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Abstract：Tins paper曲戚 es the tracking control problem ofmobile manipl止I in which pmamet~r uncer~my，system 

friction and disturbance are considered．A robust tracking controller is plq】0sed based oll the~fined tracking elTO~，the stmc— 

tuml properties of the system．and Barbalat’s k加咖傩 ．The proposed controller en岛麟 the syaem state to asymlXolically track 

the desired trajectory in the presence of uncertainties．Simulations presented in the Ip盯show the effectiveness ofthe proposed 

approach． 
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移动机械手的鲁棒控制 
董文杰 徐文立 

(清华大学 自动化系·北京，1O0O84) 

摘要：讨论了受摩擦力、外界扰动及参数不确定的移动机械手控制问题 ．基于 Barbalat引理、系统的结构性质 

和定义的跟踪误差，提出了鲁棒控制器．该控制器能使系统的状态在参数不确定情况下全部渐进趋于给定的期望 

轨迹 ．仿真结果验证了本文所提出控制方法的有效性． 
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1 Introduction 

A mobile manipulator is composed of a manipulator 

anti and a mobile base on which the ann is mounted． 

Several researchers have studied the systems，see[1，2] 

for details．However，the study of the tracking problem 

of the mob~e manipulator has been limited to partial 

states of the system without consideration of parameter 

uncertainty，and in some case~ the interaction between 

the mobile base an d the manipulator ale neglected．In 

this paper．we disI the tracking problem of the full 

state of the un certain mob~e manipulator．A robust con— 

troller is propo sea．The propo sed controller enstl／v_~the 

tracking errors of the full state to asymptotically globally 

tend to zero and is robust with respect to the parameter 

and friction uncertainty and disturbance． 

2 M odeling and problem statement 

The mob~e manipulator shown in Fig
． 1 consists of a 

mobile base an d a multi-link manipulator．Generally， 

the mobile base may belong to an y type of the nonhol— 

onomic wheeled mobile robots discussed in [3]．The 

robo tic manipulator is a series·-chain multi·-link manipu．- 

lator．Considering the constraints to which the base is 

subjected，the system mo tion equations call be represent— 

ed in the following form ： 

Flg．1 A mobile manipulator 

Mll(g) ，+M12(q)q +Cll(q， )口+ 

Gll(q)+Fll( )+Dll(t)= ‘ 

(g，) +Bll(q，)r，， (1) 

M21(q) ，+M22(q) +C2l(q，口)口+ 

G21(q)+F2l( )+D2l(t)=r ， (2) 

J1(q／)口，=0， (3) 

where q=[qT，q／X1]T∈ is the gememlized coordi— 

nates，q／∈ Rn1 and qn∈ R are the coordinates of the 
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mobile base and the manipulator respectively，Vl∈ l 

and rⅣ∈ 醯r‘2 are the torques applied on the mobile base 

and the manipulator respectively，Bn∈ R”l is the in— 

put matrix ofthe mobile base， (1≤ i，J≤2)denote 

the inertia matrix components，Cl1 an d C21 ale the Corio— 

lis and centrifugal forces， Gl1 an d G21 are the gravity 

vectors，Fl1 and F21 represent friction terms，Dl1 and 

Dz1 denote disturbance，A is the vector of Lagrange mul— 

tipfie~ corresponding to the constraints．J1∈ “l r‘l 

is a full rank matrix quaUfying the nonholonomic con— 

straints．For clarity，we assume that J1 contains the non— 

holonomic constraints only，otherwise a reduction proce— 

dure Call be used to remove the holonomic co nstraints 

from(1)～(3)．Let 

：  ； 

】'G( 

：  

’ 
， B(口) 【 o ，n J， 

J(q)=[ (q，)，o]T，r=[r7，r 

(1)～(3)call be written in the compact form： 

M(q)q+c(q，口)口+G(q)+F(q)+D(t)= 

JT(口)A+B(q)r， (4) 

J(q)口=0． (5) 

In the system，we suppose F(口)and D(t)are un— 

known．The inertia parameter vector n∈ R l of the sys— 

tem(4)is“uncertain”，i．e．，there exist a0∈ l and 

a positive constant J0 such that ll五ll：= ll n—n0 ≤ 

J0．Given a desired twice differentiable trajectory q (t) 

