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Abstract— The author have proposed a dynamic turning con- fewer degrees of freedom but to retain the necessary flexibility
trol system of a quadruped robot by using nonlinear oscillators.  for a changing environment[3].

It is composed of a motion controller and a motion planner.
The motion controller drives the actuators of the legs by using ~ ON the other hand, research has been done on a control sys-

local feedback control. The motion planner involves nonlinear tem for walking robot which enables to adapt to variances of

oscillators with mutual interactions. In this paper, capability of  the environment based on the CPG(Central Pattern Generator)
dynamic turning motion of the proposed control system is verified principle[4]-[8].

through numerical simulations: In the slow speed turning, the .
robot has strong constraints geometrically. Whereas in the high ~ However, not so many researches treat the maneuverability

speed turning, the robot has great influences of dynamic forces. of a quadruped robot. In order to make a voluntary motion such
These constraints conditions makes the motion of the robot as turning motion, it is very important for the robot to have
asymmetry in terms of duty ratio, stride and center of force  \aneyverability. Jindrich et al.[9] investigated coodination
acting points. The proposed controller actively and adaptively falll fh ds duri . d clarified th
controls the waist joint of the main body to satisfy the geometrical or all legs 9, exapods urlng turmng, and clarified the
constraints during tuming, and also controls the shoulder joints Maneuverability of hexapod insects in terms of the role of
to incline the main body to cancel the centrifugal force in high each leg. Holmes et al. clarified that the turning motion of a
speed turning by use of gravity force. hexapod locomotion is caused by the mechanical relationship
I. INTRODUCTION betwee'n COM(Center Qf Mass) and. COP(Center Of Pressure).
According to them, straight locomotion becomes unstable and

Locomotion is one of the basic functions of a mobil urning motion becomes stable under a condition of COM and

robot. Using legs is one of the strategies for accomplishi
locomotion. It allows the robot to move on rough terrain. ) . ) )
Therefore, a considerable amount of research has been dong"S Paper deals with the design of the turning control
on motion control of legged locomotion robots. This pape?yStem of a qua}drupe’d robqt by using nonlinear OSC|IIatprs:
deals with the motion control of a quadruped robot. A _nonllnear oscnlato_r is aSS|gped to each Ieg. The nominal

Usually, motion control of a walking robot has beerfr@ectory of the leg is determined as a function of phase of
achieved by using a model-based apprédéh The model- ItS oscillator. We d_e5|gn the Io_cal fee_dback controller for each
based approach is based on control theory; the design of {RE of the legs using the.nomlnal trajectories as the refer_ence.
trajectories of the legs are implemented through optimizatiofPuch sensors at the tips of the legs are used as triggers
based on the model of the robot. The motion controller which? Which the dynamic interactions of the legs are based.
realizes the designed trajectories of the legs is also based ¢ mutual entrainment of the oscillators with each other
the model of the robot. generate a certain combination of phase differences, which

In the future, a walking robot will be required which canleads to the gait pattern. Farthurmore, in this article, a dynamic
carry out tasks in the real world, where the geometric arfi'ning controller is proposed. In the slow speed turning, the
kinematic conditions of the environment are not speciallfPPot has strong constraints geometrically. Whereas in the
structured. A walking robot is required to realize the real-timBigh speed turning, the robot has great influences of dynamic
adaptability to a changing environment and manouverability fgrces. These constraints conditions makes the motion of the
generate voluntary motion accorging to context of changif@Pot asymmetry in terms of duty ratio, stride and center
environment. However, it is difficult for the robot with the Of force acting points. The proposed controller actively and
model-based control system to carry out various tasks @f@ptively controls the waist joint of the main body to satisfy
a changing environment or to adapt to variations of thih'e geometrical constraints during turning, and also controls
environment. the shoulder joints to incline the main body to cancel the

The walking motion of an animal seems to offer a solutiofentrifugal force in high speed turning by use of gravity force.
to the problem; During a walking, a lot of joints and muscles The performance of the proposed control system is verified
are organized into a collective unit to be controlled as if it hady numerical simulations.
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Il. MODEL I

