
Ship nonlinear-feedback course keeping algorithm based on MMG model
driven by bipolar sigmoid function for berthing

Qiang Zhang a,b, Xian-ku Zhang a,*, Nam-kyun Im c

a Navigation College, Dalian Maritime University, Dalian, Liaoning, China
b Navigation College, Shandong Jiaotong University, Weihai, Shandong, China

c Division of Navigation Science, Mokpo National Maritime University, Mokpo, South Korea

Received 4 September 2016; revised 14 November 2016; accepted 11 January 2017

Available online 13 February 2017

Abstract

Course keeping is hard to implement under the condition of the propeller stopping or reversing at slow speed for berthing due to the ship's
dynamic motion becoming highly nonlinear. To solve this problem, a practical Maneuvering Modeling Group (MMG) ship mathematic model
with propeller reversing transverse forces and low speed correction is first discussed to be applied for the right-handed single-screw ship.
Secondly, a novel PID-based nonlinear feedback algorithm driven by bipolar sigmoid function is proposed. The PID parameters are determined
by a closed-loop gain shaping algorithm directly, while the closed-loop gain shaping theory was employed for effects analysis of this algorithm.
Finally, simulation experiments were carried out on an LPG ship. It is shown that the energy consumption and the smoothness performance of
the nonlinear feedback control are reduced by 4.2% and 14.6% with satisfactory control effects; the proposed algorithm has the advantages of
robustness, energy saving and safety in berthing practice.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is well noted that the ship's dynamic motion becomes
highly nonlinear with its low velocity, large drift angle, and
environment disturbances when berthing. Moreover, the con-
ventional merchant ships are under actuated with second-order
nonholonomic constraints due to the ships are not usually
equipped with transverse main thrust devices (Wichlund et al.,
1995). Therefore, course keeping is hard to implement when
the propeller is stopping or reversing in order to regulate the
speed for berthing.

Most studies of ship course keeping control are based on a
simplified dynamic model with a constant speed

(Zwierzewicz, 2015; Trybus et al., 2015). Actually, course
keeping control is usually coupled with speed control by
rudder and propeller. However the simplified dynamic model
does not express the actual condition of the propeller and also
does not fully satisfy the berthing requirements. The MMG
model can meet these requirements better than the simplified
dynamic model. The accuracy of the course keeping control is
based on MMG model. Jia and Yang (1999) recommended that
the Kijima model can be used when the draft angle is less than
20�, the Yoshimura model can be employed when draft angle
is more than 30�, and the interpolation method, which comes
somewhere between the above models, can be used for low
speed correction when the draft angle is between 20� and 30�.
The research committee on the “standardization of mathe-
matical model for ship maneuvering predictions” has done a
lot of research (Yasukawa and Yoshimura, 2015). However,
the characteristics of propeller reversing is usually simplified
or omitted with regard to controller design (Lee et al., 2009;
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Tran and Im, 2012; Im et al., 2013; Ahmed and Hasegawa,
2013; Park and Nakwan, 2014), hence this controller is
limited in practice and in its application probability.

Nowadays, efficient and safe navigation has been a hot
topic in the ship control field (Zhang, 2012). The problems
with controlling high output energy and difficulty in its
nonlinear function cancellation were basically solved by the
combination of nonlinear feedback and a backstepping algo-
rithm (Zhang et al., 2015a). It is noted that the nonlinear
feedback control cannot significantly change the output per-
formance of control by itself, but it can achieve the equivalent
or better control with smaller amounts of energy. A kind of
nonlinear feedback function was proved by the descriptive
function theory and also indicates that the satisfactory energy
saving effect on the application of the ship course-keeping
control is driven by the sine function theoretically (Zhang
and Zhang, 2016a). Furthermore, the nonlinear decoration
technology has been driven by the bipolar sigmoid function
based on the Nomoto ship model which was employed to
achieve the same energy saving effect (Zhang et al., 2016b).

