BE20HESM
2003 4 10 A

TR FEh B A
Control Theory & Applications

Vol.20 No.5
Oct. 2003

Article ID: 1000 - 8152(2003)05 - 0732 - 05

VSS-based coordinated control of Ice-skater Robot
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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 method, the algorithm
control method and the finite state control method 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 same 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 legs were designed. The experiment verifies the
practicability of the coordinated contro] method based on the nonholonomic kinematic state space and the variable structure con-
trol with sliding mode method.
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1 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 same
time, and their gait planning methods and kinematics
were also discussed'! ~#!. Ref. [5] researched the circu-
lar turning gaits and its control of a combined wheel-leg
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vehicle developed by China and Germany.

But there are hardly any papers dealing with 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 mo-
tion direction of the robot with some angles, the passive
wheels will slide on the ground 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 robot be- .

cause 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-
ple, the Ice-skater Robot prototype are developed, as
shown in Fig.1.

The Ice-skater Robot is a new quadruped leg-wheeled
hybrid mobile robot with four passive wheels installed at
the end of the legs without any direct driving equipment,
steering equipment and braking equipment. To make the
wheels vertical to the ground, the parallel mechanism is
used as legs. Its construction is very simple, and the
driving force is stable because the wheels can keep per-
pendicular to the ground at any time.

To simplify the control system, it is not necessary for
all the legs and the wheels to be used as the propulsion
unit. The two front legs can rest in their inner limited
positions, and the two rear wheels and legs must be con-
trolled synchronically and symmetrically to generate the
driving force. Then, the Ice-skater Robot can skate on
the surface along the desired curve defined by the two
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 Prototype of Ice-skater Robot
3 Some methods used in coordinated con-
trol
It was pointed out in Ref. [6] that the coordinated
control of mobile robots can be converted into the posi-

tion control and the on-off control of joint motors
through servomechanisms to simplify the control algo-
rithm. The coordinated control is conducted with 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 equations. It is sometimes hard
to use because the high — order differential motion equa-
tions must be solved to get joint trajectories which may
be non-continuous functions of the time. And if there is
some slippage between the wheels and the ground, it is
impossible to get the precise dynamic equations and the
kinematics equations.

2) Algorithm control method.

The algorithm control 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-
quations. When there are no sensory feedbacks, the or-
der of the differential equations can not be lowered easily
by imposing some constraints on the system.

3) Finite state control method.

This method is based on the observation that the sim-
ple modes of locomotion can be divided into a finite
number of discretely related states, and the joints’ rota-
tion can be accomplished by some on-off motor signals.
Under this circumstance, the on-off signals are deter-
mined not by the solution of motion differential equa-
tions or kinematics equations, but by these finite motion
states after transformed. Though these discrete states can

" keep balance, it is also not possible to ensure the bal-

ance of the robot during transformation.

The variable structure control with sliding mode is a
kind of nonlinearly robust control method. It is the on-
off control method with desired sliding mode!”. And
the precise dynamic model or the kinematics model of
the Ice-skater Robot is not needed, but it is easy to get
the state space based on its principle. The state space of
the Ice-skater Robot and the on-off switching of the mo-
tors make use of the VSS method possible.

4 Setup of nonholonomic kinematic state
space

On the basis of the rigid-body and the nonholonomic
constraint assumptions, the kinematics and inverse kine-
matics of the Ice-skater Robot 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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V(i,j,k) i jandj s k,

sin (B; — B;)(xycos Py + yysin B;) = 0.
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 are selected as the local
coordinates, the robot 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.

(1)

If the output is &, the inputs are u,, u, and u;, and
the state variable is {, the following state space can rep-
resent the kinematics characteristics of Ice-skater Robot

clearly
€ =¢,
é= u,
B = diag (ki ks, ks, ks)(ACE,E) - & +

] B(&,8)-uy)+(I,-diag (ky, k), k3, ka))-us,

a = diag (ky,ky, ks, k) (A(E,8) - & +
B(E,&) - uy) + (I, - diag (ks,kg)) - us,

0=J"'-J(¥+P)-¢.

(2)

Where, A(E,{),B(&,{) are coefficients related to
the motion path, k;(i = 1,2,---,6) isequal to O or 1.
When k; = k, = ks = kg, the wheels and the legs will
move simultaneously, this gait can be called “simultane-
ous mode” . Butif (k; = k;) s« (ks = k¢) during dif-
ferent times, it will be named “independent mode” .

It can be seen that it is an acceleration control system
without singularity. 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-
ple and motion sequence of the legs and the wheels
clearly.

5 Algorithm of coordinated control

The coordinated control of the Ice-skater Robot can be
realized by two steps. First, the rear-left leg and the
rear-left wheel must be coordinated to produce the fric-
tion force, and so must the rear-right leg and the rear-
right wheel. Then, the coordinated control of these four
wheels and legs could be realized to produce the propul-
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 switching functions of the wheel
and the leg can be designed with the feedback of the de-
sired position of the leg and the wheel respectively. That
is to say, only if the wheels and the legs are in desired
positions, can the legs and the wheels adjust the orienta-
tion angles and the postures. To identify the inner and
the outer desired positions, the integer function int can
be used in the switching functions. And the signal func-
tion sgn is also integrated into the switching functions to
change the signs of these switching functions when the
legs and the wheels are in their desired positions.

