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ABSTRACT To achieve posture control and ride comfort (vibration isolation performance) of a robot in
unstructured terrain, a novel four-wheel-legged robot (FWLR) with an actively-passively suspension system
is first designed. In the suspension system, the active parts are responsible for posture control and the passive
parts are responsible for vibration isolation. Then, a closed-loop and decoupled posture control model
with 11 DOF are proposed, with which we designed the posture controller with a second-order low-pass
filter (SLPF). To test the posture control performance of FWLR in unstructured terrain, both simulation
and experiment are carried out, the simulation and experimental results show that the posture angles in
unstructured terrain are reduced by 54.65% and 59% on average, respectively. In addition, the frequency
response shows that the posture angles are reduced by more than 50% in low-frequency unstructured terrain.
Finally, to validate the ride comfort of FWLR, dynamic models with different degrees of freedom (DOF)
are established and simulated, and the results present that the ride comfort can be improved with the posture
angular acceleration is reduced by 15.83% and 46.7% on average. Generally, with the actively-passively
suspension system proposed in this article, FWLR can be equipped with excellent ride comfort and posture
control in unstructured terrain. The research in this article has potential reference value and practical value

for enriching the posture control of robots and vehicles.

INDEX TERMS Wheel-legged robot, dynamic models, posture control, ride comfort.

I. INTRODUCTION

Wheel-legged all-terrain mobile robots (WLATMR) have the
advantages of wheeled robots and legged robots [1] and have
a wide range of applications in the fields of post-disaster
rescue [2], [3], resource exploration [4], [5], precision agri-
culture [6] and other fields [7], [8]. Furthermore, WLATMR
can replace people by working in extreme surroundings and
thus reduce the dangers posed to humans. Therefore, posture
control and ride comfort in an unstructured environment are
two critical requirements of WLATMR [9], [10], and both of
them are studied in this article.

There is no doubt that the posture of a robot can be
changed in an unstructured terrain, thus, the off-road ability
and stability are reduced. Therefore, posture control is a
good way to solve these above problems, and the posture
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control of WLATMR has attracted considerable attention.
For example, Ma et al. [11] proposed a wheel-legged all ter-
rain mobile robot with active suspension and thus improved
the pitch angle in unstructured terrain. Garcia et al. [12]
described the locomotion control of a leg prototype, designed
and developed to make a quadruped walk dynamically while
exhibiting compliant interaction with the uneven terrain.
Wei et al. [13] provided an approach to generate hopping
pattern at stance phase and control it. The effectiveness of the
proposed model and control scheme is verified through the
simulation and experiments. He e al. [14] studied dynam-
ics and posture control of a one-legged hopping robot with
articulated leg. To ensure the controllability of the elastic
underactuated mechanism, a dynamics synthesis method is
proposed for designing the underactuated mechanism so that
the dynamics of the system can be transformed into the
strict feedback normal form. Cordes et al. [15] depicted
the mechanical design of a rover, to realize posture control,
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kinematic considerations for movement constraints on the
wheel contact points are presented. lagnemma et al. [16]
developed a novel rover with the ability to reconfigure
its structure to improve posture in unstructured terrain.
Wettergreen et al. [17] proposed a robot called Scarab, which
can adjust the wheelbase and height to keep its drill in
contact with the ground and can also adjust its posture to
better adapt to uneven terrain. Wilcox et al. [18] showed a
robot called ATHLETE, which is capable of efficient rolling
mobility and walking mobility on extreme terrain. Similar
studies include the robots Tri-star [19], Workpartner [20], and
Mammoth [21].

Although posture control has been studied by many
researchers, most of these methods have been tested in the
laboratory, and the experimental terrains have been relatively
simple. Furthermore, even if the accuracy of the model and
algorithm is not high, it can achieve excellent performance,
so the posture control of many robots has remained in the
open-loop control or coupled state. However, if the robots
are in unstructured terrain, the performance will be reduced.
Moreover, since most wheel-legged robots have no elastic
system, the traditional modelling method is to regard the
robot as a multi-rigid-body, but for the robots with elastic
elements in their structure, it will lead to huge error. For
example, Luo et al. [22] depicted a wheel-legged robot with
an elastic structure, and the simulation and experimental
results showed that the robot achieved posture control and
vibration isolation performance in unstructured terrain, but
the control accuracy is affected since the elastic element
is regarded as a rigid body. Jiang et al. [1] proposed a
wheel-legged robot that can travel over unstructured terrain
based on active posture control and passive spring-damping
system, however, the spring-damping system is still regarded
as a rigid body when modelling. Grand et al. [23], [24]
showed a four-wheel-legged robot that has excellent off-road
ability, and its posture is well controlled, but the experiment is
carried out in moderate terrain. Bazeille et al. [25] studied the
posture control of HyQ in unstructured terrain. However, its
posture control mainly depends on environment perception,
and its control accuracy is easily disturbed by the external
environment.