With reference to the research in recent years (Jia and
Yang, 1999; Kijima and Nakiri, 2002; Yashimura et al.,
2009; Jorgen, 2014), this paper firstly discusses a practical
MMG ship model which is applicable to the right-handed
single-screw ship with propeller transverse forces and low
speed correction by the cubic spline interpolation algorithm.
Secondly, a novel PID-based nonlinear feedback algorithm
driven by bipolar sigmoid function is proposed. The PID pa-
rameters are directly determined by a closed-loop gain shaping
algorithm, while the closed-loop gain shaping theory was
employed for effects analysis. Finally, taking an LPG ship as
an exemplar for turning, zigzag, crash astern, and course
keeping control simulations, the results shows that the MMG
model satisfies the navigation practice and the proposed al-
gorithm has the advantages of robustness, energy saving and
safety in berthing practice.

2. Ship berthing mathematical model

Considering the practical berthing operations and the MMG
modeling idea, the earth fixed coordinate system O0-x0-y0 and
the body fixed coordinate system O-x-y are shown in Fig. 1. X,
Y, N are the external forces and moments in different di-
rections, respectively; u, v, r are the ship longitudinal, trans-
verse components of the velocity vector and the steering angle
velocity, respectively; d, j, b are rudder angle, heading angle,
drift angle, respectively.

The relevant equations are as follows.

8

<

:

ðmþmxÞ _u� ðmþmyÞvr ¼ XH þXP þXR þXW

ðmþmyÞ _v� ðmþmxÞur ¼ YH þ YP þ YR þ YW

ðIZZ þ JZZÞ _r ¼ NH þNP þNR þNW � YxC

ð1Þ

where m, mx, my, Izz and Jzz are ship quality, added mass,
inertia moment and additional inertia moment, respectively;
YxC is the correction of the gravity center moment; Subscript

H, P, R and W are bare hull, propeller, rudder and wind,
respectively.

2.1. Bare hull fluid force calculation

When ship drift angle is less than 20�, the Kijima's ship
model can be used as Eq. (2):
8

<

:

XH ¼ XðuÞ þXvvv
2 þXvrvrþXrrr

2

YH ¼ Yvvþ Yrrþ Yjvjvjvjvþ Yjrjrjrjrþ Yvvrv
2rþ Yvrrvr

2

NH ¼ NvvþNrrþNjvjvjvjvþNjrjrjrjrþNvvrv
2rþNvrrvr

2

ð2Þ
where the longitudinal viscous hydrodynamic factors X(u),
Xvv, Xvr and Xrr, the linear viscous hydrodynamic factors Yv, Yr,
Nv and Nr, the nonlinear viscous hydrodynamic factors Yvvr,
Yvrr, Nvvr, Nvrr, Yjrjr, Njvjv, Yjvjv and Njrjr are determined by the
Kijima empirical formulas (Kijima et al., 1990).

2.2. Rudder force calculation

Rudder force calculated can be expressed in the following
Eq. (3) (Jia and Yang, 1999).
8

<

:

XR ¼ ð1� tRÞFN sin d
YR ¼ ð1þ aHÞFN cos d
NR ¼ ðxR þ aHxHÞFN cos d

ð3Þ

where tR is the steering resistance deduction factor; and aH is
the rudder force increase factor; xR is the rudder longitudinal
coordinate; and xH is the longitudinal coordinate of the acting
point of the additional lateral force component induced by
steering; FN is rudder normal force.

2.3. Calculation of propeller thrust

When a ship berths without the assistance of tugs and other
external auxiliary facilities, in most cases, the propeller works
in Ⅰ (the first) quadrant (u > 0, n > 0) and Ⅱ (the second)

Fig. 1. Ship earth fixed coordinate system and body fixed coordinate system.
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quadrant (u > 0, n < 0). Hence this study only discusses the
propeller force under the Ⅰ, Ⅱ quadrant conditions. A practical
formula for estimating propeller forces can be used as shown
in Eq. (4) (Jia and Yang, 1999).

8

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

:

XP ¼ rn2D4
Pð1� tPÞkT

YP ¼
8

<

:

0 if n� 0
P

6

i¼0

aiJ
i if n<0

NP ¼
8

<

:

0 if n� 0
P

6

i¼0

biJ
i if n<0

ð4Þ

where tP is thrust deduction factor; DP is propeller diameter; J
is propeller advanced ratio; n is propeller revolution; ai, bi are
test coefficients; u is propeller speed.

