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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 characteri:-
tics of the conventional Hydro-Mechanica! Governor System is reprecentod
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 diff-
erence of centrifugal force of flyball, the frequency recovery according

to the load variations is inherently delayed.

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 Sys-
tems, they still can not well track the command speed under the load va-
riation 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 of 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 impro-

ved for the control quality and the energy saving.
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Fig. 2.1 Speed control systes of a diesel generator.
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Fig. 2.2 Block diagras of the speed control system.
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Type

Cyl. No.

Stroke

Bore

Revolution

Mean Effective Pressure
F.0 Consugption

Moment of Irertia

Output of Rating

3.1.2 s A

Type
Qutput of Rating
Ro. of Foles

Cycles

=TS A

S.EMM.T PIELSTICK 12PC2-5V

12

460 mm

400 mm

514  RPM

19.5  Keg/cm?
146 o/BHP.HR
510.2  Kg.m.sec 2
7100 HP

FJI ELECIRIC CO.,LTD,GOF 4531T~07
5000 KW
14 EA
50 Hz
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wot glo] WAZS Agsel 4(6) ) Aol chstol At oot 2o

w+a1w+a2w=b1u c, q, ®)'
Tr + Tc
(¢, a;,=—"*= 59.844
Tr Te
1
ag = =2.154
T Te
Kr Ke
b; = = 4.026
Tr Tc
Kr
Cy T = 0.1172 )



63
i o130 RESUE JTEEo] MEAE ool MY PEUE

3.2 ~Als=wne] =S 25 AR

DoHE g A
Y= wlol= # e 2.3 Hoj:j2) Azjo] we} chgw} 7ol W

o 1 T
u=-—BRX (20)
r
=-FX 20
=-0f 6 £l b b= - (ks fxr fixr 50
< 34 X, T2 3
X;
X

2 - (f.x,)
= v+ u
S Sjofal w = PID ol 1% 214 Fol @ Ao} oleig widf

>l ; ") L oad s 1 =)
G Kp, AR AR, s AWZE U4 5 ohgEp Frol Sl

Ke = f,
i .
Tiowo— 27
£
" f:

18

Ll s 2ol olst 3d wlol M Aol glold,

20 A Aol B g
N Aol St pagE
g

R
e = [0 XY &

5, = J‘(XTQX cru’) dt
o) F A2 Ajsrstol ulmsich.

3) AH A FF AT
3 ulojt W o5 mjEA [ 5 A *‘5‘]—‘—“' uk o 2 = Bryson-Ho
o] Sweep Method 5 oi% stglen AT EF29- x%=F Fig. 3.1 of
AR



IR KB MK S10M

( £,8,C,Q,r,X(0)
1
CALL DISCRETE

3
KK = 4000

oy

S=1Q
.

q =i
M = S-SB(Q+B"SB)B’S
I
S= ATMA+Q
T
KK = KK -1

1]
P=Sxt

—
F=D*B%P/r

PJS = X'0 X
1
u'= - Fox X J=J-1
l ]
PJSUM = X'Q X + r v,

i

T
Y
u,PJS, PISUM

Fig. 3-1 Flowchart of the calculation program for optimal feedback

gain and performance criteria.
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1 e meart 2o 5% (473.25 K¥) o df.

et 23yt o ool by o of 3F e § S q=1, q.50,
3,20 28 A% ¥ Feh x,, F AEE 0 o #HFx q °] Wil oot
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Table. 1 Calculation result on load toraue 5 %.

% fe
o Ja=gl o g, | f 0] L] Lw | S| s X
i -0.512}  740.5} 9578.7] 138041 21.0
1 2 0.99A715.032210.0838-C. 201 683.61 9510.7} 137925} 0.0004
3 0.0 &927.21 17811.3] 136444 3439.2
3 | -0.2031  705.6] 9536.0f 137991 5.8

10} 2| 0.9983[5.8016/0.0066]-0.201] 889.6] 9510.7| 137925] £.0004
oo 0.0 | &rr7.1} 17630.1] 135448} 3013.8

: -0.2431 890.2] 9509.4] 137910 0.16
008 2 1 0.9520§10.810§0.1735)-0.291  889.5] 9510.7] 137025] 0.0002
3 ‘ 0.0 84"7 17216.7} 136352 1761.8

0,58" 691.1] 9508.5 137896  0.17
0.51001-0.2611  689.6) 9510.7f 1379251 0.0001
0.0 0375.0] 17963.4} 135827| 890.5

(]
3

1
1000 2 | ¢.5401031.
3
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2) 53 2e=st 3ol 10§ (946.5 KW) ¥ wl.

