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Abstract—A wheel-legged mobile robot (WLMR) has both
leg and wheel structures. WLMRs have adaptability advantages
because they can change locomotion methods depending on
the terrain. However, the location of a WLMR ' s center of
gravity (CoG) is very high; Thus, almost all existing WLMRs
move statically. In this study, whole body motion generation and
various control systems are studied to facilitate higher WLMR
mobility. To this end, a zero moment point (ZMP) is introduced
as a stability index. In addition, WLMRs are modeled as single
point mass linear inverted pendulums. Subsequently, online CoG
pattern generation methods are proposed; one is a preview
control approach and a second is an approach that realizes the
desired ZMP pattern using a zero-phase low-pass filter. It is then
possible to generate the desired CoG patterns more easily and
faster than with a preview control approach. The CoG patterns
based on the single point model are constructed via the resolved
momentum control approach. Finally, the effectiveness of the
whole body motion pattern generated by the proposed methods
is validated by simulations and experiments.

Index Terms—Wheel-legged mobile robot, hybrid mobile robot,
zero moment point, resolved momentum control, center of gravity
pattern generation, zero-phase low pass filter

1. INTRODUCTION

N the near future, robots will be expected to execute

a variety of tasks in diverse environments. In particular,
security, rescue, and life assist robots have attracted consid-
erable attention. To meet those expectations, wheel-legged
mobile robots (WLMRs) that have both leg and wheel struc-
tures have been developed [1]-[13]. There are many types
of WLMR mechanisms, and almost all of them have the
following favorable features: (a) stair locomotion and obstacle
avoidance via a multi-degree-of-freedom leg mechanism and
(b) a high energy efficiency wheel mechanism. From the above
features, WLMRs have the advantages of legged and wheeled
mobile robots. In addition, they have a significant mobility and
adaptability advantage because they can change locomotion
methods depending on the terrain. For these reasons, WLMRs
have many applications including as rovers on uneven terrain
and human assist robots for environmental adaptation. In our
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study, we focus on WLMR applications for human assist pur-
poses [14]. Adaptability is one of the most important factors in
human assist robots because these robots are required to adapt
to a variety of environments. In addition, speed of motion is
also important. Because moving robots are at risk of colliding
with humans, they require sufficient agility to avoid such
collisions. Moreover, mobile robots that follow humans (e.g.,
luggage carrying robots) should be capable of keeping up with
the humans [15]. Therefore, in addition to being adaptable, it
is required that WLMRs be quick and agile.

In this study, we focus on three-dimensional (3D) WLMRs
[16] [17]. The center of gravity (CoG) of such robots is
inevitably quite high. Thus, there is a constant risk of falling
over. Therefore, almost all 3D-WLMRs move statically and
exhibit only adaptability. To obtain high mobility, the zero
moment point (ZMP), which is generally used as a stability
index for bipedal robots [18]-[20], is applied to the 3D-
WLMR. It is anticipated that the ZMP-based 3D-WLMR will
move faster and more stable than the conventional 3D-WLMR.

There have been several studies that focused on increasing
the speed, stability of robots such as rovers [21] and mobile
manipulators [22], [23]. In addition, An et al. investigated
ways of increasing the speed of WLMRs on the basis the
ZMP [13]. They realized the ZMP control of a WLMR
by feedforward and feedback compensation using a precise
dynamical model. This approach needs the explicit formulas
of the dynamical model. However, the number of degrees-
of-freedom (DoF) of the robot increased, complicating the
situation. Furthermore, their approach was validated for only
two-dimensional simulations, and no validation experiments
were conducted. On the contrary, we achieved whole body
motion generation and high mobility control based on the
approach similar to the case of biped robots. More specifically,
the WLMR is approximated as a single point mass linear
inverted pendulum (LIP). Then, the CoG pattern that produces
the desired ZMP pattern is generated. A preview controller is
usually used to generate the CoG pattern online [24] [25]. In
this study, we proposed two CoG pattern generation methods
for WLMR; the first is a method based on a preview control
and the other is a method based on a zero-phase low-pass
filter (ZPLPF). The ZPLPF can generate the CoG pattern more
easily and faster than the preview controller. The effectiveness
of these proposed methods is validated based on the root
mean square error (RMSE) of ZMP tracking results. Next, the
generated CoG pattern is realized by the resolved momentum
control (RMC) system [30]. The RMC approach enables a
robot to control its linear momentum and angular momentum
around the CoG. The linear momentum Jacobian used in