The regression formula of the thrust deduction factor can be
used as follows (Li and Gu, 1990):
8

<

:

1� tP ¼ 0:8411� 2:314J� 2:721J2 if Cb ¼ 0:82

1� tP ¼
�

0:9827� 0:1941J� 0:68� J � 0
2:27þ 1:706J� 0:85� J ��0:68

if Cb ¼ 0:58

ð5Þ
As for other ships with different block coefficient Cb, the

thrust deduction factor can be calculated by internal or
external interpolation. Under any propeller disk ratio q, the
propeller thrust factor kT can be calculated through Eq. (6).

where Aij is constant coefficient; P is propeller pitch.

2.4. Low speed correction for hull fluid force calculation

When the ship drift angle is more than 30�, Yoshimura's
ship model can be used as Eq. (7):

where Cry, Crn are model correction factors.
The interpolation algorithm was suggested for imple-

mentation on the Kijima's model and Yoshimura's model when
the draft angle is between 20� and 30� (Jia and Yang, 1999). In
order to make ship's motion curve more smooth and consistent
with a real ship movement, when the draft angle is between
20� and 30�, a cubic spline interpolation method ought to be
used. Cubic spline interpolation is a special case for Spline
interpolation which is widely used to avoid the problem of
Runge's phenomenon. This method gives an interpolating
polynomial which has smaller errors than some other inter-
polating polynomials such as linear interpolation.

Expressions cubic spline interpolation function is Eq. (8).

SðxÞ ¼ Mi�1

6hi�1

ðxi � xÞ3 þ Mi

6hi�1

ðx� xi�1Þ3

þ
�

yi�1

hi�1

�Mi�1

6
hi�1

�

ðxi � xÞ þ
�

yi
hi�1

�Mi

6
hi�1

�

ðx� xi�1Þ

ð8Þ

where xi�1 � x � xi; i ¼ 1,2, …, n; hi�1 ¼ xi � xi�1;
Mi ¼ S

00 ðxiÞ.

2.5. Wind disturbance model

Wind disturbance has a greater impact on ship safety for
berthing. The Ship master usually should consider adequately
the wind disturbance to design the berthing plan. The wind
disturbance model is shown as Eq. (9).
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<
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>

:

kT ¼
X

m

i¼0

X

n

j¼0

Aij

�

P

DP

�i

Jj

kT

�

q;
P

DP

;J

�

¼ ð0:8� qÞð1:1� qÞ
0:18

kT

�

0:5;
P

DP

; J

�

� ð0:5� qÞð1:1� qÞ
0:09

kT

�

0:8;
P

DP

;J

�

þð0:5� qÞð0:8� qÞ
0:18

kT

�

1:1;
P

DP

;J

�

ð6Þ
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>

>

>
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>

:

XH ¼ XHðr ¼ 0Þ þXvrvrþXrrr
2

YH ¼ YHðr ¼ 0Þ þ Yrjujrþ 1

2
rdCdðLvjvj �

Z

L=2

�L=2

�

vþCryxr
�
�

�vþCryxr
�

�dxÞ

NH ¼ NHðr ¼ 0Þ þNrjujr� 1

2
rLdCd

Z

L=2

�L=2

ðvþCrnxrÞjvþCrnxrjxdx

ð7Þ

527Q. Zhang et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 525e536



8

<

:

Xwind ¼ 0:5raAfU
2
RCwxðaRÞ

Ywind ¼ 0:5raAsU
2
RCwyðaRÞ

Nwind ¼ 0:5raAsLoaU
2
RCwnðaRÞ

ð9Þ

where Cwx(aR), Cwy(aR) and Cwn(aR) are calculated using the
Isherwood regression equation. For more details about the
mathematical model, please refer to the references (Jia and
Yang, 1999; Fossen, 2011)

3. Controller design

3.1. PID linear controller design

Nomoto ship mathematic model can be easily transformed
to a kind of simplified nonlinear ship model (named nonlinear
Nomoto model): €jþ K0

T0
ða _jþ b _j

3Þ ¼ K0

T0
d. Where j is output

of heading; d is input of rudder angle; K0 is turning ability
index; T0 is turning lag index; a, b are nonlinear parameters;
KC is the ship controller designed for keeping the set course jr

by using closed-loop gain shaping algorithm. The parameters
K0, T0, a, b are calculated by a Visual Basic program as shown
in Fig. 2, utilizing the principle illustrated (Zhang, 2012;
Nomoto et al., 1957).