$ot 225t 399 10X 2 ® #F l=YA Q a7 L a7 0,
920 2% ¥% ¥ Felx,, F AEE o o 454 q, 9 Qo] Ao
A% AoHE X 2 of EAT,

A
A
Al

¥ >

o1 zjo]= ¥ Ajo] AlAcA
&9 :335 zﬁg 1«4 NEX: )
o3 : a=PD Aol Alacl

Table. 2  Calculation result on load torque 10 %.

fa
f, | £ | £ |10 5, ] L,w]|=su| s
0.313] 1581.9] 38315.1] 276083] 84.0

>
>
3

q,

0.9967(5.032210.0838]-0.201] 1379.2| 38043.1| 275851} 0.0018

0.0 | 34344.6| 71245.5| 272889|13757.1

-0.303] 1442.8] 38144.0| 275982] 23.4

10 0.9989]5.8016]0.0966}-0.291} 1379.2| 38043.1} 275851| 0.0016

0.0 | 33744.2 70520.6] 272896)12055.2

-0.288] 1382.0] 38037.9| 275821 0.66

100 0.9529110.810§0.1795}-0.291] 1379.2] 33043.0] 275851| 0.0009

0.0 | 32545.2| 68867.1] 272705| 7407.2

-0.287] 1385.7) 38034.0] 275793} 0.69

1000 0.5491]31.347§0.5150]1-0.291| 1379.2] 38042.9] 275850 0.0004

WINI=lWwINI=lWwINn=w]IN] -~

0.0 | 36142.0] 71853.6| 271654| 3562.2
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3) -3 Eeart 23] 15 % (1419.75 KW) o =,

Hot 2emst 220 15 % o uf S5 wh=e) s 0 S q,= 1, q,= 0,
=0 0% AW E Aehx, = HEE 0 o 5% q, o Hajo] o3
A A K 3 of At

PN | 3}-]0]: nu g“o_] ,\]Asn
252 Atj = xi] N
293

A o] fi
g A= f L 1 [20)] W | Lw | S| s
1 -0.313] 2524.1] 86209.1| 414125| 189.1
1| 2} 0.9967]5.0322]0.0838]-0.291] 2068.8] 85597.0| 413776| 0.0042
3 0.0 | 76252.0}160302.5] 409334/30953.5
1 -0.303| 2211.5| 85824.1} 413973| 52.7
10] 2 1 0.9989]5.8016}0.0966|-0.291] 2068.8] 85597.0| 413776| 0.0037
3 0.0 | 74901.1}158671.4| 409345|27124.3
1 -0.288|  2075.2] 85585.4| 413732| 1.48
100] 2 | 0.9529)10.810]0.1795|-0.291] 2068.8| 85506.9] 413776] 0.0021
3 0.0 | 72204.1|154951.1| 40905815856.3
1 -0.287] 2083.6| 85576.6 413690| 1.56
1000] 2 | 0.5491)31.347]0.5150|-0.291| 2068.8] 85506.7| 413776| 0.0011
3 0.0 | 80300.9}161670.6| 407481 8015.0
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Table. 3 Calculation result on load torque 15 %.

fa
Al 258 f} fz ' f3 (—.‘10) J1(U) Jz(ﬂ) z 0 zXi

1 -0.313] 2524.1} 86209.1| 414125} 189.1
2 0.996715.032210.0838}-0.291| 2068.8} 85597.0| 413776{ 0.0042

3 0.0 | 76252.0{160302.5] 409334}30953.5
1 -0.303] 2211.5| 85824.1] 413973} 52.7
10f 2 0.9989(5.8016]0.09661-0.201] 2068.8| 85597.0| 413776} 0.0037
3 C.0 | 74901.1]1158671.4] 409345(27124.3
1 -0.288] 2075.2} 85585.4| 413732 1.48
100) 2 0.9529]10.810}0.1795]-0.291} 2068.8] 85596.9] 413776} 0.0021
3 0.0 | 72204.1}154951.1| 409058}15856.3
1 -0.287] 2083.6| 85576.6} 413690| 1.56
000) 2 0.5491]31.347]0.5150}-0.201} 2068.8] 8559.7} 413776} 0.0011
3 0.0 | 80300.9}161670.6} 407481} 8015.0
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ol F-87} 7tsi5E 320 S2E o2 2ol EABH},
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Table. 4 Figure explanations for the control systems (1,2 & 3).
Fig. No. Zx7] el | 02,2 iu %
Fig. 4- 1 A el nloj= ¥ Aoj

4-2 10 | FEED-FORVARD =jof

4- 3 2% PID Ao}

4- 4 A Jef woj= ¥ Ao

4-5 W=0 100 | FEED-FORVARD Ao}

4-6 2|3 PID Aof

4-7 3 Ae] wlol= ¥ Ao

4-8 1000 | FEED-FORWARD o]

