IEEJ Journal of Industry Applications
Vol.8 No.5 pp.745-755  DOI: 10.1541/ieejjia.8.745

Paper

Simplification of Motion Generation in the Singular Configuration of a
Wheel-Legged Mobile Robot

)

Kenta Nagano™ Member,

Yasutaka Fujimoto® Senior Member

(Manuscript received May 1, 2018, revised Feb. 13, 2019)

Wheel-legged mobile robots (i.e., robots that use leg and wheel mechanisms) have the potential for efficient move-
ment in response to the environment. Singular configuration is an inevitable problem in wheel-legged mobile robots
and must be solved to realize motion. This paper proposes a simplification of the motion generation method in the
singular configuration of a wheel-legged mobile robot. The problem of inverse kinematic calculations in a wheel-
legged mobile robot is first modeled, and a solution method is proposed using an extension of the constraints to the
acceleration level and the redundancy of the robot. The singular configuration problem in the low-speed region is then
solved using the Levenberg—Marquardt method. A simple decision method using a weighted matrix for the damping
factor is also proposed. The method is then verified using a three-dimensional simulation and an experiment.
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1. Introduction

Mobile robots can be classified as either wheeled or legged.
Currently, wheeled mobile robots have several applications
because they can achieve statically stable motion. A leg
mechanism enables a mobile robot to move over uneven ter-
rain. The wheel-legged mobile robot has both leg and wheel
mechanisms, thus allowing varying modes of movement by
using the wheel mechanism on flat planes and the leg mech-
anism on uneven terrain. For independent motion in varying
environments, the robot must selectively use the leg or wheel
mechanism. In this study, a mobile robot control method
is developed to achieve motion in different environments by
effectively using a wheel-legged mechanism. The wheel-
legged mobile robot has been mentioned in several related
studies: for example, in extreme environments "*® and in
human-to-human support environments “~©.

The wheel-legged mobile robot allows environmentally
adaptable motion. However, the multiple mechanisms com-
plicate the robot’s structure. A robot with such mechanisms
cannot avoid the problem of singular configuration, a pos-
ture in which the robot is structurally unable to achieve mo-
tion in a particular direction. Inverse kinematic calculations
cannot obtain a solution for singular configuration. Thus,
the singular configuration problem must be solved to achieve
efficient motion that is adaptable to varying environments.
Previously proposed methods to solve the singular configu-
ration problem are discussed in this section. They can be
classified into five categories: 1) using a special mecha-
nism 7%, 2) trajectory generation for singular configuration
avoidance """, 3) using the redundancy of the robot "%,
4) analytically deriving the inverse kinematic solution ">"?,
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and 5) numerically calculating the inverse kinematic solu-
tiOIl (l7)7(2|)‘

An analytical solution to avoid singular configuration in
a wheel-legged mobile robot was proposed by Grand et al.;
however, only the steering joint was addressed ®”. An ef al.
proposed an inverse kinematic solution by offsetting the rota-
tional axes of the steering joint and the wheel ®. Suzumura
et al. described an inverse kinematic calculation by consid-
ering multiple kinematic constraints of a wheel-legged mo-
bile robot and proposed a selection matrix **. However, the
method proposed by Grand ef al. was inconsistent with mo-
tion because the steering joint calculation was conducted sep-
arately, whereas An et al.’s method required that the structure
be changed beforehand, and Suzumura er al’s method did
not consider motion in the direction specified by the selection
matrix and thus led to decreased motion performance. To ad-
dress these problems, Suzumura et al. proposed a method for
calculating multiple kinematic constraints by inverse kine-
matics that considered priority and obtained the inverse kine-
matic solution of the steering joint by expanding the con-
straints to the acceleration level ®. However, this method
had a new singular configuration in the low-speed region.
Thus, these methods are not suitable approaches. Trajec-
tory generation considering the singular configuration is also
not suitable for a robot working in an unknown environment.
Therefore, inverse kinematics that consider priority and the
extension of constraints to the acceleration level are explored
in this study. The Levenberg—Marquardt (LM) method *¥*”
is applied, and a method for determining a damping factor
based on the robot manipulability as a solution to the singular
configuration problem at low speeds is proposed. Manipula-
bility is one of the indices that quantify robot operability from
a kinematic viewpoint **. A method for determining a damp-
ing factor by resolving the influence of the steering joint was
proposed for the wheel-legged mobile robot *”. This method
obtains the influence of the focus joint by separating the
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Fig. 1.

Overview of the wheel-legged robot

manipulability of the robot. In contrast, we propose a simpler
method to realize the same effect as the previously reported
conventional method.

