain of the rotational subsystem and gain

related to fuel pump rack index of the engine.

K «(9) : Gain related to error speed signal of the engine.

I?(s) : Transfer function matrix of the controller from the
modified H. control problem.
Ks(Pnom) : Class of the robust servo controller.

L(s) : The loop transfer function matrix of the plant.



L : The set of all proper transfer functions X, with

IX [l <00
ml : Number of exogenous inputs, i.e., the size of w.
m2 : Number of control inputs, i.e., the size of u.
n : Number of modeling uncertainties.
N, : Number of cylinders.
ne . Revolution per minute of the engine.
P(s) . Transfer function matrix of the plant.
P hom(s) . Transfer function of the nominal plant.
P real(s) : Transfer function of the real plant.
RH . Set of proper and stable real rational transfer functions.
R : Vector space of real matrices.
R™ . Vector space of ml real matrices.
R™ : Vector space of m2 real matrices.
R™ . Vector space of pl real matrices.
R . Vector space of p2 real matrices.

RpZx P : Vector space of m2 x p2 real matrices.

r . Reference signal vector.
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S(9) . Sensitivity transfer function.

S : Used for both Laplace operator, complex frequency
S= ot jw

T () . Complementary sensitivity transfer function.

T. : Time constant of combustion subsystem.

T 4 : Delay time of fuel injection system.

T, . Time constant of the engine.

T (9 . Closed- loop transfer function matrix from the signal

w to the signal z.

u : Control input signal vector.

U(s) . Laplace transform of u.

Y . Observed noise.

W(s) : Frequency weighting function to the sensitivity transfer
function.

W,(s) : Frequency weighting function to the complementary

sensitivity transfer.

V/\/\s(s) : Modified Frequency weighting function to the sensitivity

transfer function.
w . Exogenous input signal vector.

X . State vector.
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X . Differential of state vector Xx.

y : Measured output signal vector.
Yo : Output signal of plant.
37 : Error signal between exogenous input signal and plant

output signal.

z : Used for both controlled output signal vector, and the

delay operator.

a(s) . Transfer function of filter.

a, B : Constants.

A(9) : Assumed block of uncertainties.

o)y .,p . Constants.

® : Null vector.

QQs) . Laplace transformation of angular speed of the engine.
W : Angular frequency.

w0 : Angular speed of the engine.
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2.1

21

Table 2.1 Specification of experimental engine

4

1200[rpm]

145[mm)]

200[mm]

175

100[bhp]

(2.1)

(600~ 800[rpm])

(2.1)

(2.1)

Table



Td

0.038 ~ 0.028] sec] ,

1
Fig.2.1
Dis)
Engine
Usls] e |Uis) ' . o
- ¢ [ [ _ [ ] [ - - b
+ ‘ @ 5 - 3
Fig.2.1 Control system for the experimental engine
Ks Qr Qo
, Kr Rr(s)
Fig.2.1 Engine



Qo(s) _ Ke
U(s) = s(1+ T.s)

(2.2) Keg Te

2.2

(600- 800[rpm])

Q o(5) = =( M o(5)-

1 , Fig.2.1

600, 700, 800[rpm]

(2.1)

M (s))

(2.2)

(2.3)



Fig.2.1 Qr Qo

700[rpm]

Qo - KaKsKe/Te I’)/I)
Q, S3+ (KK, + UT) s+ (KKJT)s+KKKJT e
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Q ,(s) = 3 2 (=5)
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Fig.2.1
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Fig.2.2



Timels]

Fig.2.2 Step response of the closed loop system

(2.6) 3 , Fig.2.2

(2.6) 2
Fig.21 Kr ur(s)
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U (s) — Ka/S — Ka (27)
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KK K
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(2.8) 2 s°+ 2&w s+ W2
Ke Te . Fig.21
g
n
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Qo(0) =

(2.8)

T

(2.14)

e

KKe
KiTe

(2.8)

-Q r(s)+

Ke

T, ‘Ri(s)

Fig.2.2

KKe

KiTe

28w,

Ke Te

Ke Te

(2.7)

(2.10)

(2.11)

(2.12)

(2.13)



aKe K'e
1+ (- Tes 1+T‘eS
Ks Ka Kr

(2.14)

Table 2.2 The parameters of the experimental engine

No [rpm] Ke T,
p.1 600 =550 2.6157 0.2042
p.2 600 =650 2.5313 0.1872
p.3 650 =600 2.5465 0.1746
p.4 650 =700 2.5013 0.1784
p.5 700 =650 2.4200 0.1733
p.6 700 =750 2.4148 0.1580
p.7 750 =700 2.3707 0.1683
p.8 750 =800 3.3536 0.1549
p.9 800 =750 2.3172 0.1487
p.10 800 =850 2.2305 0.1418
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3.1 H .

