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Abstract：A nonlinear adaptive control strategy is proposed to solve the problem of uncertainty and nonlin~,'ity of the ship 

steering mathematical mode1．The presented method which incorporates Nussbaum gain technique into adapdve backstepping 

tithm is especially usefial in dea1ing with the unknown sign ofuncertain control coefficient．It is at fmt proved theoretically that the 

presented adaptive controller guarantees that all啦 m the parameter uncertain nordinear ship motion system without a呻  

knowledge about control directions are uniform bounded，and the output of the controlled uncertain nonlinear ship motion system 

asymptotically tracks the output ofthe ship cout~e reference mode1．Then，simulation studies are carried out uy uriliTing Matlab’S 

Simulink toolbox．The results of the simulation of two ships’steering models show that the designed controller can be applied tO 

the ship cout~e~ cking widl gooa compatibility and robustness． 
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控制增益未知的船舶航向非线性自适应跟踪控制 
杜佳璐 ，郭 晨 ， 

(1．大连海事大学 自动化与电气工程学院，辽宁 大连 116026；2．大连海事大学 航海动态仿真与控制重点实验室，辽宁 大连 116026； 

3．清华大学 智能技术与系统国家重点实验室，北京 1OOO84) 

摘要：针对参数不确定的船舶运动非线性控制系统控制方向未知的困难，将逆推算法与Nussbaurn增益方法相 

结合，提出一种新的自适应非线性控制策略，从而实现船舶运动航向跟踪控制．首先，从理论上证明了所设计的自 

适应控制器保证最终的控制系数符号未知的参数不确定船舶运动非线性系统中所有信号一致有界，船舶的实际航 

向全局自适应地渐近跟踪期望的参考航向．对两条船舶数学模型的仿真实验结果表明，所设计的自适应非线性跟 

踪控制器具有良好的适应性及鲁棒性． 

关键词：船舶航向跟踪控制；自适应控制；非线性；参数不确定；逆推算法；Nussbaurn增益 

Shiph~ating，in general，is a complicated control prob- 

lem．The ship course control directly influences the rna- 

neuverability，economy and security of ship navigation and 

the combat capacity of warship⋯ ．Since the application of 

PID control law in ship navigation control in 1920’S，the 

navigation controls have been hi emphasized due tO 

the navigation safety，energy-saving and lowering working 

intensity ofthe CreW．Many advanced control algorithms， 

such aS model reference adaptive control[ 
，
neural 

network adaptive control【 ’引
．
have been applied tO ship 

steering since the 1980s．So far，Nomoto linear model has 

been widely used in most ship motion control designs． 

However，under some steering conditiom like a course- 

changing operadon，it is necessary tO consider the hydro- 

ayr~ c nonlinearities．Hence，the ship control system 

model becomes nonlinear．For a certain mode1．a state 

feedback linearizing control law can be designed according 

to refefence l 5 l，while feedback linearization with saturat- 

ing and slew rate limitir,g actuators is discussed by Tzeng 

et alL6 J
． But it does not possess the robusmess tO the 

changes of parameter and model，because the feedback 

lmearizadon method requires that system parameters and 

$tl'UCt1．1re should be aCCLlrately known．It is obvious that 

the mathematic model of ship steering system is uncertain 

when the variation of speed，loading condition and envi- 

rorlrnent are considered．Now，the stuay and development 

of nol31inear adaptive autopilot with robusmess is a hot 

research topic in the field of ship motion contro1．A robust 
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adaptive nonlinear control~gorithm was presented for ship 

steering autopilot wi山 both parametric uncertainty and 

unknown bound of input disturbance based on projection 

approach by using Lyapunov stability theory in l7j．How- 

ever，the design procedure proposed in l7j requires a pri— 

ori knowledge ofthe sign ofunknown control coefficient． 

Backstepping approach is a new ~gorithm that has been 

well developed in recent years．It can be used to desgn 

the adaptive controller ofa hrge class ofnonlinear control 

system with unknown constant parameter[81
． It is one of 

the most efficient ways to solve the control problem of 

uncertain nonlinear systems，and thus has drawn special 

attention of many theorists．This paper 3．．~6UlTIes that the 

nonlinearity of ship course model is considered and the 

assumption that the parameters ofthe model ale un certain 

and the control direction is unknown．It proposes a new 

adaptive control~gorithm for ship course nonlinear system 

by incorporating the technique ofNussbaum-type func— 

tion[ into backstepping design
．Its objectives include that 

the problem that the parameters ale un certain and the sign 

of control coefficient is unknown in course_c0ntroUing 

system will be solved by the~gorithm proposed，the 

asymptotic stability of ship movement course elTor system 

will be achieved and the goal of course-changing adaptive 

t~cking control ofvessels will be realized．Finally，simula- 

tion studies on two vessels’ mathematic model are 

performed to prove the feasibility and robustness of the 

proposed control alg0rithzn． 

2 Mathematical models of ship steering 

The linear Nomoto model has been widely used to 

deS ship course controller[ 。。． 

= 1 ， (1) (
s)一 + ’ 