This paper is organized as follows. The modeling and the
problems of the inverse kinematic calculation in the wheel-
legged mobile robot are described in Sect. 2. Section 3
presents a solution method for the problem of the inverse
kinematic calculation using inverse kinematics that consider
priority and the extension of constraints to the acceleration
level. Section 4 then describes the singular configuration
problem in the low-speed region and the application of the
LM method to the wheel-legged mobile robot. Finally, the
three-dimensional simulation and experiment performed to
verify the efficacy of the proposed method are presented in
Sect. 5, and the conclusions are drawn in Sect. 6.

2. Robot Modeling

2.1 Model and Coordinate Systems of the Robot

The coordinate systems of the wheel-legged mobile robot
shown in Fig. 1 are defined as follows:

® > : coordinates of the world;

® > p : coordinates of the base link; and

e ¥ : coordinates of the contact point of the i wheel.
The planar robot model in the sagittal plane is shown in
Fig.2. In this model, “pg, Zp., € R¥! are the base position
vectors with respect to Xy and the tip position vectors of each
leg with respect to Zg. The index of each leg, i, is represented
asi =1, ---, k, where k is the total number of legs (k = 4 in
the studied robot). Furthermore, ® = [¢ 6 ¢ is the Euler
attitude angle of the base link and 6y.,; = [61; 62 03] € RY
is the joint angle vector of each leg, where N is the number
of rotation joints in the leg (N = 3 in the studied robot). The
crotch yaw, crotch roll, and knee roll joint rotation angle are
01i, 62, and 6s;, respectively, Oypeer; = [vi #;1" is the rota-
tion angle related to wheeled locomotion, 7; is the steering
angle, and ¢; is the rolling angle of the wheel. Finally, the
respective rotation information of each leg is summarized by
0 = [oli;gi agheeli]T‘

2.2 Kinematic Constraints on the Velocity Level

Both the mechanical and kinematic constraints, as well as
the constraints for the leg and wheel mechanisms, must be
considered for performing motion generation.

746

Fig.2. Planar robot model in the sagittal plane

The kinematic constraints at the wheel contact point for-
mulate as a nonslippage condition. Slippage of the con-
tact point in the three-dimensional model was obtained from
Grand et al. ® and Suzumura and Fujimoto *¥:

R¢;
0
0

w w
Us, = Po; — RCi

where v, is the contact point slippage with respect to the co-
ordinate system of the contact point of the i’ leg, R is the
radius of the wheel, and “R,, is a rotation matrix from X, to
2. The tip velocity vector of each leg with respect to X,
was then obtained by differentiating the tip position vector of
each leg “p., = “pp + “R®p..:

w

. . 5> B
Pe; = wa + wRB De; +

where YRy is expressed as YRy Ywg" - “Rg. Further-
more, A is represented as an operator that transforms a 3x1
vector to a 3x3 skew-symmetric matrix, and the cross prod-
uct can be rearranged into various forms: for example, a(e
R3*) x b(e R?) = —b x a = —b"a = a’b. Therefore, the sec-
ond term on the right-hand side of Eq. (2) was transformed to
—(“’RBchl.)’\ -Ywp. Here vy; in Eq. (1) was set to 0 to prevent
slippage. For simplification, both sides of Eq. (1) were then
multiplied by ’”RE, transforming Eq. (1) into matrix form:

. R [Bregi
w egi
OZ[ng _Bpé\-] [wa +|Jiegi Iy —"Re |O||] ¥i
i wp O ¢
........................ 3)
=Jpép + J%ilgi ............................... 4)

where Jy.4i € RN*N is the Jacobian matrix of the rotational
joint of the i” leg, and J,,, € R¥! is the Jacobian matrix of the
steering joint. Each Jacobian matrix can be obtained by the
cross product of the rotational axis vector z, and the vector
connecting each joint center to the corresponding leg contact
point, a,(= 8p.. — 8p,). From Eq. (3), the entire body motion
satisfying the nonslippage constraints at the wheel contact
point can be generated.

However, the tip position control cannot be uniquely deter-
mined by constraints at the wheel contact point because the

IEEJ Journal IA, Vol.8, No.5, 2019



Motion Generation for Wheel-Legged Mobile Robot (Kenta Nagano et al.)

Nonsingular
configuration

Singular
configuration

Zy, Ay,
> J,, =0
»,chd =0

Fig.3. Singular configuration of the steering joint

. . . . T
solution of the various combinations of [0;69,- Vi ¢i] oc-
curs. Therefore, the leg position constraint was given by the
tip velocity vector of each leg with respect to X, expressed
as

élegi

Bpe, = [Jlegi Iy, ()] Fi | e (5)
i

= Jzelgi .................................... (6)

where J%' € R¥>*W*2_ Thus, the contact point position for
each leg can be controlled by the leg position constraints.

