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Abstract：A new type of leg-wheeled hybrid mobile robot，Ice-skater Robot，was developed based on the rolling and 

skating principle．Then，such coordinated control methods were disccussed as the model reference control me thod，the algorithm 

control me thod and the finite state control me thod briefly．And the motions in the normal direction and the tangent direction of 

the wheels were analyzed and the kinematic equation，the path-based nonholonomic kinematic state space used in the accelera— 

tion control were also obtained．At the san'le time．the switching functions satisfying the sliding mode reachable condition to re- 

alize the coordination of the wheels．the legs and between the wheels and the legsⅥ7ere designed．The experiment verifies the 

practicability of the coordinated control method based on the nonholonomic kinematic state space and the variable stnlctla-e con— 

trol wim sliding mode me thod． 
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基于滑模变结构方法的溜冰机器人协调控制器设计 

宋立博 ，吕恬生 ，张培艳 ，张家梁 

(1．上海交通大学 机械工程学院，上海 200030；2．东华大学 机械工程学院，上海 200051) 

摘要：根据轮滑原理设计了腿轮混合结构从动轮式移动机器人——溜冰机器人．在简要介绍模型基准控制法、 

算法控制法和有限状态控制法的基础上，研究了滚轮的法向和切向运动，得出基于运动路径的、无奇异性的非完整运 

动学状态空间．同时，在考虑控制系统时间延迟的基础上，建立了符合滑模可达性条件的机械腿、滚轮和机械腿与滚 

轮相互协调的切换函数．实验证实了这种基于非完整运动学状态空间和滑模变结构方法的协调控制策略的可行性． 

关键词 ：溜冰机器人；状态空间；滑模变结构控制；协调控制 

I Introduction 

Legged，wheeled  and tracked  mobile robots are wide- 

ly used in such different circumstances as manufacturing， 

energy， service，space-flight and military affairs．But 

these mobile robots may not be applied  to the star explo- 

ration，the rescuing，some high temperature sites and 

unpredictable terrains due to their single constructions． 

And some leg-wheeled hybrid construction mobile robots 

were developed in Japan and Germany to gain high ter- 

rain adaptability，stabilization，operation ability，high 

energy efficiency and fast motion velocity at the salne 

time， and their gait planning methods and kinema tics 

were also discussed[卜 引
． Ref．[5]researched the circu． 

1ar tuming gaits an d its control of a combined wheel-leg 
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vehicle developed by China and Ge rmany． 

But there are hardly an y papers dealing witl1 the prin- 

ciple and the control problems of the passive wheel mo- 

bile robots in China．This paper will discuss the design 

of the control system of the Ice-skater Robot based on 

the variable structure control with sliding mode(abbr． 

VSS)method． 

2 Principle and construction 

This new leg-wheeled  mobile robot equipped with 

wheels at the ends of the legs is based on the rolling 

skating principle．If the wheels are inclined to the 11"1o— 

tion direction of the robot witl1 some angles．the passive 

wheels wi ll slide on the groun d because the normal 

friction forces are greater than the tangent friction forces 
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of the wheels，the result force will drive the robo t be- 