Importantly, if the impact force from the terrain is very
huge, the posture can be affected and the ride comfort
can be reduced, so achieving an excellent ride comfort in
unstructured terrain is an another essential requirement for
a wheel-legged robot, and the most effective approach is to
equip a vibration isolation system [26], [27]. The reasons
for equipping robots with a vibration isolation system are as
follows:

1) A chatter or bouncing between the tyres and the terrain
can occur in the moment of abrupt contacts, causing a
temporary loss of contact force.

2) Substantial acceleration from the terrain can dam-
age the weakest mechanical components of the robot
(e.g. actuator), especially in extremely unstructured
terrain.
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3) Impact energy caused by the terrain can be signifi-
cantly absorbed by equipping with a suspension sys-
tem, thereby enhancing the ride comfort performance
while achieving all-terrain driving.

Generally, it is necessary to equip a vibration isolation
system for all-terrain mobile robots, but traditional wheel-
legged robots rarely feature vibration isolation system. For
example, CDRDA developed a hybrid wheel-legged robot by
including hydraulic joints and electric wheels [28], although
the hydraulic mechanism can absorb part of the impact force,
there is still a huge impact force on the robot in unstruc-
tured terrain. Sun et al. [29] presented a decoupled control
method based on kinematic models of an amphibious recon-
figurable robot called eQuad. Therefore, the proposed robot
can walk with a unique gait by eliminating the swing phase
of each legs, and it has a balanced posture in unstructured
terrain because all legs are in contact with the terrain while
walking. However, due to the lack of vibration isolation
system, the joint force is huge, which limits its application.
Nakajima et al. [30] proposed a basic control method for
a wheel-legged robot moving on unexplored rough terrains.
Based on the proposed control algorithm, the posture of the
robot is well controlled, but due to the lack of vibration iso-
lation system, the unstructured terrain will have huge impact
on the joints and body.

Although few scholars pay attention to the vibration iso-
lation of WLATMR, some researchers had tried to equip
elastic components for wheeled robots, legged robots and
wheeled vehicles. For example, Xie et al. [31] proposed
a robust control method for wheeled vehicles with active
suspension, the simulation results show that the vertical accel-
eration, pitch acceleration and roll acceleration are reduced
by 23.07%, 13.24% and 19.63%, respectively. Zhu et al. [32]
used semi-active suspension and fuzzy control method
to achieve the posture control of wheeled vehicle. The
simulation results show that the roll angle is reduced by
approximately 30% and the ride comfort is improved when
changing lanes. Zheng et al. [33] designed a semi-active
suspension for a wheeled vehicle based on MR damper. The
posture control is realized by fuzzy control, and the simula-
tion results present that the pitch and roll angles are reduced
by approximately 30% and the vibration isolation perfor-
mance is enhanced under the steering condition. To solve the
problems of energy-saving control, non ideal actuator, and
actuator fault tolerance, the nonlinear characteristics of active
suspension are studied based on finite-time control [34], bio-
inspired control [35] and adaptive control [36]. The simula-
tion and experimental results show that the dynamic system
performance of the suspension and the ride comfort of the
wheeled vehicle are improved.

In addition, Tharakeshwar and Ghosal [37] added a sus-
pension system for a wheeled robot to increase ride comfort
performance and stability. Chen e al. [38], [39] improved
the ride comfort performance of a hexapod robot by adding
rubber to the feet, thus realizing gait planning and posture
control. Li et al. [40] designed a quadruped robot with
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LCS (Linkage-Cable-Spring) mechanism, and achieved
excellent ride comfort and posture control performance.
These studies provide reference for the research of vibration
isolation and ride comfort of wheel-legged robots.

Overall, the traditional WLATMR seldom involves vibra-
tion isolation system, and the research on ride comfort is
seldom considered, In addition, the modeling method of pos-
ture control usually regards the robot as a rigid body. These
problems limit the development of WLATMR. Based on the
above analysis, a wheel-legged robot with suspension system
is proposed, and its posture control and ride comfort are
studied.