2.3 Problems in the Inverse Kinematic Calculation

Here, the problems of the inverse kinematic calculation
are described by the kinematic constraints on the velocity
level. First, the coefficient matrix J,, becomes equal to 0
when the vector a,,(= Zp,, — £p,,) and the rotation axis vec-
tor z,, are coaxial in the cross product calculation. Therefore,
the wheel-legged mobile robot cannot generate appropriate
steering with a turning motion; this singular configuration
of the steering joint is shown in Fig. 3. Another problem in
the inverse kinematic calculation occurs when the constraints
of the wheel and leg positions are simultaneously solved.
Egs. (3) and (5) are combined when these are simultaneously
solved:

0 _ u)RITg' —BPZ\., wa
0 I R | A

Rlle
_ _B legi
+ J legi J Yi RCi 8 73 EEREREEED @)

Jle_qi J'}’i 0 ¢i

The pseudo-inverse matrix of the coefficient matrix in the
second term on the right-hand side of Eq. (7) is necessary for
the inverse kinematic calculation. The size of the coefficient
matrix is 6 X (N + 2). Thus, the rank » must be N + 2 when
calculating the pseudo-inverse matrix (N = 3 and r = 5 in the
studied robot). The rank of the coefficient matrix is given as

R
0
0

Jiwsi Jy,, PR,
r=rank ||/ ‘i

J legi J Vi 0

Then, Eq. (8) is transformed by the elementary transforma-
tion of the matrix as follows:

R
r = rank 0 R 8 .............. )
Jle_qi Jy,- 0 )
R
= rank([]lggi J%.]) +rank|-®R. |O]] ------ (10)
0

From Eq. (10), the ranks of the first term and the second term
on the right side are less than 3 and 1, respectively. There-
fore, the rank of the coefficient matrix becomes r < 4. From
this result, the inverse kinematic solution cannot be obtained
because the pseudo-inverse matrix is not appropriate due to
the rank deficiency.

3. Method Using Redundancy in the Acceleration
Level

In this section, the singular configuration problem is solved
for the velocity level of the steering joint by extending the
kinematic constraints to the acceleration level. A method of
solving the inverse kinematics considering priority for prob-
lems with simultaneous constraints is also discussed ®.

3.1 Kinematic Constraints on the Acceleration Level

The wheel constraints on the acceleration level were ob-
tained by differentiating Eq. (3) with respect to time:

0 ="Ry"jpp +"Ry"pp = "pe, x "wp = "pe, x "éop
+Jlegi01egi + Jy,‘j'/i + Jlegielegi + Jy,")./i

_ [Réi R,
“BRLO|=BR,| O |- (1)
0 0

where R and R, are expressed as “R% = (“w}"Rp)" and

BR. = Bw)BR,., respectively. Furthermore, 2w, was trans-
Ci Cj Ci Ci

formed as follows:

B = Cwg, + -+ Bawgy) +Bay, oo (12)
= (20,01, + - + 20,,0n) + ZyJieeee (13)
= J;zg,-é'legi +J%_%. ........................ (14)

w —
where Ji . = I:Zgl,
B

ZQM:I e R¥N, J¥ =z, € R’. Then,

" was obtained as (J leql()kql)/\ + Jw/\ 7. Therefore, Eq. (11)
can be expressed in matrix form:

L b4

. R¢l éleqi

+Jiegi Iy +"wpdy,~JY" PR | O | PR | O ||| 7

0 ol 4

+(wwgwRB)Twa + wnglegiélegi + jlegiélegi
R
+J.5i — (J?e)g,-alegi)ABRq [0 I I (15)
0

= JB[g':B + J%/Cf'li by (16)

where J§ € R>*N+2) py e R, ; = [Ozégl Vi ¢,] is
a vector composed of the angular acceleration of the joints
Okgl and wheel ¢; and the angular velocity of the steering
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joint ;. From the second column vector in the second term
of the right-hand side of Eq. (15), this term does not become
zero in the singular configuration of the steering joint because

-J f;’l’\BRCi [R(iﬁi 0 O]T has a value even if the steering rota-
tion axis is perpendicular to the ground surface. Therefore, a
steering joint motion can be obtained in the singular configu-
ration.

Next, the constraints of the leg position on the acceleration
level were obtained by differentiating Eq. (5) with respect to
time and expressing it in matrix form:

Bﬁc; = jleg, glegi + Jlegiéleg, + jy,")./i + Jy,;)./i """ (17)
. Bieq .
= [Jleg,- Jy,- 0] % +Jlegi016g,+-]y,”i """ (18)
bi
= R by (19)

where J9¢ € R>*V*2 and b, € R®.