Consider the quadruped robot shown in Fig. 1, which has — Touch sensor L
four legs and a main body. Each leg is composed of tree links signal
which are connected to each other through a one degree of
freedom (DOF) rotational joint. The main body is composed Fig. 2. Architecture of the control system
of two parts, front body and rear body. The front body and the
rear body are connected through a rotational joint. Each leg
is connected to the main body through a one DOF rotational motion generator and a trajectory generator. The motion
joint. Legs are enumerated from leg 1 to 4, as shown in Figenerator involves nonlinear oscillators corresponding to each
1. The joint of the main body at waist is numbered as joileg. The motion generator receives the commanded signal of
0, and the joints of each leg are numbered as joint 1, 2, afite nominal gait pattern as the reference. It also receives the
3 from the main body toward the end of the leg. We definkeedback signals from the touch sensors at the tips of the
7»1(0) and 97@ (i = 1, 2, 3) as the components of positionlegs. The gait pattern is determined by the phase differences
vector and Euler angle from inertial space to the coordinagtween the nonlinear oscillators. A modified gait pattern is
system which is fixed on the main body, respectivalyta(5)  generated from the nominal gait pattern through the mutual
is defined as the joint angle of the rear body to front body ifintrainment of the oscillators with the feedback signals of the
yaw axis. We also definéy) as the joint angle of linkj of touch sensors. The trajectory generator encodes the nominal

leg i. trajectory of each joint angle in terms of phase of the oscilla-
The state variable is defined as follows; tors, which is gi\{en to the motion gontroller as j[he commanded
, signal. The motion controllers drive all the joint actuators of
q" = [ r g B 9§-7’) } (1) the legs so as to realize the desired motions that are generated
(Z — 17 .. "47 j — 1’ 2’ 3, k — 17 2’ 3) by the motion plannel’.
Equations of motion for state variableare derived using A. Design of the trajectories of the legs
Lagrangian formulation as follows; The position of the tip of the leg where the transition from
) ) @) the swinging stage to the supporting stage occurs is called the
Mi+H(q, §) =G+ > (r,”)+A (2)  anterior extreme position (AEP). Similarly, the position where

the transition from the supporting stage to the swinging stage
occurs is called the posterior extreme position (PEP)[12]. We
determine the nominal trajectories which are expressed in the

(i) - . _ coordinate system which is fixed on the main body. First, we
term. 7, is the input torque of the actuator at jointof leg fine th inal PEP) and th inal AER® Th
7. A is the reaction force from the ground at the point Wherge iné the nomina ep anad e nomina ea- 1N€

the tip of the leg makes contact. We assume that there is 'REEX * mqllcates the nomma! vglue. .
he trajectory for the swinging stage is a closed curve

slip between the ends of the legs and the ground. ) X i 0 ) i
given as the nominal trajectoniéF. This curve involves the
I1l. CONTROL SYSTEM points7') and#{). On the other hand, the trajectory for the
The architecture of the proposed control system is showns$kpporting stage is a linear trajectory givervﬁgg. This linear
Fig. 2. The control system is composed of motion controlletsajectory also involves the poinfé’), andfﬁfg. The position of
and a motion planner. The motion planner is composed eéch leg on these trajectories is given as functions of the phase

where M is the generalized mass matrix and the tekifd
expresses the inertidd (¢, ¢) is the nonlinear term which
includes Coriolis forces and centrifugal forcésis the gravity



of the corresponding oscillator. The state of the oscillator farontrol as follows;
leg i is expressed as follows; X .(B) .
7B = Kpp(@® — 0B  Kpp(@ ~—0B))  (9)

2 = exp(j ¢1) (3) " oo ORI
oo . T = Kpi(67" — 07 )* + Kpi(6; —61") (10)
where z() is a complex number representing the state of @ A(0) @) ORI
the oscillator,¢®) is the phase of the oscillator andis the 7" =Kpj(0;” —0;7) + Kp;(0; —0;") (11)
imaginary unit. (i=1,---,4,7=2,3)
The nominal phases at AEP and PEP are determined as @) .
follows: where7(8) andr;"” are the actuator torques at the connection

- o o joint between front body and rear body, and at joiraf leg
o) = qb(j) at AEP, ¢ =0 at PEP (4) 1, respectively.

