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Abstract

A Hydro-Mechanical Governor System has been widely used for speed control of a
marine diesel generating system. But as the characteristics of the conventional Hydro-
Mechanical Governor System is represented by P(proportional) action, it is very difficult
to control the frequency correctly according to the load variation. Especially, the capacity
of marine generating systems is so small compared to that of the industrial power plants,
that the off-set by load change is relatively increased. Also, as the speed of hydro-
mechanical governor is detected by the difference of centrifugal force of flyball, the

frequency recovery according to the load variations is inherently delayed.
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Recently, by the increased reliability of electronic devices and the advanced

microprocessor technology, a few digital governor systems have been developed and

utilized in the field of marine engineering. Although they can complement the deficiency

of the Hydro-Mechanical Governor Systems, they still can not well track the command

0

speed under the load variation of short period.

In this paper, the new states consisting of the load and speed are defined and the

quadratic performance criteria is minimized to obtain the optimal feedback gains. This

optimal feedback control is composed of the PID control conventional speed error

compensation and the feedback control of load torque.

The computer simulation results show that the characteristics of the speed control

system proposed by the author can be remarkedly improved for the control quality and

the energy saving.
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@ [ Reference Input Angular Velocity

® . Output Angular Velocity

T. : Time Constant of Combustion System
K. : Static Gain of Combustion Systam
T: : Time Constant of Rotating System

K¢ Static Gain of Rotating System
Gm ' Output Torque

Q " Load Torque

X . State Vector

A - State Coefficient Matrix

u - Control Input

u’ - Optimal Control Input

B . Control Input Coefficient Matrix

- Moment of Inertia
J{u) : Quadratic Performance Criteria

Ji(u)  Quadratic Performance Criteria of State
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(rad/sec)

(sec)

(Kg—m/g)

(sec)
(rad/sec—kg~—m)
(Kg—m)

(Kg—m)

(Kg—m-—sec?)



3

2lo] & (Fly-Ball) o] 4AH #HE

| &l =l A

1 A
=

o o3

1

Z

=4

0 oAU EEALRE ] SRSl RE el B A
ul

d 4] 2]

*
ik

- Quadratic Performance Criteria of State and Input
3ok @50l

. Weighting Matrix of State Vector X
. Weighting Coefficient of Control Input u
. Optimal Feedback Gain Vector

: Hamiltonian Function

. State Output Matrix
b W %ol oef wlastxat &4l (Off-set) ol

(Hydro-Mechanical Governor) & A& 224 2 7| AR EAA P(uld) Fzbe] = o
Aozt Erhg it

J. ()

Q
r

F
H
C

Lo}
K

ted AZsted o]2 ol

wele Wets

S
ES

s
ol

ylo

Z

velmg Fag WEL d77719 3

R

[e]
2

Aol 52

[e)

2t
(Digital Governor) 7} 7} uslo] A &-wiA ol o2z on 7|&9 $97]4

g]

Al
&

oleh, et A

%o

<

1

A

%

i

Akl 7t

AFel et

s

}s)

&
=

pof of

o

dere AMHA oz ok A

a2} A

p
L

17] 915}

)

i
)

33 WAEo] @

Aol A=

[
fus

=

}7 Pontryagin® 2t

S

ol
]

oy
ojw



L1988 60 BRI AT AN VNPT RO T

Aol ¥ohg 4ehz zabelx ke AW PIDAlolo] 9@ S A|Fao]
W3 AEs) wist gt

iy

2. A4 24700 4y

2.1 Nadlel 28 Mg

=

HA Rl S5 Ao] Aol gy Legcs 223l Fig. 2,13 Zeo] st} o

ATE 257), dx 73, g

LORAZE 239 A Agez 7456 g
q:
I COMBUSTION | amg— | ROTATING
e 1ol am DIGITAL Ll oa u 3 "
+ L COMPUTER SYSTEM |+ SYSTEM
Digital Controller Generating System
Fig 2.1 Speed control system of a diesel generator.
Fig 2.1 Aol A oA qlale] 4 A%s 84 AFL 72 13 242 245 s
F oI A% F4E Agsel 22 AT 45w Fig 2,29 o] Hot
Qlis)
Srs) DIGITAL Ui K. Qums) K, Qs
D A/D = D/A »o -
T E COMPUTER 1+T: S 14T, S
{s)

Fig 2.2 Block diagram of the speed control system.
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Stroke
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Revolution

Mean Effective Pressure
F.O. Consumption
Moment of Inertia
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:S.EM.T PIELSTICK 12PC2-5V

212 EA

- 460 mm

- 400 mm

- 514 RPM

- 19.5 Kg,/ cm?