Kinematic constraints considering all the legs can be ex-
pressed from the leg position and wheel constraints on the
acceleration level:

Jace 0 .. 01

0 Js, " m] [bw
0 J acc b
- {92 .B N 0 JW2 ’]'2 N "’Vz
: : : . ol :
0] LT, 0 0 gue]md by
...................... (20)
. acc 0
ZPc] JL‘ m (b, ]
1')'(, acc n bL
' 2 0 L T+ .2 ....... 1)
: R I :
Bpfk 0 - 0 err N bek |
k
Then, Egs. (20) and (21) were combined:
0= Jpép+JER4by o (22)
Pr=J0cn by (23)

where JB c R3k><6, Jﬁgc c R3k><(N+2)k’ and chc c R3k><(N+2)k'

3.2 Inverse Kinematics Considering Priority The
angular acceleration of each joint and the constraints on the
acceleration level were then obtained by inverse kinematics
by considering priority. The inverse kinematics considering
priority can be expressed as follows:

ncmd — J(J;CT(_JBf'B —bw)+ - J%‘CTJ(;&C)”ref

nref = JZCCT(pL - bL) + (I - JZCCTJZCC)unuII

where J;,“" and J Z“T are the pseudo-inverse matrices of J{°

and J{“, respectively. Inverse kinematics considering prior-
ity realizes a high-priority task using the inverse kinematic
solution of the lower-priority task as the null space input for
the high-priority task. Then, the low-priority task is realized
by the redundancy of the high-priority task. For this robot,
the high-priority task is the wheel constraint, and the low-
priority task is the leg position constraint. Therefore, the so-
lution of the multiple constraints can be obtained.

4. Problems in Low-Speed Wheeled Locomotion

In this section, a new singular configuration problem in
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low-speed wheeled locomotion is described. The coefficient
vector of 7; becomes a zero vector in Eq. (15) when ¢; = 0,
and vector a,, is coaxial to the rotational axis vector z,,. Thus,
)'/I?’"d becomes zero when the wheel is stopped or is rotating at
a low speed, causing the steering to vibrate or diverge. This
condition is the singular configuration of constraints on the
acceleration level. To solve this, the LM method was applied.

4.1 Application of the Levenberg—-Marquardt Method

The LM method was applied to inverse kinematics consid-
ering priority in the acceleration level as a measure of the
singular configuration problem in low-speed wheeled loco-
motion. In the application of the LM method, the pseudo-
inverse matrices in Egs. (24) and (25) are expressed as fol-
lows:

JL;;‘C'IL — J%CT(J‘H};‘CJ%CT + /IWI)fl

JZCC? — J[ZCCT(J(ZCC lZCCT +/1LI)—1

Here, the LM method is added to the damping factor in the
pseudo-inverse matrix. The inverse kinematic solution does
not occur as a local maximum in the singular configuration
because the pseudo-inverse matrix becomes the full rank in
the case of a rank deficiency in the Jacobian matrix. There-
fore, the LM method is able to suppress excessive output in a
near-singular configuration.

The damping factor in the LM method greatly affects the
calculated result and is thus necessary to determine the com-
bined motion of the robot. Several studies have examined
the decision method for the damping factor **-“®. Nakamura
et al. proposed a method in which a damping factor based
on manipulability was added in cases where the manipula-
bility was less than the threshold ®”. Wampler proposed a
method of adding a small constant value to the damping fac-
tor®. Ford et al. proposed a method to use the negative
natural exponential of the value of the Jacobian matrix de-
terminant as the damping factor and then applied the LM
method to the singular configuration of the control moment
gyros ®V. Kelmar et al. proposed a method for using the cur-
rent and previous-step manipulability as the damping factor
in the LM method of a sequential calculation ®”. Mayorga et
al. proposed a method that limited the minimum of the sin-
gular value of the Jacobian matrix in the damping factor ®>.
Sugihara proposed a method that used the square norm of
the error and added a small value to the damping factor ®*.
Maciejewski et al. proposed a method that limited the joint
velocity value using the LM method ®”. Deo ef al. men-
tioned that Maciejewski’s method determines the damping
factor within the framework of the trust region method “°.
All these methods can be classified as one of the following:

® Method based on robot manipulability **-¥

® Method based on error minimization #*-%¢
Methods based on error minimization cannot obtain a suit-
able damping factor when using inverse kinematics consid-
ering priority because the trajectory tracking performance of
low-priority tasks is reduced. Therefore, methods based on
robot manipulability were applied for the singular configu-
ration problem in the low-speed region, as described in the
following subsection. Ford’s method ©" was first applied as a
conventional method. A method resolving the posture of the
steering joint ® was also applied. Finally, a simpler method
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considering the posture of the steering joint was proposed.
4.1.1 Conventional Levenberg-Marquardt Method "
Ford et al. proposed using the negative natural exponen-
tial of the determinant of the Jacobian matrix as the damping
factor. By applying this method to the wheel-legged mobile
robot, the damping factors in Egs. (26) and (27) become

Ay = aye STETED

_ ace yaceT
A =ae det(J{eJ7er)

where the values ay and «, are empirically obtained.