The core work of the closed-loop gain shaping algorithm is
to design the controller directly using a closed-loop system's
transfer functions (such as S and T ) which are the simplified
results of a robust H∞ control mixed sensitivity control algo-
rithm with four parameters. In other words, the four parame-
ters construct the compensatory sensitive function T which is
relevant to the sensitive function S. Then the controller Kc is
designed backward by using S and T.

The designed robust controller of the standard feedback
system is determined by bandwidth frequency, the largest
singular value and asymptote slop. The high frequency
asymptote slop being �20 dB/dec. The frequency spectrum
curve of T can be approximately regarded as the frequency
spectrum curve of a first-order inertial system with the largest
singular value of T, then

1

Tsþ 1
¼ GKC

1þGKC

0KC ¼ 1

GTs
ð10Þ

Actually an engineering plant can be converted into a
second-order deep strictly proper plant through model reduc-
tion or the Bode plot approximation method. Then the form
can be written as Eq. (11).

G¼ b0
a2s2 þ a1sþ a0

ð11Þ
As can be seen by Fig. 3, the singular value curve is

approximately regarded as a constant in a low frequency
range, while the high frequency singular value curve uses a
straight line approximation with �40 dB/decade slope or uses
a straight line approximation with the combination of �20 and
�40 dB/decade slope. These approximations are feasible in
engineering due to the actual controlled plant's general low-
pass. Eq. (11) can be rewritten as:

KC ¼ a2s
2 þ a1sþ a0
b0T1s

¼ a1
b0T1

þ a0
b0T1s

þ a2s

b0T1

ð12Þ
A robust controller can be simplified to the Eq. (13)

through using a first-order loop gain shaping algorithm
(Zhang, 2012).

KC ¼ 1

3K0

þ zþ T0

3K0

s ð13Þ

where z is a parameter to adjust the response speed of the
control system (0 < z < 10). Then the designed nonlinear
controller for the ship's course-keeping has strong robustness,
whose adjusted parameters are determined only by the ship's
maneuverability index K0 and T0. Hence the controller is
easier to debug and the physical meaning of the controller is
clearer.

3.2. Nonlinear feedback controller

Although the PID control law herein is a linear control law,
the final control law is still a nonlinear control since the

Fig. 2. Simulation platform of Nomoto model.
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introduction of nonlinear feedback technology. As shown in
Fig. 4, Nonlinear Feedback Control (NFC) algorithm is driven
by a bipolar sigmoid function (Zhang et al., 2016c). The
controller KC is designed by using Eq. (13), the nonlinear
Nomoto model is the controlled plant, g is design parameters,
е is the error of the feedback system between input and output.

Effects of nonlinear feedback driven by bipolar sigmoid:

(1) The formula e�ge is expanded through using Taylor series
to the first-order equation as following.

e�gez1� ge ð14Þ
Then

1� e�ge

1þ e�ge
z

ge

2� ge
ð15Þ

If the error e is not big, then

1� e�ge

1þ e�ge
z0:5ge ð16Þ

When g ¼ 1.4, then

1� e�1:4e

1þ e�1:4e
z0:7e ð17Þ

Setting u ¼ 0.7 < 1, then the theoretical analysis as
following.

(2) Effect on the steady state of the closed loop system: Let
the reference input be a step signal, its amplitude is jr. In

order to facilitate analysis, a linearization ship mathe-
matical model is used as G ¼ K0=½sðT0sþ 1Þ�. The steady
state error to the step input is obtained directly by the final
value theorem. Then the system output course j of the
steady state error is given below:

jð∞Þ ¼ lim
s/0

s
GKCu

1þGKCu

jr

s

¼ lim
s/0

K0

sðT0sþ1Þ

�

1
3K0

þ 2þ T0
3K0

s
	

u

1þ K0

sðT0sþ1Þ

�

1
3K0

þ 2þ T0
3K0

s
	

u
jr

¼ lim
s/0

ðT0sþ 6K0 þ 1Þu
3T0s2 þ 3sþ ðT0sþ 6K0 þ 1Þujr ¼ jr ð18Þ

From Eq. (18), the output steady state error is jr � jr ¼ 0.
Therefore, the nonlinear feedback driven by bipolar sigmoid
has no extra effect to the steady state of the system.