RMC includes the CoG Jacobian [26] [27]. The robot’s CoG
then follows the desired CoG pattern. In addition, the angular
momentum is another important factor used to achieve high
robot mobility. There are several studies on ZMP stabilizing
control using an ankle joint [28], [29]. However, unlike
humanoid robots, WLMRs generally do not have ankle joints
and therefore cannot stabilize the ZMP using ankle joints.
Nevertheless, further enhancement of the WLMR mobility
with ZMP stabilization is expected by directly manipulating
the angular momentum [30]-[32]. As an example, the posture
of the WLMR can be controlled using the angular momentum
as a control input. The angular momentum of the robot around
the CoG can be manipulated using RMC to yield the desired
value. Then, our motion generation method was implemented
and 3D simulations and experiments conducted to prove its
effectiveness.

The content of this paper is organized as follows. In section
II, a WLMR model is developed. In section III, we propose
a CoG pattern generation method using a ZPLPF. In section
IV, a whole body motion generation scheme based on RMC is
described. In section V, the overall WLMR control system
is outlined. In section VI, our methods are validated via
simulations and experiments. Finally, the conclusions are listed
in section VII.

II. RoBor MODELING

This section deals with WLMR kinematic modeling. The
robot is shown in Fig. 1. A CAD view of the leg is in Fig.
2 and its link parameters are listed in Table. I. The 3D robot
model and coordinate systems are depicted in Fig. 3. Each
coordinate frame is defined as follows.

e X, : Coordinates of the world

« Xp : Coordinates of the base link

o 2 : Coordinates of the wheel contact point.

Then,
« "p, € R? is the position vector of the origin of I, with
respect to X,.
« "wy € R and *R, € R¥ are the angular velocity and
rotation matrix of X, with respect to Z,.
The relationship between *w, and *R, can be expressed as

R, = ‘o) 'R, (1)

where A is an operator that transforms a 3 x 1 vector into a
3 x 3 skew symmetric matrix equivalent to the cross product.
Operator V is defined as the inverse of A. In this way, the
cross product can be rearranged into various forms; i.e., a(e
R3*) x b(e R®) = -b xa = —b%a = a’b. Other kinematic
variables are defined as follows:
e D =[p 0 z,lr]T and ¢, 6, ¢ are the roll, pitch, and yaw
angles expressed in terms of Euler angles.
o Olegi = [01; 65 --- G(n_l)i]T are the vectors containing the
joint angles. n is the number of DoFs of the leg.
For our robot, .4; = [01; 62 03 04;17. 6;; ~ 64; are the crotch
yaw, crotch roll, knee roll, and shin yaw joint rotation angle.
The wheel rotation angle is denoted as ¢; where i represents
the index of the leg and each joint angle vector is summarized
as 0, = [HlTeg,» #i1" e R,

TABLE I
LINK PARAMETERS

[ [[ Mass[kg] | Length[m] |
Base 12.0 0.70(W) x 0.35(D) x 0.40(H)
Crotch 0.700 0.150
Thigh 3.03 0.350
Calf 1.52 0.140
Shin 1.61 0.280
Wheel 1.88 0.104

Fig. 1. An overview of the experimental setup

III. CeNTER OF GRAVITY TRAJECTORY (GENERATION
A. Linear inverted pendulum / A Cart-table model

In our method, a cart-table model is adopted [24]. The
conceptual model is shown in Fig. 5, where we consider the
x-axis as the ordinal moving direction. In this model, the
relationship between the CoG and ZMP is written as

Xwp = X — 25, @)
8
where z, is the height of the cart’s CoG, g is the gravitational
acceleration, x is the CoG coordinate, and x,, is the ZMP
coordinate; Eq. (2) is called the ZMP equation.