146 g/ BHP.HR
 510.2 Kg.m.sec?
. 7100 HP

FUJI ELECTRIC CO., LTD, GOF 4531T-07

: 5000 KW
S 14 EA
160 Hz

7 m%% NOR-CONTROLARS] w2 #zstel wh&t

PAC=R- @ =514 X (2X3,1415/60) =53. 82 (rad/sec)
8 B3 am="7100%X75/w =9892,9 (Kg.m)
A rAEe AAF  Te=0.9/w =0.0167 (sec)
A4AEY ol F Kc=9892. 9/ (146 X 7100/3600) = 34. 3573 (Kg.m/g)
3 A7 Al A4 Tr=J]xKr=510,2x0,0544=27.75 (sec)
A7 o] F Kr=53.82/(0, 1Xqm) =0, 0544 (rad/sec. Kg. m)
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Table 1. Calculation result on load torque 5%.
pe | AlofAlz=®l |, f, fo 6100 [ 1w | L) | TU| ZXi
1 —0.313 740.5| 9,578.7{ 138,041 21.0
1 2 0.9967 | 5.0322 | 0.0838 | —0.291 689.6| 9,510.7 | 137,925 | 0.0004
3 0.0 8,927.2| 17,811.3 | 136,444 | 3,439.2
1 —0.303 705.6| 9,536.0| 137,991 5.8
10 2 0.9989 | 5.8016 | 0.0966 | —0.291 689.6] 9,510.7| 137,925| 0.00 00
3 0.0 8,777.1| 17,630.7 | 136,448 | 3,439.2
1 —0.288 690.2 | 9,509.4 1 137,910 0.16
100 2 0.9529) 10.810} 0.1795 | —0.291 689.61 9,510.7 137,925| 000002
3 0.0 8,477.1|17,216.7| 136,352 | 1,761.8
1 —0.287 691.1| 9,508.5 | 137,896 0.17
1,000 2 0.5491 | 31.347 { 0.5150 | —0.291 689.6 1 9,510.7 [ 137,925 | 000001
3 0.0 9.375.0 17,963.4 | 135,827 890.5
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Table 2. Calculation result on load torque 10%.
oo JAoAza] ff| £ | 6 [60510) | B | L | XU | = xi
1 —0,313 | 1,581 |38,315.1 276,083‘ 84.0
1 2 0.9967 | 5.0322 | 0.0838 | —0.291 | 1,379.2 38,043.11 275,851 | 0.0018
3 0.0 |34,344.6| 71,245.5 | 272,889 |13,757.1
1 —0.303 | 1,442.8(38,144.0 | 275,982 23.4
10 2 0.9989 | 5.8016 | 0.0966 | —0.291 | 1,379.2 38,043.1 | 275,851 | 0.0016
3 0.0 [33,744.2170,520.6 | 272,896 |12,055.2
1 —0.288 | 1,382.0]38,037.9 | 275,821 0_66:
100 2 0.9529 | 10.8@0 | 0.1795 | —0.291 | 1,379.2 38,043.0 | 275,851 | 0.0009
3 0.0 |32,545.2|68,867.1 |272,705 | 7,407.2
1 —0.287 1,385.7|38,034.0 | 275,793 0.69
1,000 2 0.5491 | 31.347 | 0.5150 | —0.291 | 1,379.2 38,042.9 | 275,850 | 0.0004
3 0.0 |36,142.0{71,853.6 | 271,654 | 3,562.2

3) B3l 2 oast e 15% (1419, 75KW) o i,

a7t &3 15%%
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AlAE 20 Folz 29 Ao] AAE
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Table 3. Calculation result on load torque 15%.

q: | AofAl A8 f, f, fo 02100 1 Jiw | J () 2 Ui | ZXi
1 —0.313 | 2,524. 1| 86,209.1[ 414,125 189.1

1 2 0.9967 | 5.0322 | 0.0838 | —0.291 | 2,068.8|885,597.0| 413.776 | 0.0042
3 0.0 176,252.0|160,302.5| 409,334 |30, 953. 5

_ 1 —0.303 | 2,211.5| 85,824.1 413,973 52.7
10 2 0.9989|5.8016 | 0.0966 | —0.291 | 2,068.8| 85,597.0] 413,776 00037
3 0.0 74,901 1|158,671.4] 409,345 |27, 124. 3

—_

—0.288 [ 2,075.2] 85,585.4 413,732 ‘148

100 2 0.9529{ 10.810 | 0.1795 | —0.291 | 2.068.8! 85.596.9 413,776 | 0.0021
3 0.0 [72,204.1]154,951.1| 409,058 | 15, 856. 3

1 —0.287 | 2,083.6( 85,576.6] 413,690 1.56‘

1,000 2 0.5491| 31.347 | 0.5150 | —0.291 | 2,068.8| 85.59.7 413,776 |  0.0011
3 0.0 80,300.9[161,670.6] 407,481 { 8,015.0

4, HE 9 24

olgoll A AAE AAe eI Hsted 27 A} 0 Ad Z A4 2xz em

Ha gl AeelA Agiae] obr AdHe A Sw3, x7] Aelst 1 A,

5 A FRelA S5 eash wAs] e Aeeld el AL A% Sute
kel

AA
e el EAGe sedo] BlE We 4we T, wuie] T35 /]
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Table 4. Figure explanations for the control systems(1,2 & 3).