(3) Effect on the dynamic performance of the closed loop
system. The transfer function from the input jr to the
output j is:

j

jr

¼ GKCu

1þGKCu
ð19Þ

According to the given u (u < 1) and the closed-loop gain
shaping theory (Zhang, 2012), the open-loop frequency char-
acteristic GKC satisfies robust performance in the low fre-
quency zone and robust stability in the high frequency zone,
i.e. high gain in the low frequency zone and low gain in the
high frequency zone. Therefore, the closed loop transfer
function GKC=ð1þ GKCÞ of a standard feedback system is
compared with Eq. (19), and the introduction of u has little
effect on the dynamic performance of the close loop system
due to the high gain in low frequency zone.

(4) Effect on the control output. The transfer function from
the input jr to the output d of the controller is written as
following:

d

jr

¼ KCu

1þGKCu
ð20Þ

Using the same analysis method of Eq. (19), the value of
KCu is reduced more significantly than the 1 þ GKCu in Eq.
(20). Therefore, the u will reduce the control output of the
close loop system.

(5) Owing to 1�e�1:4e

1þe�1:4ez0:7e will not be established when e is
too large. It is difficult to prove the effect of nonlinear

Fig. 4. Configuration of a nonlinear feedback system.

Fig. 3. Approximation of singular value curve of the original plant by a

second-order deep strictly proper plant.
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control driven by bipolar sigmoid function. This case is
not discussed in this note.

4. Simulation

To verify the effectiveness of the ship mathmatic model and
control algorithm in this section, the simulation plant of in-
terest is an LPG ship “MT.CISNE BLANCO” with a right-
handed single propeller (Ma, 2012). The ship model parame-
ters are shown in Table 1, and the hydrodynamic coefficients
are shown in Appendix A. Moreover, MATLAB is used for
simulation tests, and the Spline3 function is employed for
cubic spline interpolation.

4.1. Simulation test for the validation of MMG model

4.1.1. Turning test
According to the ship sea trials report, the initial ship and

sea condition of the full-scale turning test are shown follows:
the rudder angles and the initial heading were ±35� and 000�,
respectively; the initial ship speed and propeller revolution
speed were 15 kn and 114 rpm (revolutions per minute); the
wind direction and relative wind speed were �45� and 4 m/s,
respectively. The accuracy of the ship model can be presented
by the conformity function h that defined in Eq. (21) (Zhang
et al., 2016b).

h¼ minðDs;DrÞ
maxðDs;DrÞ � 100% ð21Þ

where Ds is tactical or advance diameter of the simulation, Dr

is tactical or advance diameter of the turning test, h is the
conformity function.

In Fig. 5, the results shows the turning simulation corre-
spond with real ship practice. In Table 2, the tactical and
advance diameter of starboard and port turning is between
89% and 94.3%, thus the average conformity function h is
91.9%. Hence the conformity of simulation is in line with the
large inertia and nonlinearity, even though there is some
discrepancy, which is partly caused by the regression formulas
of this MMG mode which were developed by using different
model ships from this LPG ship (Jia and Yang, 1999).

4.1.2. Zigzag test
The initial conditions in details are as follows: the wind

direction and relative wind speed were 40� and 3 m/s,
respectively. The ship speed was 14.9 kn. To start the test, the
main engine of propeller had run 2e3 min with 114 rpm, then
the rudder turning port 10� quickly for further zigzag test. The
MMG model and Nomoto model are employed for the simu-
lation. The turning ability index K0 and turning lag index T0
are 0.17 and 56.18 for Nomoto model. According to the IMO
(International Maritime Organization) performance standards
of ship trial test, the first overshoot angle s1 and the second
overshoot angle s2 of the ship must meet the Eq. (22).

s1 � 5� þ L

2V

s2 � 17:5� þ 3L

4V

ð22Þ

Table 3 shows that all the overstepping angles with
different models meet the IMO standards and the MMG model
is better than Nomotal model. Fig. 6 is the comparison of ship

Fig. 5. Comparison of ship turning between simulation and sea trails.