B. Preview control approach

The preview control approach was originally proposed by
Kajita et al. in [24] as a CoG trajectory generation method
for humanoid robots. In this paper, we propose the use of this
method for the CoG trajectory generation of WLMRs. Details
of this method are described as follows.

First, Eq. (2) is translated into a state space expression as
follows:

ik 0 1 Ol[x] [0
" = {0 0 1]]x|+|0u 3)
0 0 o]lx] |1
[ x
Xp = |1 O —%]|x @
X




Fig. 2. CAD view of the leg mechanism

Fig. 3.

Three-dimensional robot model

where control input u is the time derivative of X. Egs. (3) and
(4) are then discretized with the sampling time At, as follows:

x[k+1] = Ayx[k] + B,ulk] 5
Xamplk]l = Cgx[k] (6)
where
x[k] = [x(kAt) i[kAT] )'é(kAt)T]
ulkl = u(kAr)
Xemplkl = Xgup(kAL)
1A A2 Az
As = |0 1 Ar|.By=|A
0 0 1 At
C, = [1 0 %] (7)

Next, we aim to minimize the cost function, which is written
as follows:

J= ) (Qeelkl® + AXT [ QAX[K] + RAulk]?)

k=—N+1

where e[k] = x;f,f; [k]—Xmp[k] is the ZMP tracking error at step

k and x;fnj;, [k] is the ZMP reference. Q., Q., R are the weighing
coefficient for regulating each term of cost function. Then the

(®)

Fig. 4. Contact surface is assumed to be sufficiently stiff and flat

optimal control input u[k] that minimizes the cost function is
given by:

k Mg
ulk] = F ) eljl+ Foxtkl + ) Frljbhlk+ 1 (9)

=0 =1

where F,, F,, and Fg[j] are the feedback gains and preview
gains calculated from Q,,Q,,R and % based on preview
control theory.

C. Inverse system construction using zero-phase low-pass
filter

In Eq. (2), let us define the input as the n” differential
of the CoG, p(C";G(t) and the output as the n”* differential of
the ZMP, p%”,(t). Then, the transfer function and frequency

transfer function are expressed as follows:

s"Pzyp(S)
Gp(s) s"Pcog(s) (10)
= 1=y (11)
g
G,(jw) = 1+%(u2. (12)

where Pzyp(s) = Llpzup(9)] and Pcoc(s) = LIpcoc(H)]. We
now focus on the frequency transfer function of the controlled
plant. This system clearly has the characteristics of a zero-
phase high-pass filter (ZPHPF). The ZPHPF characteristics
can be canceled by a ZPLPF used as a feedforward (FF)
compensator, as described in [36]. The details of the design
of the ZPLPF in the discrete time domain are explained in
[37]. We define (12) as the controlled plant and the ZPLPF
as the FF compensator in the discrete time domain. Then, the
characteristics of the controlled plant are perfectly canceled
and the ZMP pattern p(anf/IP follows the reference pattern. The
ZMP reference p(Z";H, through the ZPLPF is equivalent to the
desired CoG pattern p("gG because the control input is defined
as the CoG pattern p(C'EG. An outline of the ZPLPF approach
is shown in Fig. 6. Later, we will show that the method
can generate the desired CoG trajectory by feeding the target
ZMP trajectory into the ZPLPE. Thereafter, the actual ZMP
will follow the reference ZMP. We will also show that the

ZPLPF can easily generate the CoG trajectory.



Fig. 5. Cart-table model
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Fig. 6. Outline of the ZPLPF approach

D. FIR-ZPLPF design

In this subsection, the design method of the FIR-ZPLPF is
described in detail. The general equation of the FIR-ZPLPF is
given by

N
Grirlz, 21 = a9+ )" @ +27) (13)
k=1

This filter can be divided into a causal filter G[z], and non-
causal filter G[z~'], which are described as follows:

Grirlz,z7']

N N
ay+ Y a@ ) +ag+ Y al@) (14)
k=1 k=1

Glz]l + Gz .

where the filter coefficients of G[z] and G[z™'] in (14) are
identical. Thus, only the filter coefficients of the causal filter
G[z] need be designed. The noncausal filter G[z7'] can be
realized by assuming that the input signal for the future M"
step value is known.