4.1.2 Method Resolving the Posture of the Steering
Joint * Because the conventional LM method gives the
same damping effect for all the legs, it cannot suppress the vi-
bration associated with each leg’s posture. Furthermore, the
damping effect is influenced by motion unless the posture is
far from the singular configuration. Therefore, the damping
factor was altered to reflect the posture of each leg and reduce
the damping effects when far from the singular configuration.
The damping factors Ay, A1 € R3*3¥ are given as follows:

Aw, 0 0
Awl = 0 Aw, e (30)
: ’ 0
0 0 Ay,
A, 0 0
A0 = 0 A, (1)
: . U
0 0 A,
where
Aw, = aWigwaxﬁWx Typg covvvvveneeeeeeein, (32)
A, = a/L,.e_“’LiﬁL' Ijpgeovvvnveenieniiiininn, (33)
Wy, = /det( Jﬁgf Jag[cT) ........................ (34)
wy, = /det( szc szcT) ......................... (35)

145 € R is the identity matrix, and a,, az,, Bw., and B, are
scalar parameters. The LM method was applied according to
the manipulability of each leg. Therefore, the vibration sup-
pression in the steering joint becomes more effective when
the wheel rotates at a low speed or stops completely.

The effective reflection of the steering motion is necessary
because the singular configuration of the steering joint affects
motion generation. Therefore, the evaluation indexes wy, and
wy, decompose the manipulability of the steering joint from
each leg and are given as

T
ww, = K, /detJregid J,,,) + Ky, ldet(kyy,, ki)

................... (36)
Wi, = Kpyy N Aot iegid T,) + Ky ldet(x], &1y,
................... (37)
_ R
Ky, = Jy + "0y, — ny“iABRC’ [0 3 (38)
0
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KLy, =

The first term on the right-hand side of Eqgs. (36) and (37) is
the manipulability of the third joint from the first joint, and
the second term is the singular value of the steering joint of
each constraint. Ky,,,, Ki,,,, Kw, and K,, are the weighted
factors. The singular value of the steering joint expresses
the size of the rotational motion of the steering joint. Here,
adding each term directly in Egs. (36) and (37) is not appro-
priate because their orders are different. In our robot, the first
and second terms correspond to three joints and one joint, re-
spectively. Therefore, the orders of each term are different
when the square root is calculated in the same way as the
general manipulability. Thus, each term changes the identi-
cal order based on the number of singular values ®”. From
the above, the LM method that considers the influence of the
steering joint was applied.

4.1.3 Proposed Method Using a Weighted Matrix

Using a method that resolves the steering joint posture
is complicated because it calculates multiple manipulabilites
separately. Therefore, a method using a weighted matrix was
proposed using the following evaluation:

W= At (JWIT) e, (40)

where J € R™" is the Jacobian matrix, W € R™" is the
weighted matrix, and m and n are the degrees of freedom of
the workspace and joint space, respectively. Each matrix is
given below:

Jil Jim-1) Jin

J=| B RN IERTERRES 41)
Jm-1)1 Jm=1)(n=1)  Jn—)n
jml jm(n—l) jmn
Ki 0 0

W= 0 e 42)
: K(n_1) 0
O 0 Kil

where j,, is the element of the Jacobian matrix and K, is the
weighted factor of the n”” joint. Then, the evaluation indexes
ww;, wr, on our robot are given as follows:

wy, = \/det( J‘;‘ZCWW, Jtvl‘ch) .................... (43)
wy, = \/det( J?fCWL,- JZ;'CT) ..................... (44)

where Wy, and Wy, are the weighted matrices defined as

K Wiegi
K Wiegi O
Wy, = Kw,, | (45)
Ky,
0 K Wiegi
K Liegi
0
Liegi
Wy, = Kp,, | (46)
Ky,
0 KLlegl
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Here, the weighted factor of the steering joint is given a dif-
ferent value from the other joints, thus effectively reflecting
the steering joint’s influence. In addition, this method does
not require decomposition of the manipulability beforehand,
which is required by the method that resolves the posture of
the steering joint. Therefore, the evaluation index does not
become complicated.