Table 2

Ship turn test results.

Tactical

diameter

Advance

diameter

Conformity

function h

Ship trial(starboard) 3.49L 3.23L 93%

Simulation(starboard) 3.7L 3.49L 94.3%

Ship trial(port) 3.49L 3.19L 91.4%

Simulation(port) 3.92L 3.49L 89%

Table 1

Simulation parameters for an LPG ship.

Length between

perpendiculars L (m)

167 Breadth (molded) B (m) 27.7

Designed draft

(molded) d (m)

9.888 Displacement V(m3) 37,786

Molded depth D (m) 16 Block coefficient Cb 0.81

Rudder area AR (m2) 69 Maximum designed

speed V (kn)

15.6

Prismatic coefficient Cpa 0.89 Propeller diameter DP (m) 5.5

Propeller pitch P (m) 4.327 Number of blades Z 5

Propeller disk ratio q 0.69 Height of rudder Hr (m) 10.4

Rudder aspect ratio l 1.58 Trim (m) 0

530 Q. Zhang et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 525e536



zigzag test with a different model. It is obvious that the MMG
model used in this paper is closer to the ship trial than the
Nomoto model and satisfies navigation practice, even though
there is some discrepancy, which is partly caused by this
MMG regression, formulas were developed by using different
model ships from this LPG ship (Jia and Yang, 1999).

4.1.3. Crash astern test
The ship and sea condition of crash astern test in details are

as follows: the initial ship speed and rudder angle were
10.55 kn and 0�, respectively; the wind direction and the
relative wind speed were 140� and 5 m/s, respectively. The
telegraph of main engine was a gradual transition from “stop
engine” to “full astern” in 277 s. Then the telegraph was “stop
engine” again until the speed decreased to 0 kn from 277 s to
334 s. The propeller revolution is shown as Fig. 7.

In Fig. 8, the simulation shows that the effect of the pro-
peller reversing transverse force satisfies navigation practice.
The real last position of ship trial is (1080 m, 296 m) when the
ship speed is reduced to 0 kn, while the simulation ship po-
sition is (1141 m, 221 m). Hence the distance error is only

96.7 m with the error rate 8.6%. Consequently, the comparison
of ship tracks from the simulation and sea trial reflects the
significant effect of the transverse force when the right-hand
single propeller is reversing.

Fig. 8 also shows the difference between the ship trial and
simulation, partly caused by the regression formulas of the
propeller transverse force which were developed by using 6
kinds of model ships (Jia and Yang, 1999), which has some
differences from this LPG ship.

4.2. Control algorithm simulation

The PID and NFC system based on the MMG model are
shown in Fig. 9. The standard PID control system is shown in
Fig. 9(a) through which the control law KC is designed using
closed-loop gain shaping algorithm. To be a control plant, the
MMG model has three input items (rudder angle d, disturbance
and propeller rpm) and one output item (heading angle). As is
shown in Fig. 9(b), the nonlinear feedback algorithm driven by
bipolar sigmoid function is employed to control the plant
based on standard PID control.

Course keeping control is usually carried out at a constant
speed with main engine “full ahead”. However, there is typical
course keeping control with engine rotating forward, stopping
or even rotating backward for berthing. Given this, theMMG
model is employed for simulation with different propeller
conditions (rpm > 0, rpm ¼ 0, rpm < 0) under the premise of a
controllable.

When a ship is berthing, the sway motion and heading
deviation are mainly caused by marine environmental distur-
bances. In the simulation, one considers the sea wind. The
wind disturbance is divided into average wind and impulse
wind. The average wind can be expressed by Eq. (9), while the
impulse wind is considered as white noise (Kallstrom, 1982).
The wind speed 8 m/s, wind direction 85�, the initial heading
000�, setting course 000�. The simulations take three initial
ship speeds 8 kn, 5 kn and 3 kn. The parameters K0 and T0 are
0.22 and 326 when speed is 8 kn. Then the PID parameter
Kp ¼ 9.515, Ki ¼ 0, Kd ¼ 493, z ¼ 8 calculated by using Eq.
(14).