In this article, to solve the problem of posture control
and vibration isolation of WLATMR, a four-wheel-legged
all terrain mobile robot with actively-passively suspension
system called FWLR is proposed. Each leg of FWLR has
an independent passive vibration isolation system and active
posture control system that does not interfere with each other.
The passive system mainly comprises a spring-damping, and
the active system is mainly composed of an actuator, both of
which are connected in series, as shown in Fig. 1. Relying
on the passive vibration isolation system, FWLR can contin-
uously keep the tyres in contact with the ground all the time,
and absorb the ground impact from the terrain. By relying
on the active system, FWLR can reconfigure its posture by
actuators. Thus the posture control performance and ride
comfort can be effectively improved by the actively-passively
suspension system proposed in this article.

In this article, to validate the posture control performance
in unstructured terrain, a closed-loop and decoupled posture
control model with 11DOF is proposed, with which the LQR
posture controller with SLPF is designed. In addition, the ter-
rain estimation model based on a gyroscope is presented.
To verify the posture control performance, both simulation
and experiment are carried out and compared, the results
show that FWLR has good posture control ability. Besides,
to validate the ride comfort of FWLR, the dynamic models
with different DOF are established and compared, and the
results show that the ride comfort can be improved by the
actively-passively suspension.

This article is organized as follows. The next section pro-
vides the design of the prototype. The posture control is
established in Section 3. The ride comfort is completed in
Section 4. The conclusions are presented in Section 5.

Il. PROTOTYPE DESIGN

A. DESIGN CONCEPT

A good way to improve the performance of a robot in unstruc-
tured terrain is to use structure optimization [41], [42], there-
fore, according to the principle diagram shown in Figs. 1(a), a
wheel-legged structure with an actively-passively suspension
system is designed in Figs. 1(b), and the real model of the
novel wheel-legged is depicted in Figs. 1(c). The suspension
system is mainly composed of an actuator and a spring-
damping, the posture control of FWLR is achieved by four
actuators, and the length of the output of the actuator is treated
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FIGURE 1. Actively-passively suspension system of FWLR.

as the input of the control system. Moreover, to improve
the ride comfort in unstructured terrain, the spring-damping
system is connected in series with the actuator, and this design
makes it possible for FWLR to have both posture control
and ride comfort at the same time. In this article, the posture
control is achieved by the active system, and the excellent ride
comfort is equipped by the combination of the posture control
and the passive system.

B. STRUCTURE PARAMETERS

As illustrated in Fig. 2, FWLR consists of the body, battery,
controller, actuators, motor drivers, legs, spring-damping, etc.
FWLR is a symmetrical structure, and the specific parameters
are illustrated in Tab. 1. The virtual and real model are shown
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FIGURE 2. Model of FWLR.

TABLE 1. Main parameters of FWLR.

Parameters Value
Wheel radius () 190 mm
Actuator initial length (/) 480 mm
1/2 wheelbase (a) 651 mm
1/2 wheelbase (b) 600 mm
Centroid height (/) 460 mm
Pitching moment of inertia (/) 14.32 kg'm’
Rolling moment of inertia (1) 15.73 kg'm?
Wheel mass (71.1) 10 kg
tyre stiffness (ki) 200000 N/m
tyre damping (cq) 50 N-s/m
Body mass (m) 100 kg
Spring stiffness (ks) 20000 N/m
Damper damping coefficient (csi) 1000 N-s/m

in Figs. 2(a) and 2(b), respectively, and the balanced posture
in unstructured terrain is shown in Figs. 3(a) and 3(b).

The proposed robot can traverse over unstructured terrains
by the actively-passively suspension system proposed in this
article. The advantages of the suspension system are shown
below:

1) The posture is controlled by four actuators, which
ensures the pitch and roll of the robot can be decoupled,
thus it is convenient for posture control.
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FIGURE 3. Posture control of FWLR.

2) The combination of passive system and active system
can achieve the advantages of both approaches, there-
fore, the ride comfort and posture control performance
of the robot in unstructured terrain can be enhanced at
the same time.

Overall, this article presents a novel wheel-legged robot
with the posture and ride comfort that can be improved
according to the terrain.