Next is about the derivation of the FIR-ZPLPF coefficient.
The desired filter characteristic (transfer function) is the in-
verse system of the controlled plant:

11
Gy(s) 1-T2s2

5)

Gzprrr(s) = (16)
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Fig. 7. Impulse response of the analog filter

where T = /ZE This transfer function can be written in the
form:

1 1
G - (——
7pLPF(S) 2(1 7 T 10T,

Let us now compare the above equation with (15). Then, the
following transfer function is chosen as an analog prototype
filter.

)- a7

G(s) =

1+Ts (18)

Thus, we obtain an FIR digital filter identical to filter (16).
Next, the selected analog prototype filter G(s) is discretized
by the Tustin method with sampling time equal to At.

1+z77!

BT _ 2Ty 1
1+At+(1 At)z

Glz]

19)

Subsequently, we calculate the impulse response of G[z] as
onl (20

where 6,(n = 0,1,2,---) is the value at time ¢t = nAr. The
various impulse responses of G[z] are shown in Fig. 7. Next,
we evaluate the equation below

M
i = ; SuBni-

and derive the coefficient q; using the following equation:

AN=1[60 61 02 ...

2

T dy+2d +d + ... +dy)

(22)

Following these procedures, the desired ZPLPF is calculated
from (15). Further details can be found in [36] and [37]. N is
the number of points until the impulse response has converged.

E. IIR-ZPLPF design
Here, we describe the design method of the IIR-ZPLPF. The
general equation of the IIR-ZPLPF is described as follows:
N S
— = i(Zl + Z l)
Gurlz.z '] = 2 ,8'8 PR
1+ Zk:() ap(z* + z7%)

(23)



This filter can be divided into a causal filter G[z] and noncausal
filter G[z™'] as follows:

IX b; - Ai b; d
Gur = Zl_l(\), & )—k : Zl_g, (Z)k (24)
1+ Zk:O a(z™®) 1+ Zkz() ar(z¥)
= Glzl-Glz'] (25)

where the coefficients of G[z] and G[z~'] are coincident, which
is similar to the FIR-ZPLPF case. Therefore, only the design
coefficients of the causal filter G[z] are needed. G[z~'] can
be composed using the first-in-last-out (FILO) method [38].
Hence, the structure of the IIR-ZPLPF can be described as
shown in Fig. 8 and the characteristics of the given IIR filter
are identical to (16).

X Glz] |-+| FILO | G[z] [~ FILO |~§—~x‘cife

Fig. 8. Implementation of IIR-ZPLPF

Next is about the derivation of the IIR-ZPLPF coefficient.
The transfer function of the desired filter is given as

1 1 1

= . . 26
-T?s> 14+Ts 1-Ts (26)
Let us now compare the above equation with (25). Then, the
following transfer function is chosen as an analog prototype

filter:

Gzprpr(s) = 1

G(s) =

27
1+Ts 27

Thus, we obtain an IIR digital filter identical to filter (16).
Next, the selected analog prototype filter G(s) is discretized
by the Tustin method. Thus, we can get G[z], which is equal
to (19).

F. Comparison of CoG pattern generation methods

1) Design cost: In the preview control approach, we need
to solve the n-th order Riccati equation to calculate feedback
gains and preview gains. In contrast to the ZPLPF approach,
FIR-ZPLPF only needs to calculate the filter coefficient from
the impulse response using (20), (21), and (22). The IIR-
ZPLPF only needs to calculate the Tustin conversion of (27).
Thereby, the design cost of ZPLPF is much smaller than that
of the preview control approach.