The nominal trajectories for swinging sag¢’. and for D. Gait pattern control

supporting stagégg are given as functions of the phagé’ We design the phase dynamics of the oscillators correspond-

of the oscillator and are alternatively switched at every stépg to each leg as follows;

of AEP and PEP. L) 0 . (@ _
P (3D) 0< gD < gD P = wta t9 (i=1--,4 (12
T ¢ Y < \ 4 i i m

A(0) ((ﬁ(i)) _ eF o) <¢ N 5) gﬁ) - _K ((b( i) ¢(J) _ ngz)) (13)
’ 7@y 3D < d@) <2 (i) i) )
Fes(@) ¢4 S @ <2 g = (0 = P)a(t - to) (14)
The nominal duty ratig3® for leg i is defined to represent to - the moment leg touches the ground

the ratio between the nominal time for the supporting stagfhere K is a constant number anidis Delta-Function.
and the period of one cycle of the nominal locomotion. The oscillators form a dynamic system that affect each
~ (i) other through two types of interactions. One is continuous

B =1- ﬁ (6) interactions fromg{” which depends on the nominal gait
) . pattern. The other is the pulse-like interactiq;ﬁé) which is
B. Design of the gait pattern caused by the feedback signals from the touch sensor. Through

The gait patterns, which are the relationships betwedpese interactions, the oscillators generate gait patterns that
motions of the legs, are designed. The gait patterns forsatisfy the requirements of the environment.
guadruped robot are divided into three groups: One is group
of the patterns in which three legs support the main body at
any instant during locomotion such as Walk. Another is group In order to realize the turning motion voluntarily, the robot
of the patterns in which two legs support the main body dtas to coordinate many degrees of freedom under kinematic
any instant during locomotion such as Trot, Pace, Bound®. dynamic constraint conditions. In the turning motion, there
The other is group of the patterns in which less than one Iggay be considered two typical cases: One is kinematic turn
support the main body at any instant during locomotion sucind the other is dynamic turn. In the kinematic turn, locmotion
as Gallop. In this paper, the former two groups are consideraglocity is slow and the dynamic influences such as centrifugal
Each pattern is represented by a matrix of phase differend@gces or other nonlinear dynamic forces can be ignorable, but
'™ as follows; geometrical and kinematic constraint conditions are dominant
v and determines the turning motion. On the other hand, in
@) = ¢ 4 1“55”’) (7) dynamic turn, locomotion velocity is fast and obtained gait
patterns are two-legs supporting gait such as trot, pace and
where, m = 1,2 represent transverse walk pattern andounce. In this case, there are less number of the geometrical
rotary walk pattern, respectivelyn = 3,4,5 represent trot and the kinematic constraints than the 'slow speed locomo-
pattern, pace pattern and bounce pattern, respectively.  tion! However, dynamic forces act on the system during
] turning motion and those cannot be ignorable. For example,
C. Leg motion control centrifugal forces act on the system in the opposite direction
The angle of jointj of legi is derived from the geometrical of the center of the arc of turning trajectory. Therefore, the
relationship between the trajecto@ﬂ(qgm) and the joint robot needs to be compensated for the influences of several

angle.d\”) is written as a function of phase(” as follows; ~ kinds of forces such as centrifugal force.

IV. TURNING CONTROL

A AG) g A. Kinematic turn
0 =6 (61 ® o | N

In the kinematic turn, locmotion velocity is slow in general
where* indicates the nominal value. The commanded torq@nd three-legs supporting gaits, such as walk gait, crawl gait,

at each joint of the leg is obtained by using local feedbaddtc., are mostly observed. These gait pattern are the patterns



in which three legs support the main body at any instant 1)
during locomotion. Therefore, the dynamic influences such as
centrifugal forces or other nonlinear dynamic forces can be
ignorable, but geometrical and kinematic constraint conditions
are dominant and determines the turning trajectory. Figure 32)
expresses a simple model for kinematic turn. In this model,
there are several assumptions as follows;

Equations (15),(16) are kinematical constraints and de-
termine the propulsion velocities of the legs if the
velocities of the front and the rear part of the main body
are given.

The velocities of the front and the rear of the main
body are not independent. If one is given, the other is
determined from Eq.(17).

follows;

1) Motion of the robot is ristricted in two-dimensional 3) Equation (18) expresses the geometrical relationship
motion. i.e. Rolling and pitching motions of the robot among the center of arc for turning trajectory, two parts
are ignored. of the main body and joint O.