Ill. POSTURE CONTROL
A. DYNAMIC MODEL
Compared to traditional robots, the existence of spring-
damping system makes the control system more complex,
and FWLR can not be regarded as a rigid system. There-
fore, an 11 DOF dynamic model considering the suspension
system and linear quadratic regulator (LQR) algorithm are
built to achieve the posture control in unstructured terrain,
and the pitch angle and roll angle are decoupled with closed-
loop control. In addition, to fully leverage the advantages of
actuators and realize the controllability of the system, two
second-order low-pass filters (LPF) in series are established,
as shown in Fig. 4, Equation. (1-8) describe the dynamic
model, among which, Egs. (6-7) refer to the corresponding
filter model. In this section, the roll and pitch angles are used
to describe the posture of the robot.

The equation of the vertical motion of the body is given by

mz=Fy+F,+F3+Fy )
The equation of the pitch motion of the body is given by
Ip = (F\ + F2 — F3 — Fy)a (@)
The equation of the roll motion of the body is given by
I, = (F1 + F3 — Fy — Fy)b (€)

The equations of the vertical motion of the links, i = (1~4)
is given by

miZsi + Fi = c5i(Zwi — Zsi) + Ksi(zwi — Zsi) 4)
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FIGURE 4. Dynamic model with low-pass filter.

The equations of the vertical motion of the tyres, i = (1~4)
is given by

MyiZwi = Csi(Zsi — Zwi) + ksi(Zsi — 2wi) + kii(zri — zwi) (5)

For the system in hand, the second order LPF equations are:

i) + 2cwil, + 0*u; = w’u; (6)
u;/ + Zgwcit;/ + wfu;-/ = a)zu; @)
with
uj = zpi — i

b1 = 2+ ab + bo
22 = 2+ ab — bg
3 = z2— ab + b
Zp4 = 72— af) — b ®)

B. LQR ALGORITHM

The purpose of this section is to reduce the change in posture
angles of FWLR in unstructured terrain, therefore, the 6 and
¢ shown in Eq. (9) are set as the state variables, and the
control input, disturbance vector, and system state equations
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are shown in Egs. (10-12), respectively. The performance
indexes of posture control are provided in Eqgs. (13-14), and
the Riccati equation and the control input () that minimizes
J1 and J; are depicted in Eqgs. (15-16).

The state vector is given by

x = [200200 10 23 251202532851 Zwiw3
EdZwl 2w T3 Znd By iy il ityul uyulyuly " 9)
The control input is given by
u=1[u uy uz uy] (10)
The disturbance vectors is given by
w=1[21 22 2r3 Zr4] (In
The state equation is given by
X = Agx + Bqu + Dgw (12)

The performance indexes of posture control, i = (1~4) is
given by

Ji = 01 + 02(An)* + p3(Api)* + pa(BApa)®

+05(Aai)* + p6(App)* + p7(2) (13)
T2 = p13? + p2(An)* + p3(Api)* + pa(Aa)
+05(Aai)* + p6(Ap)* + p7(2)* (14)
The Reccati equation is given by
PA; +ALP — PB,R'BIP+ 0 =0 (15)

The control input « that minimizes J; and J> is given by
u=—kx=—R'BlPx (16)

among which, in the performance indexes, p1, p2, p3, P4,
05.p6, and p;7 are weighting factors. The tyre deflections, 4,
suspension deflections, p;, integral of posture angles, 4, pd,
control input, 4;, and posture angles, ,, ,, are given in
Egs. (17-23), respectively.

(Ali)2 = (2wl — Zrl)2 + (2w — Zr2)2 + (zw3 — Zr3)2

+(zwa — 24)* (17)

(M) = (21 — 261)° + (zw2 — 22)* + (203 — 23)*
+(zwa — 2p4)” (18)
(A = (6)° (19)
(Aa)* = ()* + (2)* + (u3)* + (us)? (20)
(Ap)* = (9)° 1)
(Apa)* = (6 + 0.026)> (22)
(App)* = (¢ — 0.04) (23)

Because the LQR algorithm needs disturbance information
from the terrain, and it can be estimated by the posture angles
fed back by the gyroscope on the body. Figs. 5(a) shows the
flow chart of terrain estimation, and Eqgs. (24-25) represent
the proposed terrain model, as long as the posture angles of
FWLR are fed back, the terrain can be estimated.

r1 = ab +b¢
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FIGURE 5. Co-simulation of posture tracking.

72 = ab — bo

zr3 = —al + b

r4 = —abh — b¢ (24)
Zrl a b
72 a —b 0
i B v M B
Zr4 —a —b

C. CO-SIMULATION AND EXPERIMENT

1) POSTURE TRACKING

To validate the validity of the proposed model and algorithm,
posture tracking of FWLR with the co-simulation of ADAMS
and MATLAB is carried out. The control principle is that
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the robot adjusts its posture according to the desired posture
angles.