2) Computational processing: The CoG trajectories gener-
ated by the preview control ZPLPF(FIR, IIR) are shown in
Fig. 9. Here, we generate a 5 [s] CoG trajectory for the ZMP
step reference under the condition that the sampling time is
At = 1[ms] and M = 1200. The average computation times
over 100 runs for each method are 40.80 [ms], 44.12 [ms], and
0.2190 [ms] (CPU : Intel Pentium Dual Core 2.4 GHz). The
computational processing involved in the preview control and
FIR-ZPLPF are almost the same. Therefore, the advantages of
the FIR-ZPLPF are the ease of theoretical development and
implementation. The tap length M of the FIR-ZPLPF is large
(e.g., in our case, the sum of the tap length of the causal

£02
=——ZMP ref
0.1 == CoG (Preview)

—CoG (FIR-ZPLPF)

0 CoG (IIR-ZPLPF)

0 05 1 L5 2 2.5 3 35 4 4.5 5

time[s]
Fig. 9. Generated CoG trajectory

and noncausal filter is 2400). In contrast, the tap length of
the IIR-ZPLPF is much smaller (the sum of the tap length of
the causal and noncausal filter is always 2). Thus, the IIR-
ZPLPF is superior to the conventional approach in terms of
computational time. However, the IIR-ZPLPF must use the
FILO method. As a result, the IIR-ZPLPF is not suitable for
sequential trajectory generation at each sampling time.

IV. WHOLE-BODY MOTION GENERATION: KINEMATIC RESOLUTION
A. Non-slippage constraint for wheel-legged mechanism [8]

In general, the kinematic constraints for WLMRs are based
on the nonslippage assumption for each contact point. The
slippage of contact points are described as follows:

R¢;
Vs = Wpc; - ch; 0
0

(28)

where vy, is the slippage of the i leg and R is the wheel
radius. The details of "R, = [t., 1., n.] are shown in Fig. 4.
Here, n,, is the contact normal vector, t., is the longitudinal
vector, and 1, = n,, X t., is the lateral vector. In this paper,
we assume that the ground surface is sufficiently flat and stiff.

Therefore, n,, becomes [0 O 1]7. Then, t., is calculated as
follows:
Zs X1,
o= 20 7 e (29)
|Z¢/ X nC,'

where zy, is the rotational wheel axis vector. Thereafter, "p,,
can be described on the basis of forward kinematics as follows:

w

P =
pc,- =

(30)
3D

wa + WRBBPL';
WpB + WRBch,- + WRBchi-

w

Here, "Rp can be expressed as "Rp = Wa)g -"Rp. Then,

"Rp®p, = “wp- ("Rgp.) = —("Rp°p.)" - "wp (32)
= ~("Rp’p;) X "wp. (33)
Bp.. can be described as:
®p., . .
B.; ci
e; = 7 Olegi = JiegiOiegi- 34
Pe; 60[egilg Jlg leg ( )

where Jji € R>* is the Jacobian matrix, calculated as
follows:

Jlegi = [Z9|/ Xag, Zg, Xag, Zg, XAy, Zy, X 3941] (35)



where z, is the rotation axis vector and a,(= chi —Bp,) is the
vector connecting each joint center to the corresponding leg
contact point. Thus, (28) can be rearranged as follows:

v, = "ps—C"Rs’p,) x “wp
R
+ WRBJlegiolegi - chi 0 (36)
0

In general, vy, is set to 0 to prevent slippage. Then, to simplify
the calculation, the above equation is multiplied by WRg,
yielding

0 = ngwa _ ch,- X wa
Ré;
+ Jlegiglegi - BRC, 0 (37)
0
Then, (37) can be written in matrix form as follows:
e
wRT B A Ps
0 = [ RB - PL-,.] [wa]
+ Jlegi _BRL'; 0 [ l.egt} (38)
0 (pi
sli slip sli stip] | €B

Subsequently, the leg constraint equations (k = total number
of legs) are given by

0 JBEP 3" 0 0l
slip slip 1
N L "o wo
0 s'lip i slip
Ip’ 00 T 16,
0 = Jupd @1)

li - )
where, J” = ["R}, —®p/] € R¥C, &5 = ["pj, "wj]” € RS,
Ji c R3X", Jslip c R3k><(6+kn) and qe Rk”.