that is +r=K8， (2) 

where r is the yaw rate， is mdder angle，T is time con- 

stant，K is rudder gain．This is mainly attributed to its 

simple$trtlc~xe and rehtive easiness in obt~ g the mod- 

el parameters from standard trial data of a ship．Despite its 

popularity，the Nomoto model is or valid for small rud_ 

der angles and low frequencies of rudder action．In order 

to better describe the ship steering dyrlamic behavior so 

that steering equation is also valid for rapid and hrge rud- 

der~gles。a nonlinear characteristic for r is added to equa- 

tion(2)．The following nonlinear model is suggested in 

this paper． 

+r+口r =K8， (3) 

where口／s ca／led Norrbin coefficient．Th e value of口can 

be determined via a Spiral test[ oI
． 

The model parameters vary signiacan@ with operating 

conditions such as the forward speed．Under these VaryiI1g 

operating conditions，it is tedious and difficult to deter- 

mine properly the parameters ofthe controller．So we as— 

sume that T，K，口are unknown constant parameters in the 

design． 

Noting the heading angle，we have 

：r． (4) 

We select State variable aS Xl ．x2 r．M= is con- 

trol variable．And then，equations (3)and(4)are trans— 

form ed into the followings： 

l=x2， (5a) 
2 

2 = ∑ ( 2)+Oou， (5b) 
= 1 

Y= 1， (5c) 

where 01=一1／T，02=一a／T，Oo= K／T，92
．

1 = x2， 

92．2= i． heading angle is the output of ship 

course control system．Th e model in equations (5)will be 

used for our proposed autopilot design．Evidently，this is a 

matching uncertain nonlinear system of single input-si#e 

output(SISO)in which nonlinear function is known ． 

n the parameter 00 is known ，e．g．，00=1，it isjust 
in parametric strict-feedback form [引

．  

Parameter T > 0 when a ship is line movement stable， 

whereas T <0．In this paper，an adaptive tracking control 

design  procedure of ship course-changing is developed 

which does not require 0 priori kn owledge about the sign 

of control coefficient 0o in equation(5b)． 

1he control objective ofthis paper is to make the out- 

put Y of the system (5)asymptotically track a desired 

time-variant reference trajectory d，while all the closed- 

loop sigr~ stay bounded．First，we make the following as— 

sumptions ． 

Assumption 1 Xl= ， 2= r are bo th measur- 

abk． 

Assumption 2 The smooth reference trajectory d 

and its first 2 derivatives d， d ale known  and bound- 

ed 

3 Design of ship nonlinear adaptive con- 

troller 

Du血唔the course-c~ operation it is desirable to 
specify the dynamics ofthe desired heading rather than use 

a constarit reference sign~．One simple way to achieve this 

is to apply model reference techniques．The objective ofa 

couISe_chaJ1{ ng operation is to perform the operation 

quickly、̂ricIl mininlulTl overshoot．The idea／performance 

can be given by reference model(6)[ ]such as 
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=  蠢 (6) 
where and∞n are the parameters to be determined that 

describe the closed-loop system response characteristics；the 

input of the reference model is the course-ckmg 

heading command，and the output grd of the reference 

model is the desired smooth course_ckmgiI1g sign~． 

The reference model(6)can be interpreted 85 a pre- 

filter for the commanded heading．Th e pre-filter ensures 

that numerical difficulties associated、 t}l 1arge step inputs 

ale avoided ．A second-order model is sufficient to generate 

the desired smooth course si grd with known and 

bounded derivatives d， d． 

Th e adaptive controller ofcourse tracking ofthe system 

(5)is designed as follows．Our desig,_consists of 2 steps 

through the backstepping algorithm．Th e designs of both 

the control law and the adaptive laws ale based on the 

change of coordinates 

Zl= 一 d= l一 d， (7a) 

z2= 2一声l( l，1 d)， (7b) 

where the function l is referred to as the intermediate 

control fimction which will be design ed later by using an 

appropriate Lyapunov fimction VI，while Zl is just course 
tracking error．At the second step，the actual control／g ap- 

pears and the design  is completed． 

Step 1 Let us study the fonowmg subsystem(5a) 

l=x2． (8) 