In the simulation, the two target values are set as 6 =
—0.026 and ¢ = 0.040, the performance index is Ji, and
the weighting factors shown in J; are p; = 1, pp = 1072,
p3 = 1072, py = 10°, ps = 1072, pg = 10*7, and
p7 = 1, the co-simulation is shown in Figs. 5(b) and 5(c).
The simulation results are compared with the experimental
results below.

To realize the comparison of the simulation and experiment
of posture tracking, a control loop shown in Figs. 6(a) is built,
and the corresponding controller depicted in Figs. 6(b) is
designed. The Kvaser controller in this article is implemented
on a PC in the MATLAB environment via the communi-
cation mode of the controller area network (CAN). All the
investigated parameters can be measured and displayed in
MATLAB, the controller mainly includes four modules:

Controller Driver Actuator

Control signal

Control loop

Posture

Sensor FWLR

(a) Control loop

Real-Time

Sync Control signal for actuator 1 s LaatLigE...

CAN Msg™" Channel 1

Real-Time Synchronization Transmission module of CAN signal

Kvaser Leaf Light. Kvaser Leal nghl
Channel ‘g (GAl Mg

Bus speed: 500000 Transm\sslon mudule of CAN signal

- »
Posture angles

CAN Configuration
Control signal for actuator 3|+ CAN Mng"ESE’ Loat Light...

Kvaser LeafLight.. () Transmission module of CAN signal
hannel 1
Std. Ds: 385

Ext. IDs: none CAN Msg

Control signal for actuator 4| »/CAN Mng"“e’ LE&' Lt

Control signal for actuator 2 -{

modu\e ol CAN signal

CAN Receive Control module

(b) Controller design

FIGURE 6. Posture tracking in experiment.

1) CAN Configuration. The communication mode of the
control system is CAN, and this module is used to set
the baud rate of CAN. In this article, the baud rate is
500K.

2) CAN Receive. This module is used to receive posture
angles fed back by the gyroscope.

3) Control module. This module includes the dynamic
model, terrain estimation model and LQR algorithm.

4) Transmission module of CAN signal. This module is
used to transmit control signals to actuators.
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FIGURE 7. Comparison of posture tracking.

The parameter values in the experiment are the same as
those in the co-simulation. In the experiment of posture track-
ing, the sampling rate of all sensors, devices and measurement
system is 0.001s, the speed of FWLR is Om/s, and the desired
posture is & = —0.026, ¢ = 0.040. The experimental
principle is that the desired posture is input into the control
system firstly. The control signals are then sent to the corre-
sponding actuator, and the posture of FWLR is adjusted by the
output of actuators. Finally, the posture angles are fed back
by the gyroscope installed in FWLR, and the angles will be
compared with the desired angles until the posture tracking is
achieved.

The comparison between the simulation and experiment
of posture tracking is shown in Fig 7. The results illustrate
that the steady-state values are consistent with the desired
values, the steady-state time is approximately 0.5s, and the
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FIGURE 8. Co-simulation of posture control in unstructured terrain.

overshoot is very small. Generally, the validity of the model
and algorithm is validated by the simulation and experiment.
In addition, the simulation can achieve the steady state faster
than the experiment, because there are errors in the experi-
ment, and the main errors are as follows:

1) White noise of gyroscope.

2) Measurement and machining error. For example, it is
difficult to achieve the moment of inertia of the robot
accurately, but it has a great influence on the posture
angles of the robot.

2) POSTURE CONTROL IN UNSTRUCTURED TERRAIN

The posture tracking of FWLR is validated by co-simulation
and experiment, however, it is carried out under the condition
that the robot does not move. To further validate the posture
control ability of FWLR, a driving system and unstructured
terrains are developed for FWLR, with purpose of testing
the posture control performance of FWLR in unstructured
terrain. In this subsection, the co-simulation and experiment
of posture control in unstructured terrain are studied.
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FIGURE 9. Co-simulation results in unstructured terrain.

The co-simulation of ADAMS and MATLAB with the
comparison of posture control is carried out, and the simu-
lation principle is as follows. Firstly, the posture angles in
unstructured terrain are measured by the gyroscope. Sec-
ondly, the terrain information is estimated according to the
angles, and the corresponding control signals are sent to
the corresponding actuators. Finally, the posture control of
FWLR in unstructured terrain is achieved as the adjustment
of actuators. The virtual unstructured terrain built in ADAMS
is shown in Figs. 8(a), and the co-simulation model built in
MATLAB is shown in Figs. 8(b).