B. Contact point constraint for ZMP-based wheeled locomo-
tion

In this subsection, the constraint for the contact point of
each leg is defined. The objective is to constrain the ZMP at
the center of the supporting polygon. To realize this, the initial
posture of the robot is set to centralize the ZMP. In addition,
the following constraint is imposed:

"pzur = “Pe
- wa _ (WRBBPC,-) % wa

[WRBBJlegi 0] gi

e+ 700 = [ 9] ). o)

+

where JZM* [E - "RgPp}] € R™® and JgMP =
[WRBBJ,egi 0] € R¥>". By using this constraint, the ZMP is

always set at the center of the supporting polygon. Thereafter,
the leg constraint equations are described as follows:

. ZMP  YZMP
YPzmp I5 J@)l 0 0 gB
WpZMP JgMP 0 JZMP 0 / 1
= " 0143)
Wi ZMP , ZMP E
Pzup I5, 0 0 J()A O
WEZMP = JZMPq 44)
where, "Pop = ["Plyp "Poyp - "Phypl” € R* and

JZMP c RSkan .

C. Momentum Jacobian

In general, the whole-body motion generation of a biped
robot is achieved using an approximated LIP. The robot CoG
pattern is planned on the basis of LIP. Then, the generated
CoG pattern is distributed over the joint velocities by using
the CoG Jacobian [26] [27]. In this subsection, the linear and
angular momentum Jacobian for the 3D-WLMR are derived.
The linear momentum Jacobian includes the CoG Jacobian.
Therefore, the desired robot CoG pattern can be realized
using the linear momentum Jacobian. In addition, the angular
momentum around the CoG of robot and joint velocities can
be mapped using the angular momentum Jacobian. Thus, the
desired angular momentum can be realized using the angular
momentum Jacobian.

First, the linear and angular momentum equations are de-
rived. The linear momentum and angular momentum around
the CoG of the robot are described as follows:

(45)

M-

]
—_

W
m;” Pg,;

L (46)

M=

I"w; + ("pg, — Ps) X (m"pc,)

~.
I
—_

where N is the total number of links and “pg, is the CoG
of the i link. I; is the inertia of the i* link around its local
origin. Then, (45) and (46) can be described in the following
form:

(47)
(48)

P =Jp(q)q
L=J.(qq

where Jp(q) and J.(q) are the linear and angular momentum
Jacobians. Jp and J; can be found in various studies. Fang
used the linear momentum Jacobian Jp [33] and Morita used
the angular momentum Jacobian J; [34]. Kajita et.al called
Jp and J, the “inertia matrix” [30], while Orin and Goswami
called them the ”Centroidal momentum matrix” [35]. In this
paper, it is shown that the centroidal momentum matrix Ag =
[J5 J71" is the product of a pure inertia matrix and a pure
Jacobian matrix. The derivation of Jp and J; are also shown
in these papers. Thereby, we can obtain the joint velocities
which realize the desired momentum of the WLMR using (47)
and (48).
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Fig. 10. Overall control block diagram

D. Task decomposition

In this subsection, we describe the task decomposition
method and calculate the specific joint velocities that realize
the desired whole body motion. The tasks defined in this paper
are represented by (35), (40), (49) and (53). Here, the tasks
are decomposed on the basis of the following task priorities
considered in the inverse kinematics method [39]:

scmd

™ = A-J5, T (49)
a = JPY+A-TIpa (50)
@ = JLY+a-JJI)as (51)
G = J;MPWp;eAJ;P' (52)

where J' indicates the pseudo inverse of JJT = (J7J)~'J7).
Thus, the desired linear momentum is realized on the condition
that the nonslippage constraint is achieved. In addition, the
desired angular momentum and contact point constraint are
realized using the remaining DoFs.

V. OVERALL CONTROL SYSTEM

To follow the position of the robot to the reference tra-
jectory, a contact point and the CoG are controlled by a
proportional controller described as follows:

ref W res )

P = DRl + Ky, (P =P (53)

where ;o is the total mass of the robot and K,, is
the proportional controller gain. “p... and “p. are the
command and response positions of the CoG and each leg’s
contact point, respectively.

To control the posture of the robot to enable adaptation to
uneven terrain, the reference angular momentum is generated

as follows:

(54)
(55)

L = Loj’
T¢KPL(¢Cmd _ ¢res)

where ¢"¢ and ¢ are the commands and responses, respec-
tively, and K, is the proportional gain. Ty is the transforma-
tion matrix between wg and ¢.