Fig. No. 2 7|4 Q(2,2) i &

Fig. 4 — 1 2|4 Abg] gjolz ¥ Ao
4- 2 10 FEED-FORWARD Al
1-3 | 24 PID Aol
4- 4 #A A gjolz W Ao
4- 5| Wr=0 100 FEED-FORWARD ¢}
4- 6 24 PID Ao

T 54 A sol= W Ao

4~ 8 1,000 FEED-FORWARD Ao
4-9 24 PID o

S 4-10 A Ay slolx W Ao
4-11 10 FEED-FORWARD Al
1-12 | 24 PID Ao}
4-13 A Ay ol= W Ao
4-14 Wr=1.0 100 FEED-FORWARD #¢f
4-15 24 PID o]
4-16 A A ol W Ao
1-17 | 1,000 FEED-FORWARD e}
4 —-18 # = PID Alo]

Table 5. Symbol explanation for Figure 4.1 through 4.18.
el &

Q-22 Gz deas Q2o & @
UsS-1 PID A Ao} qidel & ul
US-2 val 2oa #HA Aol = 3w
US-T 24 Ao} 1A (ui+ul) 2u
PJS Abej o} 7t g Ji(u)
PJSUM Abe e} qledel Hoh F J2 ()
Y-SCA Y% ubake] % wlE
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=™ OPT. INPUT
S ~—— . ToT
PIELSTICK CTORG:10 %)
0-22 10.0
us-1 -12033.07
- us-2 268015.56

..0.12:NG VEL X(2) Us-T 275882.50
PJS 1442.867
PJSUM 38144.082
Y-SCR 152

0

10

20
TIME (SEC)

Fig 4.1 Angular velocity and input of the
optimal feedback control(q, =10, 0,
wr=0. 0)

A LR EERT o s 7

A

4.31.360

OPT.INPUT TOT

PIELSTICK (TORQ:10 )

0-22 [10.0

US-1_ 272896.93

Us-2  10.00

US-T _ |272896.33

PJS 33744.210

PJSUM ] 70520.562

Y-SCAR [27

] A A A o S o e~ e e e >
10 20 k)
TIME (SEC)

A

27504 OPT.INPUT TOT
PIELSTICK (TORG:10 %)
0-22 10.0
us-1 101.06
Us-2 275750.06
us-7 275851.12
PJS 1379.260
PJSUM | 38043.113
Y-SCA | 20000

..... ;o'.”" zn”r””"gl;
TIME (SED)

ANG-VEL X(2)

4-0.

Fig 4.2 Angular velocity and input of
the feedforward control

(q;=10.0, w:=0.0)

ANG-VEL X(2)

+~2.

Fig 4.3 Angular velocity and input of
the optimal PID control
(:=10.0, @-=0.0):
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OPT.INPUT TOT | OPT. INPUT TOT

3
g

PIELSTICK (TORG:10 %)

5-22_ [ 100.0
US-1_ | 2640.53
Us—2 |273181.18
Us-1 | 275821.75
PJS 1382.032 PIELSTICK (TORQ:10 %)
FJSOM | 38037.976 =
E : §-32 [100.0
Y-SCA_[ 4103 Us-1 | 272705.75
U5-2 _[0.00
0 ettt 05-1 _[272705.7%
10 20 TIME (SEC)% [Pds | 32545.261
PJSUN | 68867.125
Y-SCA_ | 40
N SIS S g
10 20 7 iug (SECI®

ANG-VEL X(2)

ANG-VEL X(2)

4--0.0

Fig 4.4 Angular velocity and input
of the optimal feedback control
(g2 =100. 0,0 =0. 0)

+-z.n
Fig 4.6 Angular velocity and input of

1 the optimal PID control
{7 OPT.INPUT TOT
(4:=100.0, @,=0.0)

PIELSTICK (TORO:10 %)
6-22 00.0
UsS- 00.98
US-2 | 275750.06
Us-T__ | 275851.00
PJS 379.259 Fi . .
= ien 30043093 ig 4.5 Angular velocity and input
Y-SCR__| 20000

of the feedforward control

e (=100, 0, @ =0.0)
TIME (SEC)

ANG-VEL X(2)
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OPT. INPUT TOT

+-27.400

?