In the simulation, the speed of FWLR is 1m/s, the per-
formance index is J, and the comparison of posture con-
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FIGURE 10. Experiment of posture control in unstructured terrain.

trol is presented in Fig. 9 and Tab. 2. The results showed
that the model and algorithm proposed in this article can
improve the posture control ability of FWLR in unstructured
terrain, in which the improvement proportion of the pitch
angle is 58.2%, the roll angle is 51.1%, and the average
improvement is 54.65%.

To further verify the correctness of posture control of
FWLR in unstructured terrain, an experiment is carried out
based on the simulation. The controller used in the experi-
ment is basically the same as that shown in Fig. 6, but the
difference between them is that the performance index is J>
shown in Eq (14). In the experiment, the sampling rate of all
sensors, devices and measurement system is 0.001s, the speed
of FWLR is 1m/s, and the desired posture is 8 = 0, ¢ = 0.
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FIGURE 11. Experimental results in unstructured terrain.

The obstacle size of the terrain is Im x 0.4m x 0.075m.
The flow chart and unstructured terrain are depicted in
Figs. 10(a) and 10(b), respectively, and the experimental
results are shown in Fig. 11 and Tab. 2. The results show
that the model and algorithm proposed in this article can
obviously improve the performance of posture control in
unstructured terrain, in which the improvement proportion of
the pitch angle is 54%, the roll angle is 64%, and the average
improvement is 59%. In addition, the experimental results
and simulation results are basically the same, and the main
errors in the experiment are as follows:

1) The moment of inertia of the robot is difficult to mea-
sure accurately.

2) The terrain model is linearized, which leads to errors
between the estimated terrain and the actual terrain.

3) The maximum working speed of the actuator is
125mm/s, which limits the response of the control
system.
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TABLE 2. Comparison of posture control between simulation and
experiment.

Simulation Experiment

Posture Pitch Roll Pitch Roll
Comparisd
With posture 0.01206 rad 0.01476 rad 0.0163 rad 0.0181 rad
control
Without 0.02884 rad 0.03017 rad 0.0352 rad 0.0511 rad
posture control
Improvement 58.2% 51.1% 54% 64%
Average 54.65% 59%
improvement

3) FREQUENCY RESPONSE FOR RANDOM ROADS

To verify the posture control performance of FWLR in dif-
ferent terrain, the frequency response in random terrain is
analyzed with the co-simulation of ADAMS and MATLAB.
In the simulation, the vibration platform is built in ADAMS,
and the random terrain is input by a vibration platform.
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The random terrain is obtained by Eq. (26) (shown in Fig. 13),
and the parameter settings are depicted in [43], [44].

zj(t) = —2xfozj(t) + 27/ Govwi(t)
2r(t) = zir(t — 2a/v)
ZrF(t) = zrr(t — 2a/v) (26)

where z;(¢) represents the input of the vibration platform to
each wheel, j = (LF, RF, LR, RR). w;(t) represents the input
of random white noise, i = (1 ~ 4). fo represents the
lower cut-off frequency, fo = 0.01Hz. G represents the road
roughness coefficient, Gy = 5 x 10_6(m3/cycle). Vv represents
the speed of FWLR, v = 1m/s.

The co-simulation model of frequency response is built
in Fig. 14, and the comparison of posture angles is shown
in Fig. 15. The results show that the pitch angle is reduced
by more than 60%, and the roll angle is reduced by more
than 50% within 5Hz. This shows that the proposed LQR
controller can effectively improve the posture control per-
formance of FWLR in low-frequency unstructured terrain.
On the other hand, the following two reasons can also explain
the validity of the frequency response.

1) The actively-passively suspension proposed in this arti-
cle is a series slow active suspension, which is suitable
for posture control of low-frequency unstructured ter-
rain within 6Hz.
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2) In addition, the LPF shown in Eqs. (6-7) is included in
the posture control model, this means that the posture
control can be achieved in low-frequency terrain.

Overall, the novel suspension and LQR controller proposed
in this article can improve the posture control performance
FWLR in low frequency unstructured terrain.

IV. PERFORMANCE OF RIDE COMFORT (VIBRATION
ISOLATION PERFORMANCE)

Posture control and ride comfort are two key factors that
affect the off-road performance of the robot in unstruc-
tured terrain. The posture control of FWLR is realized by
the proposed suspension system, control model, and algo-
rithm in this article. In this subsection, the influence of the
actively-passively suspension system on the ride comfort of
the robot is studied, and the pitch angular acceleration and roll
angular acceleration are regarded as two evaluation indexes of
ride comfort [45].