2) All legs generates continuous propulsion velocity. 4) Equation (19) determines yaw angle of joint O if radius

of arc for turning trajectory is given.

From egs. (15)~ (19), the turning trajectory is completely
determined when two parameters are given, radius of arc for
turning trajectoryR and walking velocitys (/). In other words,
this simple model has no redundant degrees of freedom for
turning motion. Therefore, if there is a slight fluctuation of
motion such as rolling and pitching motion of the main body,
the robot is difficult to follow the desired turning trajectory.

In this article, joint 1 for each leg is adaptively controlled
to compensate the influences of model error or disturbances
as the redundant degree of freedom.

3) There is no slip between the legs and the ground.

Desired walking
direction
Front body

Yaw joint

Rear body
o

Center of
turning .
B. Dynamic turn
Fig. 3. Kinematics of turning motion In dynamic turn, locomotion velocity is fast and obtained

gait patterns are two-legs supporting gait such as trot, pace and
There are nine state variables of this simple model &punce. In this case, there are less number of the geometrical
and the kinematic constraints than the slow speed locomotion.
NO» Propulsion velocity of legi of body i. Hovyever, dynamic forces act on the system during turning
J . . motion and those cannot be ignorable. The robot needs to
(= f (front), r (rear), j = L (Left), R (Right)) ) .
(i) . . . Pe compensated for the influences of several kinds of forces
v\ Propulsion velocity at the geometrical center o : ) . )
bodyi. (i = f,r) such as centrifugal force. Centrifugal force is proportional to
f: Desired radius of arc for turning trajectory. square pf Iocqmotlon velpcny and reciprocal of radius of arc
o . . : or turning trajectory. This force generates a torque around
AR: Distance of turning trajectories between the fron . . i .
. the supporting points for the main body as to goes outside of
and the rear bodies. ; . . .
) o turning trajectory. On the other hand, there is a gravity torque
0., Yaw angle of joint O. . : : . .
around the supporting points. In dynamic turn, time periods
for swinging stage for each leg deviate among outer legs and

1)
2)

3)
4)

5)

Ug) ) U(Lf) inner legs for turning trajectory because of centrifugal force.
W = R = W (15)  Time period for swinging stage is shorter in outer than in inner.
2 2 This asymmetry of swinging duration between the left and the
o) o o 16) 'ight causes differences of duty ratio between the motion of
RAR+ WO W;.m "R RiAR_ WO W2<f> (16) outer legs and that of inner legs.
o) (") In this article, joint 1 of each leg is adaptively controlled
—_— = (17) combining with control of yaw angle at joint 0 to compensate
R R+AR the influences of dynamic forces and gravity force. The
R2+LY? = (R+ AR)? + L2 (18) actuator of joint 1 of each leg is controlled to degrade the

asymmetry of the duty ratio between the left and the right.

L L)
_ —1 —1
By = tan ( i > + tan <R+ AR> (19) 0on the other hand, yaw angle at joint 0 is controlled as to
satisfy the geometrical and kinematic constraint conditions

where, L) andW ) (i = f,r) are distance between centefuring turning motion.

of mass of bodyi and joint 0, and distance between the left .
and the right legs of body, respectively. C. Turning controller

We obtain these seven constraint conditions. These con-The turning controller is designed as follows: First, when
straint conditions determines following geometrical and kinedesired walking directiorf,,,, and desired walking speed
matical constraints. V are given, which may be given from a visin system as a
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Fig. 4. Dynamic property of turning motion

commanded signal, those
for control parameters.

e'w eturn

i = ¥

(20)
(21)

From Eq.(19), nominal radius of arc of turning trajectdty
is determined.

—ARsin 95’ + \/—AR2 cos? % +

R O
2

(22)

2sin

o L(f)2 + [1(7‘)2 + QL(f)L(T) COSs H'w

(23)

From Egs.(15)~ (17), the nominal propulsion velocity for
each leg is determined.