The evaluation indexes of each method are different; there-
fore, the evaluation indexes of the conventional LM method
and the method for resolving the posture of the steering joint
were adjusted by scaling factors. Thus, Egs. (28) and (29) are
modified as follows:

_ det ey

Weonv

/lW = awe
_ detggeegecl gy

CLeonv

/lL =qre

where By and Sy are scalar parameters and Cycony and Creony
are the scaling coefficients given below:

det JﬁlCCJaL'L'T
CWeom = Uy Tw'D) (49)
et Wy, 35T
det JaCCJaccT
ClLeonw = ( L L ) .................. (50)
NSV

The scaling coefficient is the evaluation index divided by the
evaluation index of the proposed method using the weighted
matrix. Here, the evaluation index of each method in the ini-
tial posture that had been calculated in advance was used.
Similarly, Egs. (32) and (33) were modified as shown below:

ww; Bw;
Ay, = awie_ L (51)
B
A, = ape G Dgygeeeveeoeveeee (52)

where cyw, and ¢y, are the scaling coefficients, defined as:

Kw,, s/det(J,egiJITe o)t KWy[|det(K7V;,y[KWy[)|

Cw, =
et Wy, 55T
................... (53)
Ky yJdetUiegid [,,) + Kpy|det(k], k)|
L \/det(JZCCW JacCT)
................... (54)

This scaling coefficient is also the evaluation index divided
by the evaluation index of the proposed method using the
weighted matrix, and using the evaluation index of each
method in the initial posture that had been calculated in ad-
vance.

5. Simulation and Experimental Results

A three-dimensional simulation and an experiment con-
sidering the singular configuration problem in low-speed
wheeled locomotion were performed to verify the proposed
method’s ability to generate motion.
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5.1 Workspace Controller The reference value of
the position of each leg and the position of the base link are
given below:

wpg’f — pB(wpcmd w reS) + kdB(wpcmd w -res)
................... (55)
BPZ?f — pC,(B cmd res)+de’(B cmd pz’eS)
................... (56)
wg ’ef TE e
= T(®)P (57)
(I)rf — p@(q)cmd _ q)r€S) + kdq)(d)cmd _ (i)rm)
................... (58)

where T'(®) is the transformation matrix between "’d);f
®. The relationship between wd);ff and @ is given by “’d);ff =
T(®)D'% + T(®)®. Here, T(®) ~ 0 was assumed be-
cause of the low effectiveness of T(®). The proportion and
derivative gains are kg, k., and k,¢ and kyp, k4, and kyqe,
respectively.

Next, joints other than the steering joint were controlled by
the acceleration control and the disturbance observer ®¥; their
torque is given as

ref

.ref
Tordi =

nI]H o +‘rd”

where M, is the diagonal matrix related to the nominal in-
ertia of each joint other than the steering joint and TZ’; is
the estimated disturbance torque by the disturbance observer.

The angular acceleration reference ijge];_ is then

i, = 5+ Hepn O, = M055) + Ko, G, = %)
................... (60)

where kg, 4, and kg, 4, are the proportional and derivative
gains, respectively. Furthermore, the steering joint was con-
trolled by the proportional control and the disturbance ob-
server. The torque reference of the steering joint is given as

cmd res) + 3 '\dl s

T%f kpy, (i

where k,,, is the proportional gain and ‘rg’s is the estimated

disturbance torque of the steering joint by the disturbance ob-
server. A block diagram of the entire control system is shown
in Fig. 4.

5.2 Simulation Results The behavior of the robot
was confirmed in case of the posture of the singular config-
uration and the nonsingular configuration as shown in Fig. 5.
Figure 5(a) is the singular configuration because the steer-
ing joint is perpendicular to the contact point. By contrast,
Fig. 5(b) is not perpendicular to the contact point, therefore,
this posture is the nonsingular configuration. The constant
velocity trajectory was given to ®, “pg(= [xp yp zgl"), and
ch,.(: [Xe;, Ye, zC,]T). As shown in Fig.5, the given tar-
get trajectory was 0.1 m/s in the x-direction when the sin-
gular configuration and 0.5 m/s in the y-direction when the
nonsingular configuration. The weighted factors used in the
method resolving the posture of the steering joint and the pro-
posed method are given in Table 1. The scalar parameters
in each method are given in Table 2, and the same values
were used for all the methods. Here, each weighted factor
and scalar parameter were experimentally determined. The
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Table 1. Weighted factor conditions
Contents KWqui KW%‘ KLqul Kl"/i 0.4
Simulation | 1.00 | 50.0 | 1.00 | 0.50
Experiment | 1.00 | 50.0 | 1.00 | 0.50 £ 03
s
Table 2. Scalar parameter conditions & o2
Contents awy ay Bw Br aw; [ Bw; B,
Simulation | 0.01 | 1.45 | 150.0 | 50.0 | 0.01 | 1.45 | 150.0 | 50.0 01
Experiment | 1.50 | 0.014 | 250.0 | 100.0 | 1.50 | 0.014 | 250.0 | 100.0 Command
0 Response

simulation was performed using the robot control simulator
(ROCOS) *.