1980 G. Zames Hoo

1988 K.
Glover J. C. Doyle
Glover- Doyle .9
2
Hoo Y

3.11 H

Hoo 0o - (norm)

Fig.3.1 , : G(s)
K(s) : y(s), z(s), w(s), u(s)
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W > | .y

Kis) -

Fig.3.1 Generalized control system

, G(s) K(s) w(s)

Z(s)

z=T ,, (G, K)w (3.1

, Tawl(G, K)= Gy + GpK(I- GuK) Gy

(linear fractional transformation) T(GK)

HOO y>0 1]

T 2 (G K <y (3.2).

K(s)

- 12 -



x= Ax+ B, + B,

z

y

Al :

A2 :

A3 :

A4 :

A5 :

A6 :

A7 :

Cix+ Dyw+ Dpu (3.3
Cx+ Dyw+ Dyu
K(s)
(A, BZ) ' (CZlA)
rank D ,;= m2 (D, full rank)
rank D ,,= p2 (Dy full rank)
rank(A' jwh B, )= n+ mVwe|[0, o]
Cl D12
A- jwl B )
rank L' 1= n+ pVw &[0, o0]
( C, D2 )
D=0
0
D12=(|), Dx=(0 1)
(3.2 T 2aMG,K)

Fig.3.2

e S(s), w
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P(s) yp T(s)
L(s) L(s), S(s), T(s)

L (s)= P(s)K(s)
S(s)= [I+ L(9] *

T(9)= L(9[I+ L(S)]” = 1(9- S(3)

S(s)
T(s)
S(s) T(s)
(3.6)
Wgs), WL(s)
Fig.3.2

[ wearoll. =

K(s)

(3.7) y =1 Glover- Doyle

H . K(s)
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W

A _
¥P
- =  Pls) - . - Wils)
Kis) "
Fig.3.2 Generalized plant with the controller
3.1.2 H .,
Table 2.2
Fig.3.3 . 700[rpm]
Prox(s) ,
PraJ(S)' Pnom(s)
A(s) = =
(%) P ron(S)
Fig.34
Fig.34 p.l1~pb5, p.7~p.10 Table 22 p.6

Far

Gis)

, p.1~p.5, p.7~p.10
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311
(36) S(s)
S(s)
Wy(s) = p —50—
0.008 " 1
(38) Fig.34
Wi(s)
Wi(s)
_S 1)2
W(s) = —22
Fig.3.5

S(s)

Qqs) Qr(s)
T(s)
Wg(s)
(3.9
T(9)
P(s) - W1(s) (proper)
T(s)
(3.10)
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(3.9), (3.10)

||[ Wi(s) S(s)
W(s) T (s)

A4
A4
z
(column full rank)
z

z3

K(s) Ho

.=

K{(s)
w =0

, 0 =00

Fig.3.6

eu

(3.12)

311
311

8.2x10%°% + 9.3x10s?+ 2.6x10% + 2.6x10Q3 ...

K(s) =

0.01] sec]

s*+ 3.1x10%°%+ 8.8x10%%+ 1.1x10% + 8.6X107

0.02789z"- 0.05271z°- 0.00298z°+ 0.05271z- 0.(249Q,

K(z) =

- 17 -
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(3.9 p 2.05
p =20

10 iﬂq*

_'ln S

'm \

Fig.3.3 Bode diagram of the experimental engine

at each different rotational speed
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=35

.45

. /
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Fig.3.4 Multiplicative perturbations of the expermental engine
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20

=20 1

=40 h‘"“l-.