= [口 T(t)，口 T(t)]Twhich satisfies J1(口，)口，：0， 

the tracking problem discussed here is finding a control 

law r such that lim(q(t)一口 (t))=0 and lim(口(t) 

一 口 (t))=0． 

It should be noted that the dynamics(4)possesses the 

following properties：1)M(q)is a bounded positive 

definite matrix，and V q∈R“， (q)一2C(q，口)is 

skew symmetric for a suitable definition of C(q，口)； 

2)V ∈R“，M(q)4+c(q，口) +G(q)：Y(q，口， 

，拿)a，where the regressor matrix Y(q，口， ，拿)is a 

known function of q，口， and ；3)There exist con— 

stants c1 and c2 such that ll F(口)+D(t)ll≤ c1+ 

cz l1． 

For Eq．(3)，there exist linear independent vector 

fieldsj~(q，)(1≤ i≤ m)such that口，= (q，) 1+⋯ 

+厶(q，) =f(ql v，，where q，)= [ (q，)，_--_， 

(q，)]， ，=[ -．， ]T is suitably defined．Let 

= qII，then qII= VH．Th US 

口=g(q) ， (6) 

where g(q)=diag[f(q，)，In ]and = [ 7， 

Differentiating(6)，one obtains ：gv+ ． 

Substituting this equation into(4)，and then multiplying 

both sides of(4)from left with gT(q)，one obtains 

M1(q) +C1(q，口) +G1(q)+ 

F1(q，口)+D1(q，t)=B1(q)r， (7) 

where 

M1(q)=gT(q)M(q)g(q)， 

C1(q，口)=gT(q)M(q)g(q)+gT(q)C(q，口)g(q)， 

G1(q)=gT(q)G(q)，F1(q，口)=gT(q)F(q)， 

D1(q，t)=gT(q)D(t)，B1(q)：gT(q)B(q)． 

In what follows，it is assumed that P≥ m andf Bl1 is 

a full rank matrix，so that the mobile manipulator is ful— 

ly actuated． 

Noting the results in 【4j，there exist diffeomorphic 

state an d input transformations ： 

[z1，z2．1'⋯， 1,1；⋯，z2一 一，Zs l,m-1]T=声1(仉)， 

(8) 

Ⅱ，=[Ⅱ1，Ⅱ2，⋯，Ⅱm]T=声 (q，) ，，Ⅱ，，= Ⅳ， 

(9) 

such that the system(6)，(7)can be put into the form 

f21 Ⅱ1，2I’ +1，2 ' ZiI,jUl,(10) 【2≤ ≤ 一 1，1≤ ≤ m一 1， ¨ 

2Ⅳ=ⅡⅣ， (11) 
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M2( )吐+C2( ，2)“+G2( )+F2(z，2)+D2(z，t)= 

B2(z)r， 

where 

= [ ， ]T， u=[u ，u ]T， 

M2(z)=nT(g)M(g)n(g)I I qt= =，) 

c2(z，2)=nT(g)[M(g) (q)+ 

(12) 

qn = }’ 

C(q， )M(g)n(g)]l I qt= ：，)’qll=Zll 

c2(z)=nT(q)G(q) ： ：，)’q ：z l， 

F2(z，2) 

D2(z，f) 

B2(z) 

n( 

T(q)，( ) 

T(q)D(f) 

q，= 
‘(，)

。 qll= I， 

qf= (zf)。qll=Zlll， 

nT(g)B(g)I I qt= ‘( )。 ： }， 

diag[f(q，)拳2(g，)’ ]． 

It is easy to prove that the dynamics(12)retains the fol— 

matrix for any：∈ and麻2 z)一2C2(z，2)is skew— 

symmetric； 

M2(z)拿+ 

where Y2(： 

1l| 

2)For any differentiable ∈ 

C2(z，2) + G2(z)= Y2(z，2 

。 

， ，毒)口 

，2，∈， )is a known matrix of：，2， ， 
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= [“ ，“ ，⋯，“二]T，and ZH q ，ttH =q‘H such 

that 

= “ ， 2 
． 

= “ 1 = ItHH ， 1 = “ l ’ J
；． 

= “ + ，， = ’ 