+27.58 OPT. INPUT TOT
PIELSTICK (TORQ:10 %)
[0-22 100G.0
US-1__[3791.38
Us-2__ | 272002.25
US-T__ [ 275793.62
PJS 1385.743
PJSUN | 36034.062
Y-SCA_| 6832

0 ¢ >
10 20 30
TIME (SEC)

ANG-VEL  X(2)

t

Fig 4,7 Angular velocity and input

of the optimal feedback control
(q:=1000.0, w,=0,0)

OPT. INPUT TOT

PIELSTICK (TORQ:10 x)
g-22 000. 0
us- 00.60
ius-2 275750.06
us-1 275850.62
PJS 1379.258
3 PJSUM | 38042.384
Y-SCR | 20000

;;:;: A0 —30— 30—

ANG-VEL X(2) TIME (SEC)

PIELSTICK (TORG:10 X}

9-22 1000.0
us-1 271554.50
us-2 0.00
us-T1 271654.50
PJS J6142.0S4
PJSUM | 71853.625
[r-scA_{3s
O b
10 2 0
TIME (SEO)

ANG-VEL X(2)

Fig 4.9 Angular velocity and input of
the optimal PID control
(Qz_:1000. 0, @=90,0)

Fig 4.8 Angular velocity and input of
the feedforward control

(@2=1000,0, w,=0, 0)
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15'% 13138
OPT.INPUT TOT

OPT.INPUT TOT

PIELS-INI (TORO:10 XD

3-22 10.0 PIELS~INI (TORR:10 XD
uf:l ~15006.00 0-22 10.0
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PJS 1475.775 1US- 36
PISUN | 37410763 b5 5550 5es
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Fig 4.10 Angular velocity and input
of the optimal feedback control

(q:=10.0,, @=1.0) ANG-VEL X(2)

ﬁ-".ll

OPT.INPUT TOT
Fi Angular velocity and input

PIELS-INI € -10 0 ig 4.12 Angular velocity p

g-22__|10.0 of the optimal PID control

US-1__|-2871.87
US—2__ | 275750.06 (;=10.0 @ =1.0)

us-T 272878.18

s 1393.860
|Fasun [37309.800
[F=3cA |73

Fig 4.11 Angular velocity and input
of the feedforward control

20 30
TIME (SED) (q:=10.0, @.=1..0)

ANG-VEL  X(2)
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+27.6%

OPT.INPUT TOT

PIELS-INI (TORO:10 XD
g-22 100.0
Us-1 -334.31
us-2 273181.18
Us-1 272846.25

PJS 1440.668
PJSUM | 37380.828
Y-SCA |78

TIME (SEC)
0 HHR bbbt

30

ANG-VEL X(2)

Fig 4.13 Angular velocity and input :

of the optimal feedback control
(g2 =1000. 0, @r=1,0)

from

OPT.INPUT TOT

PIELS-INI (TORO:10 x3
3-22 100.0
us-i -2874.46
us-2 275750.06
us-1 272875.56

IPJS 1442.021
PJSUM | 37386.238
Y-SCA_| 7S

TIME (SEC3

ANG-VEL X(2)

e 57

OPT.INPUT TOT

PIELS-INI (TORO:10 XD

g-22 100.3
. 14000 Us-1 269730.25
us-2 0.00

us-T 269730.28
PJS 32165.269
PJSUM _{68178.500
Y-SCA_ ]3s

TIME (SEO)

ANG-VEL X(2)

+-2.

Fig 4.15 Angular velocity and input of
the optimal PID control
(Q2:100. O, wr=1, 0)

Fig 4.14 Angular velocity and input of
the feedforward control,

(2 =100.0, w,=1,0)
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OPT.INPUT TOT

PIELS-INI (TOROG:10 X)

a-22 1000.0
Us-1 829.84
us-2 272002.28
Us-T1 272832.06

PJS 1613.31
PJSUM [37703.613
Y-SCR | 84
TIME (SEC)

20 0

10
ANG-VEL X(2)

Fig 4.16 Angular velocity and input .

of the optimal feedback control
(q,=1000,0, @=10)

OPT. INPUT TOT

PIELS-INI (TORD:10 X)

9-22 1000.0
us-1 -2860.34
us-2 275750.086
us-1 2728689.12
PJS 1619.3689
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IR N

20 30
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-+ 1.000
A
127.473
OPT.INPUT TOT
PIELS-INI (TORG:10 XD
0-22 | 1000.0
US-1__| 268692.93
US-2__ [ 0.00
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PJs 35855.718
PJSUM | 71403.750
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TIME (SEC)
0 Bttt ettt
10 20 ko
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&

Fig 4.18 Angular velocity and input
of the optimal PID control
(q; =1000. 0, @=1.0)

Fig 4.17 Angular velocity and input of
the feedforward control
(q2=1000,0, @,=1.0)
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