. o
10 10 10

Fig.3.5 Weighting Function W (s) & W (s)
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> 21
—é—I-ZE

L W5 (=)
- Wi (s)
+ e
Pls) .
- Bu

k(=)

Tl e23

Fig.3.6 Modified generalized plant for the experimental engine
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3.2

y
(Servo) i)
(robustness)
3.1 ,
, Hoo
. Heo
1 D
3.2.1
Fig.3.7
dit)
e elt) | ult) =
ol Il- - Kils) | - =) l---.lr - -
[ + yit)

Fig.3.7 Feedback control system
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P(s)

1
lim e(t)= 0. ce(t)=r(t)- y(t) (3.14)
Ge (0) = (1+ P(s)K(s)) '= @ (3.15)

Gea(0) = (I+ P(s)K(s)) '= @

(3.14)
| P(0) | #0, s= 0

(3.14) Kqs) s=0

(class) K(P)

Ks(P)= { K(s) [K(0)= 0 P } (319)
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W(s) S(s) 317
[wis Tl (10
K(s) K&
(3.17) Wg(s) S(s)
Wi(s) Prar(s) (Multiplicative pertur-
bation: A ,,(S))
Pre B I:)nom
Apg(9) = aj(siom(s) (s) (3.18)
| A (§ @) | < W, (jo) | (3.19)
1
Prar(s)
B Heo
311 A4
A5
1By
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Wg(s) W 0)=c0

Wgs) : K(s)
W(s)
s(s)
W, (s) «(5) (3.20)
a(s) = — > 55 8 >0 (3.21)
Wg(s)
Wgs)(l + P(s)K(S))-1
(3.20) Wqs) K(s)
(1 + P(0)K (0))-1= @
K (s) K(s)
K (s)= %(Si)l (322)
Hoo
H oo
s=0
L oo

K(s)
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Fig.3.8
Hoo Fig.3.8

.| [Wy(s) - Wi(s)P |
z, |= 0 W, (s)P ] (3.23)
~ u
ly | L1 - P
WY
Gis) z1
.
=
t
: Y
= Pis] & » .
L1 ->.l
il

Fig.3.8 Generalized plant with the controller

3.2.2
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22

S(s)
Wg(s)
S 41
W._(s) = 2 - _. s+so. 75 (3.24)
0. 000516 ( o 1)
Wi(s)
50% 700[rpm]
600~ 800[r pm]
(3.18), (3.19)
Wi(s) Fig.3.9
Hoo (3.23)
Wi(s) - P(s) (proper) Wi(s)
s L)
W, (s) = J&ZC_’TL (3.25)
W.(s), Wt(s) Hoo
K (s) (3.22)
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K (s)= %(%)l (3.26)

N(s)= 2. 7x10%°%+ 3.9x10's®+ 1.9x10%"*+ 3.6x10%"
+ 3.5x10%%+ 1.4x10%+ 1405
D(s)= s'+ 3.5x10%°+ 6.1x10%° + 4.7x10's*+ 6.7x10's®

+ 2.4x10°s® + 3.2x10% + 154430

(3.27)

0.01] sec]
K (z)= N{Z)

D(s) (3.27)

’

N(z) =364.75z'- 1771.44z°+ 3075.98z°- 1569.54z*- 1818.92z°

+ 3026.13z2- 1621.80z+ 314.85

D(z) = z'- 3.68z°+ 4.43z°- 0.72z*- 2.79z%+ 2.60z%- 1.01z+ 0.17
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=120
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10 10 10

Fig.3.9 Multiplicative model uncertainties

and the weighting functions
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3.3

“if- then”
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3.3.1
Fig.3.10

(Fuzzy rule base)

inference engine)

(Crisp numerical data)

(Defuzzifier)

Input 5
P =  Fuzzifier

Fuzzy Hule
Hasa

Y
Fuzzy
|nference
Engine

(Fuzzy
(Fuzzifier)
B R o, D output
e TUZZEI T L
i

Fig.3.10 Basic configuration of fuzzy logic controller
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3.3.2

(a)
E 4E )
4u . . 7
, E=[-1, 1], ZE=[-1, 1], 4U=[-1, 1]
(Normalization) . (Membership function)
Fig.3.11
MNE M MS ZE F3 P FB
1
E min E max
A E min A E max
A u min 4U max
NB : Negative Big PB : Positive Big
NM : Negative Medium PM : Positive Medium
NS : Negative Small PS : Positive Small