With these controllers, the reference momentum around
the CoG is calculated. Thereafter, the joint velocities are
calculated by the RMC scheme and then integrated to obtain
the joint angles. Finally, the joints are controlled by the pro-
portional derivative (PD) controller and disturbance observer
(DOB) [41]. The above control system is summarized in Fig.
10.

ref
Wp

VI. SIMULATION AND EXPERIMENTAL RESULTS

In this section, the simulation and experimental results
are shown. The simulations were conducted using the 3D
dynamical simulator ROCOS [42], and the experiments were
conducted using the robot described in Fig. 1. The simulation
and experimental condition is shown in Table. II. To verify
our proposed methods, (A) posture control, (B) ZMP step
response, and (C) ZMP-based wheeled locomotion tests are
conducted. Their details are shown in the following subsec-
tions.

A. Results of posture control

First, the posture controller is validated by simulations and
experiments. The results are shown in Figs. 11(a)-(h). Figs.
11(a)-(f) show the simulation results of the roll, pitch, and
yaw angle tracking. In this simulation, the robot posture is
controlled to track the desired trajectory shown in the figures.
The results show that our system can control the robot posture.

Figs. 11(g) and (h) show the simulation and experimental
results of the pitching control for car-like wheeled locomotion.
Car-like wheeled locomotion means that the distance between
the contact point of each leg and the origin of X3 is constant.
The robot CoG is controlled to track the reference trajectory. In
this case, the reference trajectory is given by a cosine function
such that the robot moves 1 m in the simulation and 0.6 m in
the experiments during 1.5 s. The results show that the robot
pitch angle is suppressed by the posture controller. Thus, the
effectiveness of our posture controller for wheeled locomotion
is validated.

B. Step response of ZMP

In this subsection, we describe the simulation and experi-
mental results of the ZMP step response. In the simulations
and experiments, the control sampling time is 1 [ms], the CoG
height of the cart is 0.464 [m], and M = 1200. The reference
CoG trajectory generated by the preview control and ZPLPF is
employed, and the CoG is controlled using the RMC scheme.
Each contact point is fixed to the initial position. Here, the
ZMP is calculated using the ZMP equation of a multilink
model [40].

The simulation results are shown in Figs. 12(a)-(b) and
the root mean square error of the ZMP tracking is shown in
Table III. The results show that some overshoots are present,
but that the actual ZMP follows the reference ZMP. Thus,
when the CoG trajectory generated by the cart-table model
approximated as a single point mass model is used, the actual
ZMP follows the reference ZMP quite well.

Figs. 12(c) and (d) show the experimental results of the
ZMP step response with the proposed methods. In this figure,
the actual ZMP follows the reference ZMP. Thus, the CoG
trajectory generated by the proposed methods is the desired
trajectory. The RMSE of the ZMP tracking result is shown in
Table III. Here, experiments were conducted 5 times, and an
average of their RMSE is shown. The result is almost the same
as that of the proposed methods. Thus, we can confirm the
effectiveness of the control system based on the RMC scheme
and the tracking performance of the proposed methods in the
experiment.
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C. ZMP-based wheeled locomotion

1) Without ZMP compensation: First, we show that the
ZMP inverse response occurs when the robot moves like a car.
The simulation and experimental results are shown in Figs.
15(a) and (b). In this case, the conditions of the simulation
and experiment are the same as those for the pitching control
shown in Figs. 11(g) and (h). From these results, we can
confirm that the ZMP inverse response occurs and that the
ZMP moves near the edge of the supporting polygon in both
the simulation and experiment. In addition, the ZMP inverse
response on y component of ZMP is confirmed, as shown as
Figs. 16 (a) and (b). Here, the x component of the ZMP is
controlled to track a constant value (0.6 m/s). The y component
of the reference ZMP trajectory are given using the cosine
function. The ZMP inverse response destabilizes the robot.
Thus, to realize high mobility, this effect must be suppressed.