In light of(7a)，equation(8)becomes 

2l= 2一 d， (9) 

where x2 is taken as a virtual control input． 

Consider a Lyapun ov function candidate VI： 

l = {z}． (10) 

The time derivative of VI along the solution of(9)： 

l= l( 2一 d)． (11) 

Let the interm ediate control fimction 1 be 

l( l，1 d)=一Cl l+1 d， (12) 

where the design constant Cl>0 will be chosen later．Us— 

ing(12)，a direct substitution ofx2=7．2+ l into(11) 

yields 

l=一Clz}+Zlz2． (13) 
Th e“un desired”effects of on 1 will be dealt with at 

the next step． 

Step 2 In light of(7b)，(9)and(12)，the derivative 

ofz2 is 

22 

。l(一Cl l+z2)一1 d 

“ + ∑ + 2．3' (14) 
： i 

where 2
，

3 一 C2Z
l+ClZ2一’ dis a smooth fimction of 

(Zl，z2， d)． 

In order to cope with the unknown sign of un certain 

control coefficient 00， the Nussbaum gain technique 

which was origi~ y proposed in[9]is employed in this 

paper．A fimction N(·)is called a Nussbaum-type fimc- 
tion[9]ifit has the fonowmg properties： 

limsupl[~N(k)dk：∞， (15a) 

lirainfIf'N(k)dk：一∞． (15b) 
s—’∞ J o 

Commonly used Nussbaum fimctions indude： 

exp(k2 co=((兀／2) )，k2COS( )，and k2sin( )． 

We now百ve the fonowmg lemma regarding to the 

property ofNussbaum gain which is used in the controller 

design．The proofcan be found in[12]． 

Lemma 1 Let (·)and (·)be smooth fimctions 

defined on[0， r)with V(t)≥0，V t∈[0， )，N(·) 

be an even smooth Nussbaum-type fimction，and 0 be a 

nonzero constant．Ifthe foUowmg inequality h0ldS 

(t)≤J。( ( )+1)矗(r)dr+c，V t∈Eo， )， 
(16) 

where C represents some suitable constant，then (t)， 

V(t)，and I(ON( )+1)k(r)dr must be bounded in 

[0， )． 
Le t the control input be designed as the followh'g actual 

adaptive control： 

“=Ⅳ( )(c2z2+ +∑ ) (17) 
J=i 

with 

N( )：k2cos( )， (18) 

JI；=c2z；+ z2+ ∑ (19) 

where c2 is a positive design constant and N( )is an even 

smooth Nussbaum-type fimction． (1≤．『≤2)ale the 

parameter estimates of the unknown parameters ， 

1≤J≤2． 

Le t the parameter adaptation laws  be 

= 2，jZ2，1≤．『≤2． (20) 

The diS曲guj I1g feature in(17)～(20)is that (1≤ 

J≤2)ale contained in the update law ofk(t)，which is 

the argument ofthe Nussbaum-type gain N( ) ． 

Consider the Lyapun ov fimction candidate ： 

= 。 + 
1 
z 2+吉客( 一 ) ．(21) 

+ 

．，  

2  

∑川 

+ 

0  
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The time derivative of V2，computed with(18)～(21) 

in(14)，is given by 

V2 

2 2 

1 (aoU+∑ 2， + 2，3)+∑( 一 ) = 

一 c1z}+,I1,I2+00z2Ⅳ(Ji})(C2Z2+ +∑ )+ 
J=l 

壹 ， + ，， +∑2( 一 ) ： 
J=l ，=l 

— C1g~+glg2一c2 ；+( oⅣ(后)+1)(c2 ；+ 2，3 2+ 
2 2 

∑492．jz2)+∑( 一 )( 一92,jZ2)： 
J=l J=l 

一 (c·一 1)z}一C-0
,2)z；一 

( 1 ) +( 。Ⅳ(Ji})+1)Ji；≤ 

一
(c1一 1)z}一(c2一口 )z；+(OoN(k)+1)Ji；

． 

(22) 