4-9 2| PID o]

4-10 33 e zol= W Ao

4-11 10 | FEED-FORVARD Aiof

4-12 2] PID Ao]

4-13 X e njo]= ¥ Ao]

4-14 W =1.0 100 | FEED-FORWARD Ajof

4-15 3% PID Alo]

4-16 2 ef wjoj= ¥ Aof

4-17 1000 | FEED-FORWARD Ajo]

4-18 2% PID Ajo]
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~— OPT.INPUT TOT

PIELSTICK (TORQ:10 %3 \

5-32  110.0
Us-1  ]-12033.07 | -
ANG- US-2__| 286015.56
_M,NG VEL X(2) [e-7—T3775982.50
FJs 1442.067
FJSUM | 38t44.082 OPT.INPUT TOT
V-5CA_ 152
U‘...i‘...‘-'.i'.i:'- lllll i bbb
10 20 0
TIME (SEC) PIELSTICK CTORO:;10 %)
0-22__]10.0
. . . US-1_, 272896.33
Fig. 4.1 Angular velocity and input uS-2_ 10.00
. Us-T 272896.33
of the optimal feedback control PJS | 33744.210
PJSUN | 70520562
( q,=10.0, ¥ = 0.0 ) [r-scA 27

20
TIME (SEC)

3
T.n.w OPT.INPUT TOT

ANG-VEL X(2)

PIELSTICK (TORG:10 %)

Q-22 0.0

us-1 01.06
us-2 275750.06
us-T 2756851.12
PJS 379.260
PJSUN | 36043.113
Y-SCR _| 20000

..................... PUINER 1
.........................

Fig. 4.3 Angular velocity and input
of the optimal PID control
( q,710.0, Wr = 0.0)

ANG-VEL X(2)

Fig. 4.2 Angular velocity and input
of the feedforvard control
( 9,710.0, Wr = 0.0)
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OPT.INPUT TOT

PIELSTICK (TORO:10 x)

0-22 100.0
us-1 2b40.53
us-2 273181.18
us-1 275821.75
PJg 1382.032
PJSUM | 38037.976
Y-SCA__j 4109

0 p=t bttt
e 20 TIME (SEC %
.l

ANG-VEL X(2)

T-0.0

Fig. 4.4 Angular velocity and input
of the optimal feedback control
(q,=100.0, ¥r = 0.0 )

OFT. iINPUT TOT

PIELSTICK (TGRU:1G X

'o-22 100.0
YS-1 100.98
ys-2 275750.06
us-T 275851.00

~Js 1379.259
PJSUM | 38043.083
Y~SCA | 20000

TIME (SEC)™

ANG-VEL  X(2)

71
PEHE cuEel BT BHR

A

Lo rms OPT.INPUT TOT

PIELSTICK (TORQ:10 x)

[0-22 100.0
US-1 272705.75
us-2__10.00

US-T__ | 272705.75
PJS 32545.26
PJSUM | 68867.125
Y-SCR_| 40

0 4+ttt
10 2 M (SECIN

ANG-VEL X(2)

{-2.0

Fig. 4.6 Angular velocity and input
of the optimal PID control
( 2,=100.0, Wr = 0.0 )

Fig. 4.5 Angular velocity and input

of the feedforward control
( q,=100.0, Wr = 0.0 )
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0 A
.,.rzz.m oPT. INPUT TOT Lzr.400 OPT.INPUT TOT
PIELSTICK (TORQ:10 X3
[0-22__[1000.0
Us-1 3791 .30
us-2 272002.25
0S-1__ | 2757/93.62 R
75 365 743 PIELSTICK C(TORO:10 X)
PJSUM_ | 38034 .062 0-22 11000.0
Y-SCA | 6832 us-1 2716564.50
Us-2 10.00
0 bttt I i s US-T__ | 271654.50
it ettt T > 15 6142054
1 x » PISUN | 71853.625
TIME (SECD ETES
0 ft—t——+ FPIPINIPEPIFSNIPSRSTIVEV R SR S S o
10 2 £
TIME (SEC)

ANG-VEL X(2)

-~

Fig. 4.7 Angular velocity and input
of the optimal feedback control
( q,=1000.0, W = 0.0)

4#
Lo OPT. INPUT TOT
PIELSTICK C(TORD:10 XD
0-32 6.0
US- .60
US~2 275750.06
us-T 275860.62
PJS 1379.258
A PJISUM | 38042.984
Y-SCA | 20000
1] .:::::":I::::::::::::':::lTT‘:;
€ (SEC)
ANG-VEL X(2) TIME ©5

ANG-VEL X(2)

Fig. 4.9 Angular velocity and input
of the optimal PID control

( ,=1000.0, Wr = 0.0)