2) With ZMP compensation: Here, the result of the control
for wheeled locomotion is shown. The simulation and experi-
mental environment of wheeled locomotion is shown in Figs.
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13 and 14, respectively. In this control scheme, the robot CoG
is controlled to follow the reference CoG generated by the
preview control or ZPLPF by using (53). Each contact point
is constrained to centralize the ZMP inside the supporting
polygon. Figs. 17(a) and 18(a) show the ZMP response of the
wheeled locomotion evaluated with the proposed methods. The
reference ZMP trajectory is given by a cosine function such
that the robot moves 0.6m during 1.25 s. In general, the inverse
response of the ZMP occurs at the high position of the CoG.
However, in this case, this is prevented by our control system.
From the figures, we can conclude that the proposed methods
are also effective for fast-wheeled locomotion.

Figs. 17(b) and 18(b) show the experimental ZMP response.
The reference ZMP trajectory is such that the robot moves
0.6 m during 1.25 s. Moreover, Figs. 19 and 20 show the
validity of our methods for controlling the y component of
ZMP. Here, the x component of ZMP are controlled to track
a constant value (0.6 m/s). The y component of the reference
ZMP trajectory are given using the cosine function. These
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figures show that the ZMP response of the robot can also
be experimentally suppressed by the proposed methods. The
RMSE of the ZMP tracking result is shown in Table III. Here,
experiments were conducted 5 times and an average of their
RMSE is shown.

VII. CoNcLUSION

In this paper, we proposed a ZMP-based whole body motion
generation and control system to produce high mobility for a
3D-WLMR. Our contributions are as follows:

Application of inverted pendulum model for WLMR
CoG trajectory generation based on preview control
CoG trajectory generation based on ZPLPF (zero-phase
low-pass filter)

Whole body motion generation based on RMC (resolved
momentum control)
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First, the 3D-WLMR was approximated as a single point mass
LIP. Then, two control approaches were proposed: the preview
control approach and a new CoG pattern generation method
that realizes the desired ZMP using the ZPLPF. The ZPLPF
approach can generate CoG patterns more easily than the
preview control approach. The simplicity of the theory and
implementation were verified by the design methods in Section
III. In addition, the computational procedures were validated
by performing a CoG pattern generation test. From this test,
we conclude that the IIR-ZPLPF can generate the CoG pattern
faster than the preview control approach. Next, the generated
CoG pattern was realized by the linear momentum Jacobian,
which includes the CoG Jacobian. In addition, the angular
momentum Jacobian was introduced to further increase the
mobility of the WLMRs. In this paper, the posture of the
WLMR is controlled using the angular momentum as a control

25
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TABLE II
StMULATION AND EXPERIMENTAL CONDITION

Contents Simulation Experiment
H (ROCOS)
Sampling time[ms] 7', 1.000 1.000
ZPLPF tap length M 1200 1200
Previewing period N, 1200 1200
0. 1.000x10° 1.000x10°
O, 1.000 1.000
R 1.000 1.000
Height of CoG z.[m] 0.464 0.464
Total mass My 47.0 47.0
K,u diag{10.0,10.0,10.0} | diag{10.0,10.0,10.0}
K,. diag{10.0,10.0,10.0} | diag{10.0,10.0, 10.0}
Observer gains [rad/sec]
-Crotch yaw 100.0 100.0
-Crotch roll 100.0 100.0
-Knee roll 100.0 100.0
-Shin yaw 100.0 100.0
-Wheel 100.0 100.0
PD gains for
joints control (Kp, Kd)
-Crotch yaw (5.0, 1.0) (5.0, 3.0)
-Crotch roll (350.0, 50.0) (25.0, 5.0)
-Knee roll (200.0, 80.0) (20.0, 5.0)
-Shin yaw (10.0, 5.0) (50.0, 5.0)
-Wheel (10.0, 5.0) (15.0, 5.0)

input. Finally, the generated CoG pattern and whole body
motion generation scheme are validated by the ZMP step
response and wheeled locomotion based on the ZMP. Further-
more, a ZMP-based wheeled locomotion method was proposed
by manipulating the 3D-WLMR CoG and was validated. The
proposed CoG pattern generation methods were validated via
the above tests using the RMSE as an accuracy gauge. As a
result, the ZMP errors of the proposed methods agree well in
both simulation and experiment. Therefore, we can say that the
ZPLPF approach is superior to the preview control approach
in terms of implementation and computational processing.
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