The simulation results of the singular configuration are first
described. The base position-tracking trajectory in the x-
direction and the steering angle of the first leg are shown
in Figs.6 and 7. Figure 6 presents the results when a sin-
gle kinematic constraint on the acceleration level is used, and
Fig. 7 presents the results when the conventional LM method,
the method that resolves the posture of the steering joint, and
the proposed method using the weighted matrix are used. The
standard deviation of the steering angle and the root mean
square errors (RMSEs) of the base position-tracking trajec-
tory are given in Table 3. As shown in Fig. 6(a), steering
vibration occurred at the start of motion, near the singular
configuration. Furthermore, a base position-tracking error
occurred at the beginning of motion, as shown in Fig. 6(b).
This tracking error was caused by vibration in the steering
joint. Figure 7 shows the effective vibration suppression and
base position tracking realized in each LM method. From Ta-
ble 3, each LM method has almost the same effect regarding
the tracking of the base position. In addition, the proposed
method using the weighted matrix was most effective in vi-
bration suppression of the steering joint. Therefore, the pro-
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0 1 2

Time[s]

3 4

(b) Response of the base position

Fig.6. Simulation results using a single kinematic con-
straint on the acceleration level in the case of the singular
configuration

posed method using the weighted matrix effectively reflects
the influence of the steering joint.

The simulation results of the nonsingular configuration are
described. Figures 8 and 9 show the base position-tracking
trajectory in the y-direction and the steering angle of the first
leg. The results with a single kinematic constraint on the ac-
celeration level is shown in Fig. 8. The results of the conven-
tional LM method, the method that resolves the posture of the
steering joint, and the proposed method using the weighted
matrix are shown in Fig. 9. Table 4 shows the standard devia-
tion of the steering angle and the RMSEs of the base position-
tracking trajectory. From the result of a single kinematic con-
straint on the acceleration level in Fig. 8, the steering joint
did not vibrate and the base position-tracking error was small
since the posture is the nonsingular configuration. From
Fig.9, the steering vibration and the base position-tracking
error occurred in the conventional LM method because the
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Fig.7. Simulation results using the LM method in the
case of the singular configuration

Table 3. Standard deviation of the steering angle and
RMSEs of the base link in the simulation results of the
nonsingular configuration

Contents SD[mrad] | RMSEs[mm]
Single kinematic constraint on the acceleration level | 51.455 2414
Conventional LM method 5.909 2.671
Method resolving the posture of the steering joint 7.163 2.629
Proposed method using the weighted matrix 5.849 2.642

Table 4. Standard deviation of the steering angle and
RMSEs of the base link in the simulation results of the
nonsingular configuration

Contents SD[mrad] | RMSEs[mm]
Single kinematic constraint on the acceleration level 0.884 14.780
Conventional LM method 16.274 73.183
Method resolving the posture of the steering joint 8.385 16.441
Proposed method using the weighted matrix 1.689 16.667

effect of the damping factor was not sufficiently decreased.
In the method resolving the posture of the steering joint, the
steering vibration occurred, however, the base-position track-
ing error was small. In addition, the steering vibration and
the base position-tracking error of the proposed method using
the weighted matrix were small. From Table 4, the steering
vibration and the base position-tracking error in the case of
a single kinematic constraint on the acceleration level were
smaller than the LM methods. The proposed method using
the weighted matrix was realized the base position-tracking
error almost the same as the case of a single kinematic con-
straint on the acceleration level. Then, the steering vibra-
tion of the proposed method using the weighted matrix was
smaller than the other LM method and was sufficiently small
in the realization of the motion. Therefore, the proposed
method using the weighted matrix can be realized the effec-
tive motion generation even in the nonsingular configuration.
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Fig.8. Simulation results using a single kinematic con-
straint on the acceleration level in the case of the nonsin-
gular configuration
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Fig.9. Simulation results using the LM method in the
case of the nonsingular configuration

5.3 Experimental Results The experimental results
confirmed the simulation results presented in the previous
section. Here, the verification was performed for the case of
the singular configuration. The LM methods that considered
the scaling coeflicients were used. In addition, the weighted
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factors and the scalar parameters are given in Tables 1 and 2,
respectively. Next, the motion sequence of the experiment is
shown in Fig. 10. To achieve the same posture as the simula-
tion, a base link trajectory that rises 0.104 m in the z-direction
over 4.0s was first given. A trajectory moving 0.40 m in the
x-direction for 4.0 s was also given. Finally, a trajectory that
descends 0.104 m in the z-direction over 4.0 s was given to
return to the initial posture.

