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A Study on the Performance Improvement of a Mechanical-Hydraulic
Governor used a Marine Diesel Engine by Pade’ Approximation
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Abstract

The marine propulsion diesel engine has been widely applied with a mechanical-hydraulic

governor to control the ship speed for a long time. However, it is very difficult for the
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mechanical-hydraulic governor to control the speed of engine under the condition of low speed
and low load because of jiggling by rough fluctuation of rotating torque and hunting by dead
time.

. To solve these problems of control systems, the performance improvement of
mechanical-hydraulic governor is required.

In this paper, dead time in the transfer function of the given control system, which is occurred
between fuel injection and power output in a long stroke and low speed diesel engine, is
converted into a 2nd order Pade’ approximation to linearize the control system for analysis and
design of the speed control systems through frequency response method. The influence of the
dead time. gain, and damping factor is discussed by using Nichols chart, and the optimal
parameters are investigated through the computer simulations. The performance improvement of a

conventional mechanical~hydraulic governor is confirmed through the above resuits.
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721s 49
a : The area of power piston(m?)
az : The transfer area of compensator(mz)
as : The area of compensator plunger(mz)
a : The area of buffer piston(m?)
Cy : The flow flux of needle valve(m®/sec/m)

J : Moment of inertia(kg - m/sec)

Ki : Speed spring scale(kg/m)

K2 : Ball arm scale(kg/m)

Ks : Reaction scale at pilot valve(kg/m)
Ky

: The flow flux at pilot valve(m®/sec/m)

Ks ' Ki —Kz + K3 (kg/m)

Ke : The force of ball head(kg/rpm)

K7 : Buffer spring scale(kg/m)

Ke : Steady state gain of engine(BHP/m)
K¢ * Governor gear ratio

KL : Gradient of propeller’'s law curve

L : Dead time of an engine(sec)

N(s) : Propeller speed(rpm)

NEe(s) : Nr(s) —Ng(s)rpm)

Ng(s) : Speeder spindle speed(rpm)
Ngr(s) : Preset speed(rpm)

P : Deviation of pressure (kg/m?)
Pe(s)  : Output power of engine(HP)
Ps(s) : Disturbance power(HP)

S : Laplace operator

Ty . Time constant of rotating system(sec)

X : Displacement of pilot valve(m)

Y : Displacement of buffer piston(m)

Wh : Natural angular frequency of governor(rad/sec)
Z : Displacement of power piston(m)

Q4 * Speed droop

¢ : Damping ratio of governor

fo] : Feedback ratio of power piston
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Fig. 2.1 Block Diagram of the Ship Propulsion Speed Control System
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Fig. 2.2 Block Diagram of the Speed Control System
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Type : MAN-B&W 6L60MCE
No. of Cylinder 16

Stroke X Bore : 1944 mm X600 mm
M.CR : 10,800 BHP at 111 RPM

Mean Effective Pressure: 13.3 Kg/cm®
Total Moment of Inertia: 5816 Kg - m - sec’
F.O Consumption Rate : 123 g/BHP - Hr

1 Z=2d=x%
Dia. of Propeller : 6,150 mm
Material : Ni-AL-Bronze
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Moment of Inertia 1397 Kg -m - sec’

¢ 71ge HANEA A FRE dehvlg e Table 213 #oh(13) 9714 K,
K;, K, T, Kp af seEtddes Addidz QA8 7189 AR ALL 15N
< L <15/N +60/N - nZ AA3tg .0 40
7)o A

N :7l2e HAF

n: 18)@e] Asste Ados

Table 2.1 Parameters of Propulsin System

BHP | 971 | 7300 | 5305 | 3840 | 2606 | 1663 975
g T 100 90 80 70 60 50
Ke 2926 | 2026 | 2926 | 2026 | 2026 | 2926 | 2926
Ky 2486 | 2371 | 1905 | 1555 | 1234 943 68.8
Kr 0004 | 0005 | 0006 | 0008 | 0010 | 0015 | 0020
Tr 6.3 72 73 87 10.1 119 145
Kr | 00006 | 00007 | 00008 | 00008 | 00009 | 00010 | 0.0013
o 0159 | 0139 | 0137 | 0115 | 0099 | 0084 | 0069
L(sec) 0.22 0.25 0.28 031 0.36 0.41 050
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Table 2.1°1A4 Fojz s}2vlel g& /HFZ(Open Loop) Aol ddstad g

AxgE 29 F# d3, ¢ =1.0, a; =5.24, w ,=1047 (rad/sec), AA]5(K)=
L=05(sec)l #©°] Fo1d W A2 ARTA ol&} olue] LHZHL YEAME
o 44 F2¢ FAHRER, o8 71F W st ARAG, AAE, AqAS
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3.1 7|29 AIZEX|d(Dead Time)of o5t sk
gollM HRE 71F Fede gt FolA 18 AZAALIE 4Z 01, 03, 05 0.7%
2 AANY Yg2x A5z BAHRd Table 317 ).
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ole WA AE7ITol AEAH LHESFE A do] AAA Hoz BAH 2279
BtaE T4 Agde AAHINY H&oEe B 9 (Hunting)@4o] 2%
T 955 ¢ pIn= %
Table 3.1 Results of Nichols chart under variation of dead time
. Bandwidth | Gain Margin |Phase Margin
D™ | b | @9% | esds | 9ges | W =z
° (rad/sec) (dB) (Degree)
0.1 0.9772 3.25 3.1361 70.6347 ok A
0.3 2.5263 6.42 1.4765 34.4617 ¢t A
05 99.6167 46 0.9891 -1.1533 A4
0.7 42774 3.95 0.7410 -34.9744 ErA