So far the desig~ procedure is comp lete．Due to the 

smoothness ofthe proposed adaptive control(17)，the re— 

sul~．g closed-loop system(5)，(17)～(20)admits a so— 

lution defined on its ITI3XilTIUlTI interval of existence[0， 

)．Using Lemma 1 to(22)，when 1 2> 1／4，we 

／-t 

conclude that l (OoN(k)+1)Ji；(r)dr，V2(t)，and 
k(t)，hence， 1， 2， (1≤ ≤ 2)and N(k)are 

bounded ．Furthermore，Zl，z2 is square integrable accord— 

ing to(22)，all on[0， )．In tum≯1 and the ori~ a 

state Xl，x2 are also bounded on[0，t，)．Therefore，no fi— 

nite-fime escape phenomenon may Occur and “ = ∞． 

Th us，applying Barbalat’s lemma，we conclude that 

l
⋯

im
，

Zl(t)= mz2(t)=0．Since z1= 一 ，Y= 
I—■∞ I—■∞ 

d，the actual head of ship asymptotically tracks 

the desired ch~ ng reference heading．The above facts 

prove the following theorem． 

Theorem 1 Suppose the feedback control law(17) 

is appfied to the ship motion nonlinear system (5)of 

parametric un certain strict feedb ack wi th comp lete un- 

known control coefl~dent 00，then all the si 1alS in the 

result~g cl~ed-loop adaptive system are ultimately boun d— 

ed．FurtherlTlore．the closed-loop error system 

21 一 c1Zl+ z2， 

2 

22=00 +∑ + 2，3 

achieves uniform asymptotic stability
． Th e~cVang of smte 

Xl is achieved，and the feedback control law(17)forces 

the heading 仃aCbI error to converge to zero，i．e． 

1imXF d． 
￡—-∞  

In this section，two simulation examples will be present- 

ed，which validate control law(17)～(20)．In the simu- 

lation，let the input of the reference model be the 

square wave sign~whose period is 40Os and magmtude is 

30~．The desig~parameters ofthe reference model(6)are 

chosen as叫 = 0．05 rad／s， = 0．8． 

Example 1 Th e ship dynamics parameters of equa~ 

tion(5)used in the simulation study are T=21 s，K= 
0．23 1／s，口 = 0．3 s2

． Th ese values are obta ed from 

identification results ofa frigate at a speed of 12 m／s-6J
． 

W e choose the control desig~parameters as 1 0．3， 

2= 8．The initial values are selected as k(O) = 

0．6*丌， 1(0)=x2(O)= 1(0)= 2(O)=0．The 

simulation results of a course-c~ operation where a 
heading change of60~is involved are plotted in Fig．1 to 

Fig．4． 

Example 2 The test bed is a srnall ship with 

of45 m．The motion of the ship described by the model 

ofequation(5)has the following set ofdynamics parame— 

ters at a forward speed of5 m／s：T=31 s，K =0．5 1／s， 

口=0．4 S2[ 
．  

W e adopt the s~13．e initial conditions and control deS 

parameters as the coun terparts ofexample 1 in the simula- 

tion．Fig．5 to Fig．8 depict the sim ulation results in this 

cas e． 

It can be seen from Fig．1 and Fig．5 that the actllal 

heading angle (solid-line)asymptotically tracks the 

output d(dotted-line)of the reference model as de- 

sired，and the control rudder angle (dashdot-line)are 

smooth．In Fig．2 to Fig．4 and Fig．6 to Fig．8，the esti— 

ma ted parameters do not converge to the true value，the 

envelopes of their tracking curves are，however，conver- 

gent．Th ey ale bo un ded as proven in Th eorem 1．Th ere— 

fore，the proposed adaptive course autopilot is effective in 

that it makes the actual course of ship asymptotically track 

desired course changes for the ship motion system (5) 

wi th un certain parameters and comp letely unknown con— 

tl'o1 coe伍dent 0o．Furtherm ore，the same initial condi— 

tions and control desig~parameters are applied to the tw o 

different ship steering models used in the simulation stud- 

ies，so the robustness ofthe propo sed adaptive controller to 

the parameter cl1aI1geS is obviously given from ．1 to 

Fig．8． 
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Fig．1 ， d and O．Lrve$of ship 

t／s 
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In order to improve the performance of ship autopilot， 

this paper缸dy establishes nonlinear mathematic models 

of ship movement、Ⅳitl1 uncertain parameters．Based on 

that，a rlew nonlinear adaptive control design scheme is 

put forward．which combines backstepping atgorithrn、Ⅳi山 

Nussbaum-type function without a priori knowledge 

about the sign of control gain．As to the ship motion 

models、Ⅳi山 unknown parameters．the proposed method 

simultaneously desigrls adaptive nonlinear ship COUrSe- 

tracking controller and parameter estimator．and deals、Ⅳi山 

the problems that the sign ofcontrol gain is tlnknowr／，and 

finally，accomplishes global adaptive crac ng control of 

ship course．The control law of the adaptive atgorithm is 

smooth．The simulation resttlts show that the proposed 

control approach has the desired adaptability and robust- 

heSS to uncertain parameters，and is practically effective． 
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