A. INFLUENCE OF ACTIVE SYSTEM (POSTURE CONTROL)
ON RIDE COMFORT

To validate the influence of the posture control on the ride
comfort of FWLR, the flow chart and co-simulation model
are presented in Figs. 16(a) and 16(b), respectively. The
values of the parameters in the simulation are the same as
those shown in subsection III, and the speed is also 1m/s.
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FIGURE 16. Comparison of posture angular acceleration in unstructured
terrain.

TABLE 3. Comparison of posture angular acceleration.

osture angular acceleration
Pitch Roll
Comparison
With posture control 4.465 rad/s? 4.645 rad/s?
Without posture control 5.002 rad/s? 5.873 rad/s?
Improvement 20.91% 10.74%
Average improvement 15.83%

The comparison is shown in Fig. 17. The results show that the
pitch angular acceleration and the roll angular acceleration
are reduced obviously with the posture control, and the spe-
cific results are presented in Tab. 3. In conclusion, the posture
angular acceleration is reduced by 15.83% on average, which
enhances the vibration isolation performance of FWLR.

B. INFLUENCE OF PASSIVE SYSTEM
(SPRING-DAMPING)ON RIDE COMFORT

In this subsection, the influence of the passive system on
ride comfort is studied, because the passive system is part of
the proposed actively-passively suspension, and the vibration
isolation system is rarely used in traditional robots. In the
simulation, the posture cannot be changed, so the 7 DOF
and 3 DOF dynamic model shown in Figs. 18(a) and 18(b),
respectively, can be used to compare the influence of the
passive system on ride comfort [46], [47], and the corre-
sponding equations are shown in Eqs. (27-35). The 7 DOF
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model represents the robot with the spring-damping system
that is regarded as an elastic component, and the 3 DOF model
represents the robot with the spring-damping system that is
regarded as a rigid body. In the simulation, the ramp terrain is
input to each tyre, the slope of the terrain is 1, —1,1 and —1,
respectively, and the interval time of input is 1s.

The flow chart and simulation model are presented in
Figs. 19(a) and 19(b), respectively, and the results are shown
in Figs. 20(a) and 20(b). The results illustrate that the posture
angular acceleration is significantly reduced by 46.7% on
average, which means the passive system of the proposed
suspension can effectively improve the ride comfort of FWLR
in unstructured terrain. These findings occur because the
ground impact is absorbed by the passive system, and the
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FIGURE 18. Dynamic model with different DOF.

impact energy is dissipated into the air in the form of thermal
energy.

Overall, both the active system and passive system of
the suspension proposed in this article can improve the ride
comfort of the robot in unstructured terrain.

1) 7 DOF MODEL

The equations of the vertical motion of the tyres, i = (1~4)

is given by

MyiZwi = Csi(Zbi — Zwi) + Ksi(@bi — 2wi) + kii(zri — zwi)  (27)

The equation of the vertical motion of the body is given by

mZ = cs1(Zw1 — 2p1) + ks1 @w1 — 2p1) + ¢2(Zw2 — Zp2)

ko2 (zw2 — 2p2) + €53(Zw3 — Zp3) + ks3(2w3 — 263)
+Csa(Zwa — Zb4) + ksa(2wa — 2p4) (28)

The equation of the pitch motion of the body is given by

1,0 = —alcga (s — 2p3) + k3 (2w — 263) + Csa(Za — Zpa)
+hksa(zwa — zp4)] + ales1(Zwr — Zb1) + ks1(Zw1 — 2p1)
+esa(Zwa — Zv2) + ksa(zw2 — z2)] (29)

The equation of the roll motion of the body is given by
L¢ = [ca1 Gt — 1) + ke G — 251) — c2Guz — Z2)
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—ks2(zw2 — 2p2)1b + [c53(Zw3 — 2b3) + ks3(zw3 — 263)
—Cs4(Zwa — Zpa) — Ksa(Zwa — z2pa)1b (30)

The matrix expression of 7 DOF is given by

MX + CX + KX = K, Z, + C/Z, (31)

2) 3 DOF MODEL
The equation of vertical motion of the body is given by

mZ = ¢1(Zr1 — 2p1) + ki (zr1 — 2p1) + ¢2(Zr2 — Zp2)
+ki2(zr2 — z2) + €13(2r3 — 2p3) + ki3(203 — 2p3)
+cia(Zra — Zpa) + kia(zra — zp4) (32)