4.2.1. Course keeping control with propeller rotating
forward (rpm > 0)

In this simulation, the initial speeds are 8 kn, 5 kn and 3 kn
when rpm is 38. The Fig. 10 demonstrates the simulation

Fig. 6. Comparison of ship zigzag test with different model.

Fig. 7. Propeller revolution.

Fig. 8. Crash astern test.

Table 3

The results of overshoot angels.

s1 s2

Ship trial 4.8� 8.8�

Nomoto model 9.1� 16.3�

MMG 5.4� 6.6�

IMO standards 15.89� 33.8�
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results of PID and NFC algorithm. As is shown in Fig. 10(a),
the PID and NFC almost get the same control effects with
regulation time 280 s without an overshoot. In Fig. 10(c), the
times of easing the rudder from 35� are 70 s, 102 s, 113 s for
PID and 70 s, 98 s, 126 s for NFC under the initial speed 8 kn,
5 kn and 3 kn, respectively. Hence the NFC has a faster
response than PID. It is quite obvious that the rudder angle of
NFC is smaller than that of PID, which means that the anti-
disturbance ability and robustness of NFC are stronger than
PID, meanwhile the NFC has energy saving effect and reduces
the working load of the steering gear for safe berthing.
Furthermore, when the course is stable, the average rudder
angle is �0.8� due to the average wind disturbance.

Fig. 10(b) shows that the speed decreases significantly
during the turning phase. The PID and NFC almost have the
same effects on speed reduction, even if the NFC makes little
speed reduction due to its small rudder angles, and lead to less
ship resistance than PID.

4.2.2. Course keeping control with propeller stopping
(rpm ¼ 0)

TheFig. 11 demonstrates the simulation results of the PIDand
NFC algorithm when propeller stops (rpm ¼ 0). As is shown in
Fig. 11(a), the PID and NFC control results are almost the same
with regard to regulation time 460 s without overshoot. In
Fig. 11(c), the times of easing the rudder from 35� are 95 s, 162 s

Fig. 9. Configuration of standard PID and NFC system.

Fig. 10. Comparison of course keeping with different initial speed when rpm ¼ 38.

532 Q. Zhang et al. / International Journal of Naval Architecture and Ocean Engineering 9 (2017) 525e536



and 262 s for PID and 94 s, 159 s and 257 s for NFC under the
initial speed 8 kn, 5 kn and 3 kn, respectively. Therefore theNFC
has a faster response than the PID. It's also obvious that the
rudder angle of NFC is smaller than that of PID, which means
that the anti-disturbance ability and robustness of NFC are
stronger than PID. Furthermore, when the course is stable, the
average rudder angle is �1.2� due to the average wind distur-
bance. Fig. 11(b) also shows that the PID and NFC almost have
the same effects on speed reduction, even if the NFC makes less
speed reduction due to its small rudder angles.

4.2.3. Course keeping control with propeller rotating
backward (rpm < 0)

In berthing practice, the ship propeller needs to be rotated
forward in a short time for course keeping (mariners call it
“kick ahead”), while the operation of rotating backward needs
to be done for speed control in a short time (mariners call it
“kick astern”). Compared to the “kick ahead”, the course
keeping control with the “kick astern” is more difficult. The
control signals of main engine telegraph are shown as follows:
the telegraph during time period 0s-25 s is “dead slow ahead”;
the telegraph during time period 119s-129 s, 229s-239 s and
339s-349 s is “dead slow astern”; the rest of telegraphs are
“stop engine”. The input signals of controlled propeller are the
output of main engine telegraph which calculated by using
first order transfer function from the above telegraph signals.

The Figs. 12 and 13 demonstrate the simulation results of
PID and NFC algorithm when propeller rotating backward. In
Fig. 12(a), the PID and NFC almost get the same control ef-
fects with regulation time 350 s without overshoot for the 8 kn
case and 5 kn case, while there is 2� overshoot angle and the
regulation time 510 s for 3 kn case due to the low speed (only
0.98 kn) and the effect of relative increased disturbances result
in the control effect decreases.