callse the lateral forces may be cancelled if the related 

legs and wheels maintain symmetrical synchronically⋯
． 

The robot can be  quadruped  or hexapod to maintain bal— 

ance ，but it also can be biped．According to this princi- 

pie，the Ice-skater Robot prototype are developed，as 

shown in Fig．1． 

Th e Ice··skater Robo t is a new quadruped leg··wheeled  

hybrid mobile robot with four passive wheels installed at 

the end ofthe legs wi thout any direct driving equipment， 

steering equipment and braking eq uipment．To make the 

wheels vertical to the ground，the parallel mechanism is 

used as legs．Its construction is very Simple，an d the 

driving force is stable because the wheels can keep per- 

pendicd~ to the groun d at any time． 

To sim~ify the control system，it is not necessary for 

all the legs and the wheels to be used as the propulsion 

unit．Th e two front legs can rest in their inner limited 

positions．and the tw o IIear wheels and legs must be  con- 

trolled  syn chronically and symmetrically to generate the 

driving force．Th en，the Ice-skater Robo t can skate on 

the surface along the desired curve defined  by the tw o 

front orientation wheels．This is a basic gait，the top 

board can keep balance and four wheels can stay at the 

ground simultaneously． 

Fig．1 PId噼 of Ice-skater Robot 

3 Sonle methods used in coordinated con． 

trol 

It was pointed out in Ref．[6]that the coordinated 

control of mobile robo ts can be  converted into the posi． 

tion control and the on-off control of ioint motors 

through servomechanisms to sim plify the control algo- 

rithm．111e coordinated control is co nducted wi th three 

methods． 

1)Model reference control method． 

The on-off control signals or the joint motor com． 

mands are generated using some dynamic equations ， 

such as the Lagrange equation and the Hamilton equa- 

tion，or the kinematics equa tions．It is sometimes hard 

to use because the hi【gh—order differential motion equa- 

tions must be solved to get joint trajectories which ma y 

be  non-continuons functions of the time．And if there is 

some slippage be tw een the wheels and the groun d，it is 

impossible to get the precise dynamic equa tions and the 

kinema tics equa tions ． 

2)Algorithm control method． 

The algorithm co ntrol method  is another version of the 

model reference control method ．This method is simpler 

than the first one，and however，the computing intensity 

will be increased due to the complexity of the motion e- 

quation s．When there are no sensory feedbacks，the or- 

der of the differential equa tions can not be lowered easily 

by im po sing solTIe constraints on the system． 

3)Finite state control method ． 

1 s method  is based on the observation that the sim ． 

pie mod es of locomo tion can be divided into a finite 

number of discretely related states，and the joints’rota- 

tion can be  accomp lished by some on-off motor signals． 

Under this circumstance ，the on-off sign als ale de ter- 

mined  not by the solution of motion differential equa- 

tions or kinematics equations，but by these finite mo tion 

states after transformed．Though these discrete states can 

keep balance ，it is also not po ssible to ensure the bal- 

ance of the robo t during transformation． 

The variable structure control wi th sliding mode is a 

kind of nonlinearly robust control method．It is the on- 

off control method  with desired sliding mode[71
． An d 

the precise dynamic model or the kinematics model of 

the Ice-skatef Robo t is not ne~xted．but it is easy to get 

the state space based on its principle．Th e state space of 

the Ice··skater Robo t and the on··off switching ofthe ITIO·- 

tors make use of the VSS method  possible． 

4 Setup of nonholonomic kinematic state 

space 

On the basis of the dgid-body and the nonholon omic 

constlaint assumptions ，the kinema tics and inverse kine- 

ma tics of the Ice ··skater Robo t are discussed fully and ac·· 

curately in Ref．[8]．It has proven that only the orienta- 

tion angles of the wheels satisfy the following equation 
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Then there exist the instantaneous center of rotation 

(ICR)which the Ice-skater Robot moves around．It was 

pointed out in Ref．[8]that if the orientation angles of 

the wheels in singular posture ale selected as the local 

coordinates，the robo t will be in the singular posture and 

the state space will be singular．To eliminate the singu — 

larity，the motion path based state space can be  set up． 

If the output is考，the inputs are比l，比2 and比3，and 

the state variable is ，the following state space can rep— 

resent the kinematics characteristics of Ice-skater Robo t 

clearly 

考= ， 

= 比 l’ 

= diag(kl，k2，k3，k4)(A(考， )· + 

曰(考， )·／,／1)+(，4一diag(kl，k2，k3，k4))·比2， 

a=diag(kl，k2，k3，k4)(A(考， )· + 

B(考， )·比1)+(／2一diag(k5，k6))·比3， 

=  · (11 + )· ． 

(2) 