The experimental results of the conventional LM method,
the method of resolving the posture of the steering joint, and
the proposed method using the weighted matrix are shown in
Figs. 11, 12, and 13, respectively. Each figure shows the posi-
tion of the base link, the steering joints angle, and the damp-
ing factors of the wheel and leg position constraints. The
standard deviations of the steering angle of the first leg and
the RMSEs of the base position-tracking trajectory are given

()
0.104[m] in 4.0[s]

(b)
0.4[m] in 4.0[s]

(©
0.104[m] in 4.0[s]

=) : Motion direction

Fig. 10. Motion sequence of the experiment: (a) base
link rises 0.104 m in 4.0 s; (b) robot moves 0.4 m in 4.0s;
and (c) base link descends 0.104 min 4.0s
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Damping factor

in Table 5. From Fig. 11, the conventional LM method was
an emergency stop because the steering joint was rotated for
around 6.0s. The damping factor changed drastically from
around 3.0's and affected the steering joint. Therefore, it was
impossible to realize the motion. From Figs. 12 and 13, the
method resolving the posture of the steering joint and the
proposed method using the weighted matrix realized a tra-
jectory tracking motion of the base link. In addition, with
the proposed method using the weighted matrix, the standard
deviation of the steering angle was reduced to 49.5% of the
method resolving the posture of the steering joint, as shown
in Table 5.

5.4 Discussion Here, we discuss the above results
and the effect of each LM method. From the result of the con-
ventional LM method in Fig. 11, the damping factor changed
drastically, which affected the motion of the steering joint.
The change in the damping factor occurred because the ma-
nipulability of the whole body was decreased. However, the
method resolving the posture of the steering joint and the
proposed method using the weighted matrix prevented the
damping factor from increasing because the evaluation index

Table 5. Standard deviation of the steering angle and
RMSEs of the base link in the experimental results

Contents SD[mrad] | RMSEs[mm]
Conventional LM method — —
Method resolving the posture of the steering joint | 15.614 1.895
Proposed method using the weighted matrix 7.729 1.821
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Fig. 12. Experimental results using the method of resolving the posture of the steering joint
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Fig. 13. Experimental results using the proposed method with a weighted matrix
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Table 6. Computational time of each method

Contents Time[us]
Conventional LM method 8.168
Method resolving the posture of the steering joint | 5.124
Proposed method using the weighted matrix 6.968

was calculated by each leg. Next, from Table 5, the standard
deviation of the steering angle was smaller in the proposed
method using the weighted matrix than in the method resolv-
ing the posture of the steering joint. The damping factor of
the method resolving the posture of the steering joint, shown
in Fig. 12, changed considerably by the start of motion and
became small. In contrast, for the proposed method using
the weighted matrix shown in Fig. 13, it changed slowly with
the start of motion. Furthermore, Egs. (36) and (37) of the
method resolving the posture of the steering joint separated
the target joint and ignored part of the influence of the target
joint. Then, Eqs. (43) and (44) of the proposed method using
the weighted matrix reflected all the influences of the target
joint because the weighting is given by the weighted matrix.
Therefore, the proposed method using the weighted matrix
considered all the influences on the target joint and realized
the generation of effective motion. Finally, the computational
cost of each method became O(1%). Here, [ is the matrix size
and is dependent on the Jacobian matrix. The computational
time of each method in the experiment is given in Table 6:
the method resolving the posture of the steering joint was the
quickest because the size of the matrix is the smallest. How-
ever, the computational times of each method are almost the
same because they are of the order of microseconds. From
the above, the proposed method using the weighted matrix
does not need to separate the target joint in advance unlike
the method resolving the posture of the steering joint, and the
generation of effective motion can be realized.

6. Conclusion

A method using inverse kinematics that considers priority
and kinematic constraints extended to the acceleration level
was applied to the inverse kinematic calculation in the gen-
eration of motion for a wheel-legged mobile robot. Motion
generation was realized using the redundancy of the robot.
Furthermore, a new singular configuration occurring at low-
speed wheeled locomotion was identified in the acceleration
level. The LM method was applied to this problem. A
method for determining the damping factor using a weighted
matrix to reflect the influence of the steering joint was then
proposed. The effectiveness of the proposed method was ver-
ified by a three-dimensional simulation and experiment. The
results show that the wheel-legged mobile robot was able to
generate motion in the singular configuration using the pro-
posed method. Moreover, the proposed damping factor of the
LM method achieved effective trajectory tracking and gener-
ated motion of the steering joint by a simple approach.
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