In Fig. 12(c), the times of easing the rudder from 35� are
118 s, 209 s and 363 s for PID and 115 s, 203 s and 348 s
for NFC under the initial speed 8 kn, 5 kn and 3 kn,
respectively. Hence the NFC has a faster response than PID.
It is also obvious that the rudder angle of NFC is smaller
than that of PID, which means the anti-disturbance ability
and robustness of NFC are stronger than PID. The rudder
angles have no significant change when the propeller is
reversed during 119s-129 s for the 8 kn case and during
119s-129 s and 229s-239 s for the 5 kn case, because the
propeller transverse force accelerates the right turn when
the course was unable to reach 040�. However, the obvi-
ously increased port rudder angles cancel the influence of
the reversing propeller transverse force during 229s-239 s
and 339s-349 s for the 8 kn case and 339s-349 s for 5 kn,
because the transverse force pushes the ship bow to star-
board and then the course will exceed the set course 040�

when the courses have stabilized in 040�.

Fig. 11. Comparison of course keeping with different initial speed when rpm ¼ 0.
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As is shown in Fig. 12(b), the speeds decrease significantly
when propeller is reversing. The PID and NFC have almost the
same effects on speed reduction, even if the NFC speed
reduction is to a lesser degree.

To check the further control stability for 3 kn case and
verify the course keeping effect with “kick ahead”, the

simulation time is extended to 900 s. The propeller is
increased to 38 rpm during 460 se480 s.

Fig. 13 clearly shows that the 3 kn case can be stabi-
lized in the set course 040� without “kick ahead”, while
with the “kick ahead”, the overshoot angle decreases from
42� to 41�and the rudder angle is quickly reduced. It is also

Fig. 12. Comparison of course keeping with different initial speed when rpm < 0.

Fig. 13. Course keeping control with “kick ahead” under the initial speed 3 kn when rpm < 0.
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obvious that the rudder angle of NFC is smaller than that
of PID.

4.3. Control performance analysis

To provide quantification, two popular performance speci-
fications, Eq. (23) are employed to evaluate the closed-loop
performance (Zhang et al., 2015b). That is the Mean Integral
Absolute (MIA) and the Mean Total Variation (MTV) of the
control. MIA and MTV of the control input rudder angle
d measure the energy cost and the smoothness of the corre-
sponding algorithm. In Eq. (23), u(t) is the rudder angle for the
control plant MMG model. The t and t � 1 denote the current
sampling time and the past one, respectively.

MIA¼ 1

t∞ � t0

Z

t∞

t0

juðtÞjdt

MTV ¼ 1

t∞ � t0

Z

t∞

t0

juðtÞ � uðt� 1Þjdt

ð23Þ

Table 4 gives a quantitative comparison of the above con-
trol simulations results, and this verifies the effectiveness of
the NFC. It is noted that the MIA and MTV values of NFC
under all control conditions are less than PID's. The MIA value
is reduced by 4.2% from the PID total values 106.19 to NFC
total values 101.72, while the MTV value is reduced by 14.6%
from the PID total values 6.36 to NFC total values 5.43.
Therefore the NFC is better than PID in terms energy con-
sumption and smoothness performance which can reduce the
work load and abrasion in the steering motor during safe
berthing.

5. Conclusions

In this paper, one focuses on the course keeping control in
fields of marine practice. Based on a practical MMG ship
model with propeller transverse forces and slow speed cor-
rections, a novel PID-based nonlinear feedback algorithm
driven by bipolar sigmoid function is proposed. The nonlinear
feedback controller can achieve the same control effect with a
minor control action under the unchanged control law.
Moreover, taking an LPG ship as an example, simulation re-
sults show that the MMG model satisfies the navigation

practice. Compared to the standard PID controller, the
nonlinear feedback controller can make the smaller input
rudders for wind disturbance, and the energy consumption and
smoothness of performance is reduced by 4.2% and 14.6%,
respectively, while the control effect is almost the same as
PID. Therefore the algorithm has the advantages of robustness,
energy saving and safety in berthing.

This algorithm provides a theoretical method for the further
study of the automatic berth controller. The same conclusion
can be drawn when the nonlinear feedback algorithm is used
in some other examples. Even though this algorithm needs
prudent use when the set value is too large, it will be discussed
further in the following work.
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Appendix A. The hydrodynamic coefficients for an LPG
ship

See Table A1. The subscript “0” stands Kijima's ship
model, “1”stands Yoshimura's ship model.
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