Fig. 4.8 Angular velocity and input
of the feedforward control
( q,51000.0, Wr = 0.0 )
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A
) 0
4 1.030 H
27.702 4 31.384
- OPT.INPUT TOT | /\
&/ L/ OPT.INPUT T
! PIELS-IN! (VORO: 15 X3 ! / ) or
[-22" 71,3 | |/ PIELS-INI CTORR:1p x5
\ US-1 | -1500E.50 - : ; T
' us-2 288015.56 ; [ >
| US=T | 27/3009.55 . P L3-1 126932400
' PUS 11475.77% P Usme {0.00
\ FZEE& "3Y410. 58 b Us-T | 268524.00
\ R Ce BB 33347.683
\ . pale PJSUM 1 69787, 250
\ %j Y-5CA [ 23 ]
\ ﬂ{
" bbbt bt ¢
O PRt bbb 0§ b ittt
10 20 0 I MRS -
Lo S FIME (SED h 0 ks eprit
ANG-VEL X (27 /7 TIME (SED)
4 /
://
Fig. 4.10 Angular velocity and input \ //
of the optimal feedback control i /
) v . ~ /
{ q,=10.0, ¥r = 1.0 | /
: \ /RNG—VEL X(2)
\ /
A | /
1 1.000 \ /
. JSE— ol
= ol
OPT.INPUT 10T Lol

Fig. 4.12 Angular velocity and input

Q-22

i0.0

Li-1

~2871.87

Fad :/

x/ PIELS~INI (TORU:I0 X3
t,\ ‘

|

of the optima! PID contrel

US-2  1275750.08 (g o=16.0, Yr= 1.0
b us-1 27287819
! 7035 1393. 860
| Fasln |
: Y-ite 1

4.1 Angular velocity and input

5F the feedforward controt

(2,:10.0, Ur = 1.0}
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OPT.INPUT TOT

PIELS-INI (TORO:10 X)
Q-22 100.0

Us-1 -334.91
us-2 273181.18

US-T | 272046.25

(] 440,669

PJSUM | 37380.820

v-scA 178 |

TIME (SEC)

ANG-VEL X(2)

Fig. 4.13 Angular velocity and input

of the optimal feedback control
( q,=100.0, ¥r =1.0)

OPT. INPUT TOT

PIELS-INT C(TORDC10 XD
G-22_[i00.0 |

!

OPT. INPUT TOT

PIELS-INI (TURD:10 23

g-22 100.0
- 1000 US=~ 269730.25
US-2 0.00

us-71 69730.25
PJS 32165.269

e e ———

PJSUM | 68178.500

[ et e———

F—

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

ANG-VEL  X(2)

%
Fig. 4.15 Angular velocity and input

of the optimal PID control
( q,7100.0, ¥r = 1.0)

us- -2874.46

US-2 | 276750.06

US-T_|272875.56 . . .

P35S 443091 Fig. 4.14 Angular velocity and input
PJSUN | 37366.238_

-SCA |7

TIME (SEC)

ANG-VEL X(2)

of the feedforward control
( q,7100.0, Wr =1.0)
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- 1.000

4.27.680

OPT. INPUT TOT

FIELS-INI (TORU:10 X

{a-22 1000.0
Us-1 829.84
us-z 272002.28
us-7 272832.06

PJS 16139.311
PJSUM | 37703.613
Y-SCA |84

TIME (SEC)

10 20
ANG-VEL  X(2)

Fig. 4.16 Angular velocity and input
of the optimal feedback control
( q,=1000.0, ¥r = 1.0)

OPT. INPUT TOT

PIELS-INI (TORD:10 X
8-22  T11000.0
Us-1  T-286G.34
US-2 1275756.06
Us-T _[272883.12

PJs 1619.39689
PJSUM | 37714.097
Y-SCA_[B4
TIME (SEC3
al oo bubfanbmbmdmdocbadabubiaabd

10 20 30
ANG-VEL X(2)

~1.000
A

+27.478

OPT.INPUT TOT

PIELS-INI (TORU:10 X
g-22 1000.0
us-1 268682.33
us-2 0.00

us-1 268692.33
PJS 35855.718

PJSUM 71403.750
Y-SCA 83
TIME (SEC)
0 :t:::::::::::::::::i::::#::¢¢4ﬁ—
10 20 ko)

ANG-VEL X(2)

+

Fig. 4.18 Angular velocity and input
of the optimal PID control
( q,=1000.0, Wr = 1.0

Fig. 4.17 Angular velocity and input

of the feedforward control

(1q,=1000.0, Wr = 1.0 )
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hwl 5w 3,W
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Fig. 4-19 Comparison of two performance criteria according to
the weighting matrix Q(2,2) at load torque 10% .
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