R w )
() 1) YT T
vy = v = ~ \% (24)
R
R+ w )
o) e (25)
. R+ AR— W(f) .
8 = ® = 2y (26)
R
. R AR—'— w () .
o) o = = I 74 27)

are regarded as the nominal values

Joint O

70 = Kpo (B — 60) — Kpobo (32)

Joint 1 of each leg

(1)
6, = Kg(8Y) —39) 0O:outerleg I:inner leg
7 = Kpy (B — 6)) — Kpob? (33)

V. NUMERICAL SIMULATION

Numerical simulations are implemented to verify the per-
formances of the proposed control system. Table 1 shows the
physical parameters of the robot which are used in numerical
simulations.

Table 1
Main body
Width 0.20 | [m]
Length 0.36 | [m]
Height 0.05 | [m]
Total Mass 8.4 | [kg]
Legs
Length of link 1 | 0.188 | [m]
Length of link 2 | 0.193 | [m]
Mass of link 1 | 0.918 | [kg]
Mass of link 2 | 0.595 | [kg]

The nominal time period of the swinging stage is chosen as
0.20 [sec].

First, asymmetry of duty ratio during motion is investigated.
Figiure (5),(6) show the ratio of the value of phase-reset of
the oscillator at the moment of leg’s contact on the ground
against the total locomotion cycle. Asymmetry of the nominal
stride between the left and the right is selected as a parameter.
These cases are without the proposed turning controller. From
the results, the greater the asymmetry of the stride between
the left and the right becomes, the larger the asymmetry of
the ratio of the value of phase-reset of the oscillator becomes.
The case off = 0.55, that is, high speed dynamic locomotion,
is extremely remarkable. These results imply that the system is

The nominal stride for each leg is calculated from egs.(2¢pnstrained by kinematic constraint condition in the kinematic

~ (27) by using nominal duty ratig (.

~ w ()
6(1)Tsw R + 9 V

s = ~ . 28

30 7 (28)
A W(f)

S(2) 6(2),‘?8’111 R+ _2 ¥ (29)
1-6@ R

Sr(?z) ﬁ(g)Tsw R + AR — W;f) V (30)
1— 33 R

X @7, R+ AR+ WL

S@ s T ANt Ty (31)
1— B R

turn, while it considerably has influences from the centrifugal
force and gravity force in the dynamic turn. In the dynamic
turn, asymmetry of duty ratio is caused by the centrifugal force
primarily. Therefore, itis effective to control the joint 1 of each
leg to incline the main body to inside of turning trajectory by
using the asymmetry of the duty ratio.

Figure (7) shows the turning trajectory of the quadruped
robot with the proposed control system. Figure (7.a) shows
the case of3 = 0.75, that is, kinematic turn at slow walking
velocity in walk pattern. While, Fig. (7.b) shows the case of
B = 0.50, that is, dynamic turn at considerably high speed
walking in trot pattern. The center of the desired turning curve(

These nominal values of strides are given to the trajectocyrcle ) is (0 [m],-1.65[m]), and the nominal radius of the circle

generator in the motion planning system.

is given ask = 1.65 [m]. From these figures, the robot with

The input torques at joint 0 and joint 1 of each leg ar¢he proposed control system can follow the desired trajectory

designed as follows;

with small tracking errors and established steady and stable
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locomotions. The effectiveness of the proposed control systeobot has great influences of dynamic forces. These constraints
is verified through these results.
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conditions makes the motion of the robot asymmetry in terms
of duty ratio, stride and center of force acting points. The
proposed controller actively and adaptively controls the waist
joint of the main body to satisfy the geometrical constraints
during turning, and also controls the shoulder joints to incline
the main body to cancel the centrifugal force in high speed
turning by use of gravity force.

In the future, we are planning to design the control system
in which the voluntary motions are selected or generated
according to the state of the robot by utilizing the external
sensors such as vision system. Using such a control system, it
is expected that adaptability of the robot to variations of the
environment will be highly improved.
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VI. CONCLUSION [

We proposed a control system for a walking robot with
hierarchical architecture which is composed of motion con-
trollers and a motion planner. The motion controller drives
the actuators at the joints of the legs by use of high-gain
local feedback based on the commanded signal from the gait
pattern controller. Whereas the motion planner alternates the
motion primitives by synchronizing with the signals from
the touch sensors at the tips of the legs, and stabilizes the
phase differences among the motions of the legs adaptively.
Farthurmore, in this article, a dynamic turning controller is
proposed. In the slow speed turning, the robot has strong con-
straints geometrically. Whereas in the high speed turning, the
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