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Velocity following control of a pseudo-driven wheel
for reducing internal forces between wheels

Huanan Qi

Abstract—The coordination of multiple driving wheels is an
important issue in wheeled mobile robot design, for both max-
imizing tractive capability and optimizing energy consumption.
This study converts a driving wheel into a pseudo-driven wheel
(PDW), which is controlled to follow the motion of the robot
body, in accordance with the kinematic constraints. To eliminate
the internal force conflicts between wheels, a velocity following
control (VFC) method is proposed to control the PDW in the pres-
ence of force disturbance caused by soil distortion during wheel-
terrain interaction. The feasibility of the PDW conversion and
the proposed control method are experimentally demonstrated.
Compared with the inverse kinematics control (IKC) method,
the rover using PDW with VFC is shown to be capable of more
accurate straight and steering path following on soft terrain,
reducing internal forces between wheels by more than 70% in
the experiments.

Index Terms—Wheeled mobile robot, pseudo-driven wheel,
velocity following control, kinematic constraint.

I. INTRODUCTION

HEELED mobile robots (WMRs) have been—or are
planned to be—used for exploring planets and other
astronomical bodies such as Mars and the Moon, and their
deformable terrains pose difficult challenges [1], [2]. Increas-
ing the number of driving wheels can reduce the load on each
wheel, which in turn helps decrease wheel sinkage and slip,
thus improving the WMR tractive capability [3]. However,
this creates a redundant driving system [4] in which the
coordination between driving wheels becomes an important
issue, both in fully exerting the tractive capability and in
optimizing energy consumption.
A substantial amount of work on improving the coordination
between wheels has been presented, focusing on the optimiza-
tion of the wheels’ slip ratios and driving torque. Yoshida and
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(a) The driven wheel moves forward

(b) The driven wheel moves backward

Fig. 1: Bulldozing state of a driven wheel on soft terrain.

Hamano [5] have demonstrated that each individual wheel can
reach its maximum driving efficiency when the slip ratios of
all the driving wheels are reduced by decreasing the excess
force on the tires. A fuzzy proximity control method to
achieve wheel coordination control has been reported, which
considers the hook traction and resistance torque factors [6],
[7], but requires accurate dynamic models. In [8], the wheel
torque was distributed to optimize energy consumption and
maximize traction. However, the wheel-terrain contact angles
of all wheels must be known. Additionally, a wheel-torque
control approach was analyzed in [9], which aims to optimize
the distribution of the wheel driving torque by solving a set of
constrained optimization problems. However, the authors did
not consider the interaction between the various body parts.
Considering the parasitic power losses in mobile robots, people
defined the instantaneous power as the optimization target [10]
and presented equal-slip-rate control as a feasible suboptimal
solution. The functional relationship between the resistance
torque coefficient and slip ratio was analyzed in [11].

The above-mentioned methods require solving complex
terramechanics equations with highly coupled integral terms.
The accuracy of these models rely on the existence of accurate
parameters of the terrain and wheels, which are difficult to
determine when the WMR is deployed to—or enters—new,
unknown environments. In fact, the effects of terrain deforma-
tion in the WMR’s dynamics could be regarded as unknown
force disturbances, and compensated by active disturbance re-
jection controllers (ADRCs). Separability principles of ADRC
and independent model characteristics have been proved in
[12]-[14]. Furthermore, successful experience on the ADRC
used in a path following has been reported in [15].