Fig.3.11 Fuzzy sets and their membership functions
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(b)

(Fuzzy singleton

method) )
Fig.3.12
x0

1, at Xx= X
A - ) 0 3.28
() (0, otherwise ) (3.28)

A (Mapping)

Alw) A

Fig.3.12 Fuzzy singleton method
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(c)

Fig.3.13

, Fig.3.13 (
(a, b, c ,d)

Table 3.1

a, :if Eis PB and ZE is ZE then 4U is PB — R,
b, :if Eis ZE and 4JE is NB then 4U is NB = R,
c, :if Eis NB and ZE is ZE then AU is NB — R,

d, :if Eis ZE and JE is PB then AU is PB — R,
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Table 3.1 Rule table of fuzzy control

E ~4E| NB | NM | NS | ZE PS PM PB
NB NB | NM
NM NM
NS NS ZE PM
ZE NB | NM | NS | ZE PS PM PB
PS NM ZE PS
PM PM
PB PM PB

Fig.3.13 Characteristic phase of unit step response
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(d)

(approximate reasioning)

modus ponens)

T sukamoto , Takagi  Sugeno
Mamdani  min- max
e Ae ,
(Antecedent) 2 and
min (/\) (3.29)
R, : w,= PB(e)/\ZE(de)
R, W ,= ZE(e) /\NB(JZe)
PB(e), ZE(4e) e Jde
nsequent) ,
YL Y2 , (Implication)
min (/\) , PB

- 36 -
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R1 R2

(3.29)

PB, ZE

(Co-

M amdani

NB



Y1(du)= w,/\PB(4u)

Y2(4u)= w,/\NB(4u)

or

(V) (3.31)
Y (du)= Y1(du)\/Y2(du)

(e)
(3.31)

(Center of gravity method)
(3.32)

JfY(Au)-Aud(Au)
Au = r
JY(Au)d(Au)

Fig.3.14 e Ae M amdani
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(3.30)

max

(3.31)

(3.32)

Au



Fig.3.14 Fuzzy reasoning process by min- max composition

and centroid of gravity method
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Fig4.l Fig.43
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700 —800 —700[rpm]
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Engine speed[rpm]
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Fig.4.1 Step response of
(with  H . controller, Ref.

experimental engine
speed: 600 —700 rpm)
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(with robust servo controller, Ref. speed 600 —700 rpm)

Engine speed(rpm]

Rack index

Fig.4.2 Step response of experimental engine

=

B0 o
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o
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Engine speedfpm]

Rack index
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Fig.4.3 Response of experimental engine
(with fuzzy controller, Ref. speed: 600 —700rpm)
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Engine speedrpm]

Rack index

Fig.4.4 Step response of experimental engine

(with  H ., controller, Ref. speed 700 —800 rpm)
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Fig.4.5 Response of experimental engine
(with robust servo Controller, Ref. speed: 700 —800 rpm)
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Engine speedfpm]

Rack index

ann

SO0 =

00

aon

=]

100

Fig.4.6 Response of experimental engine
(with fuzzy controller, Ref. speed: 700 —800 rpm)
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(b) Fuel pump rack index

Fig.4.7 Response of experimental engine under distrubance
(with  H . Controller, Ref. speed: 600 rpm)
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(b) Fuel pump rack index

Fig.4.8 Response of experimental engine under distrubance
(with robust servo controller, Ref. speed: 600 rpm)
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(b) Fuel pump rack index

Fig.4.9 Response of experimental engine under distrubance
(with fuzzy Controller, Ref. speed: 600 rpm)
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(b) Fuel pump rack index

Fig.4.10 Response of experimental engine under distrubance
(with  H . Controller, Ref. speed: 700 rpm)
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(b) Fuel pump rack index

Fig.4.11 Response of experimental engine under distrubance
(with robust servo Controller, Ref. speed: 700 rpm)
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Fig.4.12
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Fig.4.14 Response of experimental engine under distrubance
(with robust servo Controller, Ref. speed: 800 rpm)
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Fig.4.15 Response of experimental engine under distrubance
(with fuzzy Controller, Ref. speed: 800 rpm)
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