32 HolS(Gainoll 23t A&l
AN&de 71 setdetel A H Aol S(Total Gain)
20, 26, 3022 AAFANA UZ2ix

{3
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Table 3.2 Results of Nichols chart under gain variation
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o150 26014 WE
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. Bandwidth | Gain Margin {Phase Margin
eS| awga o | @@ | e |
10 1.00424 247 25715 60.4097 ¢+ A
15 1.7699 3.85 1.7144 41.7234 ¢ A
20 4.1702 45 1.2858 22.7020 S|
26 99.6167 46 0.9891 -1.1533 E¢A
30 7.8258 0.14/4.6 0.8572 -17.5586 EQA
33 #MAF(L) WE Je

ECERE

s}l eloll A} 7 4 Al 4= (Damping ratio)9H2 0.1, 05, 1.0, 2.0, 5.02.2
WM AN A A2 L]E'-:‘:/}jEi 243 2d Table 33% 2ot ZHAFE

ik R

WA E, o|SdF, APARTL 2A AFsA ooz Axde YY) 2 osvok—@
FAE E3d, @6 % _’ts}“ﬂ dAz Alz2"de EQHAS AHZ dodes AE ¢ 7
ATt
Table 3.3 Results of Nichols chart under variation of damping ratio
¢ Mp Bandwidth Gain Margin |Phasse Margin
. . LR o5 £ AgAs | W =
2 A
#AAS A3 A (rad/sec) (dB) (Degree)
0.1 18.9981 72 0.9471 inf. E<HA
0.5 29.0865 55 0.9637 -6.9848 a4
1.0 103.3981 46 0.9889 -1.1659 EHA
2.0 44,0991 3.62 1.0304 1.9390 ¢k 3
50 17.1475 25 1.1105 3.9235 ¢ A
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ox |o

Y A=EHAEHANAN d& & dE F5AZH(Rising Time), #2847 E(Overshoot)
Al Zk(Settling  Time), Ho ZHFo] o2& A (Time to Peak), AAAH L
(Steady-state Error)5 & € 4 9lth. o] FoME YE2 HxolA gavele] WEA
AAGE g¥o] FoRALE o WY FEEHL 2R AFH ABHINE iy
A3 B3 wE FALg YYALE 2E A0 geves T naz s

y

Y22 4ENE HWIAA, 495, FAEE YUt oS, JAdsE ¢ + o
Q

24

e

411 71 &9 A 7rA <49 (Dead Time)

71E Betdet SN Jlge AAANDRTE 01, 0.3, 0522 AHSYLE AS G4
Aol g FHIHE Fig. 410 Jerioh o] a¥dA ded (zE HYsd
Table 413 2ot AIA Qo] Fadel wat e¥tE, RN, A3 23tz JAUx
AR Aee AL FaxHn FEARL Aol A9 glod, AA Aol Axde BE
58 Add 9FE WAL FJaAT Y AHAEL ARG E B 29 Y
4y 5L 7|84 AAN AAHD2 2&00M 238 4 e e go)n

Table 4.1 Results of indicial response under variation of dead time

Dead Time Overshoot |Time to Peak| Rise Time |Settling Time| Steady-state
(sec) (%) (sec) (sec) (sec) Error(%)
0.1 11.2539 0.6 0.3538 14 0.0045
0.3 91.0473 1 0.267 47 0.0035
05 120.9094 94 0.2856 inf. 52.1136
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Fig 4.1 : Indicial responses to the variation of dead time

4.1.2 AA o] 5 (Total Gain)

% serdel Fold 2w AASWE 10, 15, 20, 2602 VAR 9] B9
A Al W $UITHL Fig. 4291 Jehiddnh ol IHAM A" Yol Baw
A4S Woluw Table 429 2ok o 2dolAd R¥ & & A AAY olSo] F/tE
2 oW#E, AN, AAAH s FA%A Ao} Nxdel FAoISE T

FE AELHE EE F UASE & F 3UH

Table 4.2 Results of inditional response under variation of totat gain

Total Gain Overshoot | Time to Peak!| Rise Time |Settling Time| Steady-state
(%) (sec) (sec) (sec) Error (%)
10 10.6272 1.9 0.71 2.8 0.0045
15 39.8355 16 0.4501 54 0.0025
20 66.8132 14 0.3552 9.7 0.0002
/26 120.9094 9.4 0.2856 inf. 52.1136
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Fig. 4.2 Indicial responses to the variation of total gain
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Table 4.3 Results of inditional response under variation of damping ratio

Damping Ratio Overshoot | Time to Peak | Rise Time Settling Time | Steady-state
(%) (sec) (sec) (sec) Error (%)
1 120.9094 94 0.8568 inf. 52.1136
2 20.8885 24 - 0.8568 5.2 0.0046
5 29.1093 22 0.8028 10 0.0030
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Fig. 4.3 Indicial responses to the variation of dampingl gain
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Table 4.4 Comparison of simulated results

Fhrase {deg)

Fig. 4.4 Nichols chart at optimal parameters
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Mp Phase Margin(dB) | Rise Time(sec)
a3 @ Band Width Overshoot Settling Time L] -2
(rad/sec)
Gain Margin Time to peak Steady-state err.
99.6167 ~-1.1533 0.2856
5.24 10.47 46 120.9094 inf. 2oty
0.9891 94 52.1133
0.9263 70.6924 0.17
11 11 0.89 0.4624 2.3 °r A
3.7237 3 0.0002
0.9283 694 1.1023
13 30 1 1.16 2.1 G A
3.5935 2.7 0.0041
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Fig. 4.5 Indicial responses at optimal parameters and critical parameters
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