For example, the normalized switching function of the
rear-left leg s, (@, B;) and that of the rear-right func-
tion s,( @, , fB,) can be defined with the orientation an-
gles of the rear-left wheel f; and that of the rear-right
wheel B,:

si(ay,By) =

int( 2B, ).
(1 + sgn (B1))Bioax + (1 = sgn (B1)) PBrouin

B(T—t)‘il, (3)

sy(@y, Br) =

int( 2p, )
(1 + sgn (B)) Pomex + (1 = sgn (B2)) Poin

8(‘[—!)‘62, (4)

Where, Bi.. and B ... are the desired maximum and
the minimum positions of the rear-left wheel, §,,,, and
Pomin are the desired maximum and the minimum posi-
tions of the rear-right wheel. And r(s) is delay time of
the control system, ¢ is the time timed when the switch-
ing motion begins, and 8(z — ¢) is the step function.

And the switching functions of the rear-left wheel and
the rear-right wheel can also be defined according to the
postures of the rear-left leg a, and of the rear-right leg
@,:

s3(Bi,@) =

.nt( 2a1 ).
A + sgn (@) @i + (1 - sgn (@))) @i
8(r—t)-e3, (5)
sa(Br, @) =

. t( 2a, )
m (1+Sgﬂ (az))a2m+ (I—Sgﬂ (az))azmin
8(1‘ — t) * €4, (6)
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Where, @&, and &, are the desired maximum and
the minimum positions of the rear-left leg, @,,, and
@i are the desired maximum and the minimum posi-
tions of the rear-right leg, and ¢;(i = 1,2,3,4) are ar-
bitrary positive numbers.

It can be seen that when s; > 0(i = 1,2,3,4),5 <
0; and when 5; < 0,5 = 0 due to the delay time of the
control system. Namely, the switching functions (3) ~
(6) satisfy the generalized reachable condition s; + s < 0
of the sliding mode control .

Secondly, these switching functions (3) ~ (6) can be
“and” together as switching functions to control the Ice-
skater Robot to generate the driving force:
Bi=Bie~Biti, 51 >0 s3>0 N 52 <054 <O,
Bi=BiintBiti, 51 <O 53 <05, >0 s, >0,
B:=Boex—Brts, 52 >0N 53 >0N s, <0Ns3 <0,
B =PBoic+Bota, 55 <0 s, <05y, >0 s3>0,

@)
@) =@ —0t3, 51 <0V 5350 s, >0 s, <O,
@)= G+ Gits, 51 >0V 53 <0 s, <0 sy >0,
@ = Pop—Gats, 52 <0 s3>0 s, >0 s3 <0,
@)= G+ Brts, 52 >0V 54 <0 sy <0 s3>0.

(8)

When the Ice-skater Robot turns leftward or right-
ward, the orientation angles of the front-left wheel B,
and that of the front-right wheel B, determining the mo-
tion direction can be calculated by the inverse kinemat-

ics'®);

_ lw
B; = cos™! (p+ ),
o3
(9
B = cos™! (p * lw)
4 00 .

Where, p, p; and p, are the distances between the ICR
and the longitudinal symmetry of the robot, the contact
points between the front-left wheel and the front-right
wheel and the ground respectively .

The Egs. (7) ~ (9) constitute the coordinated control
system of the Ice-skater Robot.

6 Experiment

The desired positions can be obtained with the wind-
ing resistors and other parts if some A/D modules are
available. As to the PLC without the A/D module, the
desired positions would be replaced by the limited posi-

tions defined by some jiggling switches that are installed
at the inner positions and the outer positions of legs and
wheels easily. Eqs. (7) and (8) can be realized by the
if-then law, the sketch map and the real PLC control
systemt are shown in Fig.2 and Fig.3.

The DC regulator O is the YJ83/2 dual stable voltage
and current power supply, the Battery @ is BT—
12M7—O0AT12V7.0Ah/20HR rechargeable cell. The
MELSEC FX2N—64MR (@ with FXWIN2.0 program-
ming language is the central control unit and the OM-
RON MK2P—T 250VAC/28VDC/7A OMRON relays
and JQX—I13F 280VAC/28VDC/10A relays @ are
used to drive legs and wheels. And others are the power
lines from relays to the robot and the feedback signal
lines to the PLC. The TD3023G—24H—6K100 DC
motors and TE 35QG—24 DC motors are used to drive
legs and wheels respectively. Meanwhile, the “Honggi”
3A 250VAC jiggling switches are used to feedback posi-

tions of legs and wheels.
'—_::|_ch | ‘_iCJEulator
driving voltage on

driving voltage on

Priving relays of legjl [ driving relays of whtﬁl

driving voltage on of relays

battery

driving voltage

position feedback of legs

Ice-skater Robot

position feedback of legs

Fig. 2 Control construction of Ice-skater Robot

Fig. 3 Real control system of Ice-skater Robot
When @ = - Goin = 30°,@1in = — G =
= 15°, Broax = = Bomin = 45°, Broin = — Bomax = - 45°,
t) =1, =0.25 s,t3=¢t,=1.0 sandz = 0.1 s, ex-
periments were conducted 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 slight slippage of two rear wheels,
the Ice-skater Robot finished straight skating motion in
average velocity of 0.2 m/s when fB; = B, = 0°, and
right-turning in 0.8 r/s when p = 50 c¢m, B3 = -35.2°
and B, = ~46.0° defined in Eq.(9). More details can
be referred in Ref. [8].
7 Conclusion

This paper mainly concerns the nonholonomic kine-
matic state space and the coordinated control problems of
the passive wheel Ice-skater Robot. Taken the balance of
the top board into account, the two front wheels can be
used to define the motion direction, two rear wheels and
two rear legs can be used to generate the driving force
when two front legs rest in their inner limited positions.
And the motion of legs and wheels can be determined by
the desired positions of the wheels and the legs respec-
tively. When the switching functions of legs and legs are
“and” together with the orientation angles of two front
wheels defined by the inverse kinematics, the coordinat-
ed control system will be developed. If the desired posi-
tions are replaced by the limited positions of legs and
wheels, the coordinated control would be logic if-then

law.
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