The equation of the pitch motion of the body is given by

LG = alcr1(Gr = 2p1) + k(@1 — 261) + c2(zr2 — 22)
+ki2(zr2 — zp2)] — ale3 (@3 — 2p3) + ki3(203 — 263)
+cra(Zra — Zpa) + kia(zra — zpa)] (33)

The equation of the roll motion of the body is given by

I:¢ = blenGr1 — 2p1) + k(21 — 2p1) + ¢33 — 23)
+ki3(zr3 — zp3)] — blern(zr2 — 2p2) + k(22 — 212)
+cia(Zra — 2pa) + kia(2ra — 2pa)] (34)

The matrix expression of 3 DOF is given by
M*X + C*X +K*X = KZ, + C}Z, (35)
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V. CONCLUSION
This article for the first time proposed and developed a
novel reconfigurable hybrid wheel-legged mobile robot. The
posture control and ride comfort of FWLR in unstructured
terrain can be achieved by the actively-passively suspension
system of each leg at the same time. The suspension system is
composed of an actuator and spring-damping system, respec-
tively, and they are connected in series. In addition, the design
concept of FWLR is universal, it can be used for the design
of other types of robots and vehicles

The closed-loop and decoupled dynamic model of pos-
ture control is formulated, with which the LQR controller
with SLPF is proposed. The simulation and experimental
results show that the posture angles in unstructured terrain
are significantly reduced by more than 50%. On the other
hand, the frequency response is analyzed, the results present
that the posture angles are reduced by more than 50% in
low-frequency unstructured terrain. In addition, the ride com-
fort performance of FWLR is validated by different dynamic
models proposed in this article, the results indicate that both
the posture control and passive system of FWLR can improve
the ride comfort by more than 15% and 40%. Overall,
the novel wheel-legged robot, control model and algorithm
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proposed in this article can improve the problems of posture
control and ride comfort of traditional robots.

The research of this article has positive reference sig-
nificance and potential practical value for developing the
mechanism design and promoting the engineering application
of wheel-legged robots. The future work of this research is
to realize automatic driving and keep balanced posture in
unstructured terrain by equipping with environment sensing
system.

APPENDICES
See table 4.
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TABLE 4. Parameters list.

my. tyre mass, (kg)

my: link mass, (kg)

m: body mass, (kg)

z,: terrain input, (m)

zy: vertical displacement
of tyre, (m)

z,. vertical excitation of
terrain, (m)

z: vertical displacement of
body, (m)

¢s: damper damping (N*s/m)

ks: spring stiffness, (N/m)

s tyre damping (N*s/m)

ks tyre stiffness, (N/m)

zwi: vertical displacement of
tyre, (m), i=1,2,3,4

zpi: vertical displacement
of four corners, i=1, 2, 3, 4,

(m)

F;: force of actuator,
i:l ’293949 (N)

z,i: vertical displacement
of link, i=1, 2, 3, 4, (m)

z,: vertical excitation of
terrain, (m), i=1, 2, 3, 4

0: pitch angle, (rad)

¢: roll angle, (rad)

a: 1/2 wheelbase, (m)

b: 1/2 wheelbase, (m)

Ji: performance index of

posture tracking

Jo: performance index of
posture control in
unstructured terrain

¢ : damping ratio

w, : filter cut-off frequency,
(H2)

¢ : damping ratio

z,: vertical displacement
of link, (m)

o : circular frequency,
(rad/s)

u : control input vector

u; : actuator control demand

signal, i=1, 2, 3, 4

u; : second-order filtered

control demand signal,
i=1,2,3,4

u; : fourth-order filtered

control demand signal,
i=1,2,3,4

w : terrain input vector

10: integral of pitch angle,
(rad)

1p: integral of roll angle,
(rad)

pi: weighting factors, i=1,
2,,3,4,5,6,7

M*: mass matrix of 3 DOF

C*: damping matrix of 3
DOF

K*: stiffness matrix of 3
DOF

K/*: tyre stiffness matrix
of 3 DOF

C:*: tyre damping matrix of
3 DOF

M: mass matrix of 7 DOF

C: damping matrix of 7
DOF

K: stiffness matrix of 7
DOF

K;: tyre stiffness matrix of 7
DOF

C: tyre damping matrix of 7 A4 system matrix Bg: input  matrix of Dy input matrix
DOF feedback
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