． * 

zi
。 

2≤ i ≤ 一 

1 ， 

1，1≤ J≤ m 一1． 

Themfore，the tracking problem can be restated as find_ 

the control law r of the system (10)～(12)such 

that 

lim(z，(f)一z (f))=0，lim(“，(f)一“ (f))=0， 
t—● ∞  

lim(z／l(f)一 (f))=0，lira(ttH(f)一“ (f))=0． 

3 Controller design 

Let el [el；e2，1，⋯ ，eJI。1；⋯；e2，m一1，⋯ ， 

： · 一z )， = [ ， 
1 }t

，

,

⋯

m -

，

1

研

T 

]，1 

(

(

Z／

≤ ≤ m

wh

—

ere

)

diag

2 l 1 is the resulting 

matrix after eliminating the first lOW and the first column 

of the matrix 1 ．1 ={ ． }∈Ⅱ J』(1≤l≤m一 

1)，and ，is defined as follows 

ks
,-
2。l u ejl—l，l 一 

= 1(1≤ i≤ 5f)， 。 

= o(2≤ i≤ 5f)， 

= o(i， are not odd 

= 0(i<-『；1≤ i，-『≤ 5f)， 

o1"even at the same time)， 

= ki_3． ，+ ；_1．，一l(4≤ 

一 3。m一1 es 
一

I，m-1一 kj 
一

l-2，m-1“1 es
_

I-1·m一1 一 · ● 

硼 =2 一KH zII—z蠢、)， 

= 一 p 一 。e。一 ．

m

⋯

- I

—

sl-I[
⋯ 器  

where ko
。 

= 1， 一2
，
，>0(1≤_，≤m一1)， l>0， 

2> 0，and 3
。
，>0(1≤J．≤m一1)， is a constant 

positive definite matrix．Let eⅣ=Zll— and e=[e ， 

eT]T，the following theorem cai1 be obtamed． 

"13aeorern AssBIIIe that Zl ，itI and吐／ a bound— 

ed ，if“ does not tend to zeTo，then the control law 

r=B (z)[y2(z，2， ， )(ao一 

， i，，刁+l，f 
+ 

一 Zi +l
。
1) 

i≤ Sf，2≤J≤ S1) 

f一3)．Let 

+l，m—l — Zi +l
。
m—1) 

』0 (z，2， ， )(“一 ) 

(z， ， ， )(“一 )IJ+ (f) 

}(“ 一 ) 

l IJ“一 IJ+ (f) 

make e， an d P tend to zelO ， 

verse， =[ ，朽]T， 

)一 

(“一 )一A] 

．，  

l  

，

 ̈

：  

．I  1  ．，  ．，  

，●I●●●●l●●l，1Il●●●IL  

． ． 

T ， 
厅 
协 一 

{基 

．

n — 

呻 -̂ 

脚 ～， l兮 

m 
【莹 

p  

+ 

+ 

，L  

__∑ 

* I  

— 

l  

j  e 

l  

3  

一 

* 2  

∑ 

* m 
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A = 

m —l 

l ∑ 
l：1 

． ．矗+1．z 

o． l，z⋯砖一2．z 

kl
，

lk2
．

1⋯  l一2．1 

， ．疗+l'z 
+ 

． 

．
m -1 

1． 1 2．m —l⋯  
一

l一2．m—l 

zll — z H 

。 = II n( )II·[Cl+c2(II ( ，)II+II 2，，II)]， 

n( )=n(q) ： ：，)’ ： } 

and 0
． 

= 1，constants ki
， 
>0(1≤ i≤ 一2，1≤ 

≤m一1)，／2l>0，／22>O，／23． >0(14_，≤m一1)， 

K／／，and are constant positive definite mamc~， (t) 

r ∞  

>0 and such that l (t)d r<∞． 
J o 

Proof Define五 = H 一 77，let 

＼  

i 

t／s 

Fig．2 Response of(q—q 1 
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