Where，A(考， )，B(考， )are coefficients related to 

the motion path，ki(i=1，2，⋯，6)is equal to 0 or 1． 

When kl= k2= |I}5= k6，the wheels and the legs will 

move simultaneously，this gait can be  called“simultane— 

oils mode”．But if(kl=k2)≠ (k5=k6)during dif- 

ferent times ．it will be named ‘‘independent mode”． 

It can be  seen that it is an acceleration control system 

wi thout singu|arity．And it can  be  called  nonholonomic 

kinematic state space because it involves the dynamic 

nonholonomic constraints and the kinematic constraints． 

At the same time，this state space also shows the princi— 

pie and mo tion sequence of the legs and the wheels 

clearly． 

5 Algorithm of coordinated control 

le coordinated control ofthe Ice—skater Robo t can be  

realized by two steps．Fast，the rear-left leg and the 

rear-left wheel must be coordinated to produce the fric— 

tion force，an d so must the rear-right leg and the rear- 

right whee1．Then，the coordinated control of these four 

wheels and legs could be  realized to produce the pmpul— 

sion force． 

Taken into on--off switching motions due to the adjust·- 

ment of the orientation angles of the wheels and posture 

of the legs account，the swi tching functions ofthe wheel 

and the leg can be designed  wi th the feedback of the de— 

sired po sition ofthe leg and the wheel respectively．That 

is to say．only if the wheels and the legs ale in desired 

positions，can the legs and the wheels adjust the orienta- 

tion angles and the po stures．To identify the inner and 

the outer desired positions ，the integer function int call 

be  used in the swi tching functions ．And the signal func— 

tion sgu  is also integrated into the swi tching functions to 

change the signs of these swi tching functions when the 

legs and the wheels ale in their desired po sitions ． 

For example，the normalized switching function ofthe 

rear-left leg Sl(al，／1,)and that of the rear-right func— 

tion s2(a2，／12)can be defined with the orientation an— 

gles of the rear-left wheel／1,and that of the rear-right 

wheel ： 

sl(al， 1)= 

2／1l 

(1+sgn(／11)) l +(1一sgn( 1)) llIIi 

(r—t)·el， 

s2(a2， 2)= 

)． 
(3) 

int( )· 
(r—t)·e2， (4) 

Wh ere ， lnIa，【and llIIiIr ale the desired lllaxilnUln and 

the minilnuln positions of the rear-left wheel， m娃 and 

n 
are the desired maxilnuln an d the minililuln po si— 

tions of the rear-right whee1．An d r(s)is delay time of 

the control system，t is the time timed when the swi tch— 

ing motion begins，and (r—t)is the step function． 

An d the swi tching functions of the rear-left wheel and 

the rear-right wheel can also be defined according to the 

postures of the rear-left leg al and of the rear-right leg 

a2： 

s3(／1l，a1)= 

n I 2 al_ ， 1 

(r—t)·e3， 

s4( ，a2)= 

int( 
(r—t)·e4． 

)． 
(5) 

)． 
(6) 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No．5 SONG Li-bo et al：VSS-based coordinated control of Ice-skater Robot 

~3=c os-I

l(

(警P-T-／w)．／, 

tiom defined by sOiile jiggling switches that ale installed 

at the inner positions and the outer po sitions of legs and 

wheels easily．rms．(7)and(8)Can be re,alized by the 

if-then law，the sketch map and the real H control 

system al=e shown in Fig．2 and Fig．3． 

n硷DC regulator① is廿1e YJ83／2 dual stable voltage 

and current power supply，the Battery ② is BT- 

l2～r7—0ATl2V7．0Ah／20HR rechargeable cel1． nle 

MI三l SEC FX2N_—64 ③ with m ．0 program- 

ming lan guage is the central control unit and the OM— 

RON MK2P—I 250VAC／28Ⅵ )C／7A 0M 0N relays 

and JCIX一13F 280VACl／28VDC／10A relays④ ale 

used to drive legs and wheels．And others ale the po wer 

lines from relays to the robot and the feedback signal 

lines to the PIC ． nle 1【1D3023G— 24H— Kl0o DC 

motors and TE 35Q —24 DC motors ale used to drive 

legs and wheels respectively．Meanwhile．the“Hongqi’’ 

3A 250VAC jiggling switches are used to feedback posi— 

tions of legs and wheels． 

Fig．2 Control consm~ on ofIce-skater Robot 

Fig．3 Real control system of Ice-skater Robot 

"When 口lrnax =一 口2rIIin = 30~，口l rIIin = 一 口2mx = 

一 l5。， l =一 mi = 45。， l =一 =一45。， 

tl= t2 0．25 s，t3 t4： 1．0 s and r =0．1 s，ex- 

periments were co nducted in the independent mode．Due 

to the DC regulator，DC 12 V is supplied  to wheel mo— 
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tors．Though there is sti~t slippage of two n强r wheels． 

the Ice-skater Robot finished swaight skating motion in 

average velocity of 0．2 m／s when P3= = o，and 

right—turning in 0．8 r／s when P=50 cm．P3=一35．2D 

and =一46．o defined in Eq．(9)．More details can 

be referred in Ref．[8]． 

7 Conclusion 

This paper mainly conceriis the nonholonomic kine- 

matic state space and the coordinated control problems of 

the passive wheel Ice -skater Robo t．Taken the balance of 

the top board into account，the two front wheels can be  

used to defin e the motion direction，two rear wheels and 

two rear legs can be  used to generate the driving force 

when two front legs lest in their inner limited positions． 

And the motion of legs and wheels can be  determined by 

the de sired positions of the wheels and the legs respec— 

tively．When the switching functions of legs and legs are 

‘‘

and" together wi th the orientation angles of tw o front 

wheels de fin ed  by the inverse kinematics，the coordinat— 

ed control system wi ll be  developed．If the desired po si— 

tions are replaced by the limited positions of legs and 

wheels，the coordinated control would be logic if-then 

law． 
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