In addition, designers and researchers tend to replace one or
more driving wheels with driven wheels which have no driving
mechanism, to achieve the coordinate motion of wheels [16].
However, this replacement leads to larger tracking resistance
for the rover in deformable terrains. The effect of the rear
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driven wheel of a three-wheeled mobile robot moving on soft
terrain is shown in Fig. 1, in which arrow lines in the figure
show the amplitude of the wheel bulldozing effect. In such
conditions, internal forces between wheels will be generated.
The concept of a pseudo-driven wheel (PDW) was presented
and its control strategy on adjusting the number of degrees of
freedom was studied in the previous work [17]. The present
study focuses on reducing the magnitude of internal conflicting
forces between the wheels. A fast neural network control was
proposed to improve the disturbance compensation of a PDW
in different terrain [18], but the advantage of the velocity
closed loop by the force was not analyzed independently.
This paper proposes an effective method to improve the
coordinated control of WMR motion by eliminating the in-
ternal force conflicts between wheels. The performance of a
PDW applied to WMRs in reducing internal forces between
wheels was investigated. Kinematic constraints of a PDW are
combined with the simplified model of WMRs for the inverse
kinematics control (IKC). Moreover, the force disturbances
resulting from terrain deformation during the wheel-terrain
interaction are compensated using a velocity following control
(VFC) with ADRCs, which is used for converting a normal
driving wheel into PDW, without using dynamic models. The
proposed control methods are experimentally validated, and
the experimental results show that the VFC method reduces
the internal forces between wheels more effectively than the
IKC when the WMR followed the same path but could be
different velocities.
The main contributions of this work are summarized below.
1) Internal force between wheels is substantially reduced
based on the concept of PDW. A VFC method is
developed to implement passive control of the driving
wheels, taking into account the wheel-terrain interaction.
2) Inverse kinematic control of the robot is implemented by
the given PDW kinematics constraints as a comparison.
It has been demonstrated that the VFC can effectively
relax the internal conflicting force between wheels, and
it can also reduce the energy consumption of the robot.
The rest of this paper is organized as follows. Modeling
of the PDW is presented in Section II, and Section III
discusses the design of the velocity following control system.
Experimental results are presented in Section IV to validate
the proposed controllers. Section V concludes the paper.

II. MODELING OF A PSEUDO-DRIVEN WHEEL

The instantaneous planar motion of an arbitrary multi-
wheeled mobile robot on flat terrain can be made equivalent
to that of a two-wheeled one. A three-wheeled mobile robot,
which is the simplest multi-wheel drive system, is used here
as an example to perform the PDW application. In Fig. 2,
r and d; are the radius and distance between the geometric
center and wheel center, respectively; w, and v, are the
body’s angular and linear velocities, respectively; w; and v;,
1 =1, 2,3, are the angular velocity of wheel 7 and the velocity
generation at the ith wheel center, respectively; ¢ and ¢ are
the steering angles of the body and rear wheel, respectively;
R, and R, are the circular motion radii of the left and rear
wheels, respectively; finally, L is the wheel base length.

/qu

Fig. 2: Body’s kinematic state analysis model.

Given that all the wheels of the WMR are rigidly connected,
their linear velocities satisfy the motion constraint:
V1 Vo V3
Ri  Ri+2d1 Ry
Under this kinematic relationship, the WMR’s velocity can
be calculated by the rotation velocity of any arbitrary two
wheels. Here, we choose a pair of symmetrically distributed
wheels: the left and right wheels of the WMR. The simplified
inverse kinematics can then be written as follows [19]:

)
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where s; and sq are the slip ratios of the left and right wheels,
respectively.

The third driving wheel is converted to a driven wheel
that actively follows the motion of the WMR. Under ideal
conditions, this wheel does not slide, and its steering angle ¢
satisfies the following kinematic constraint:

L(LUQ — wl)
di(we +wi)

The two driving wheels are symmetrically located on the
two sides of the WMR, and can be regarded as the dominant
driving wheels that determines the WMR motion, with the
remaining wheels actively following the body motion [using
the IKC (1) and (3)] without generating any resistance, sliding
forces, or unrequited drawbar pull, thus avoiding kinematic
incoordination and internal forces.

Remark 1: A pseudo-driven wheel is a driving wheel that
actively follows the body movement without generating any
forces to it in the motion plane, while supporting the body of
the robot like a driven wheel.

The use of PDWs can reduce the modeling dimensions of
WMR models, and decrease the internal force conflicts be-
tween wheels, thus reducing energy consumption. Note that a
PDW should comply with the rules of two-degrees-of-freedom
motion, in order to encompass more general situations, includ-
ing applications in full-fledged planetary exploration rovers.
For example, when the WMR is steering, the PDW needs to
also adjust its steering angle accordingly. This can be done
using either an actuator or a passive steering mechanism.

3)

(p = arctan
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Fig. 3: Forces on the PDW and between the PDW and body.

What’s more, to provide better support and tracking of the
body movements, the PDW could have more degrees of
freedom (e.g., vertical movement).

III. VELOCITY FOLLOWING CONTROL OF A PDW

This section considers more wheel-terrain interaction for
designing an adaptive control scheme than the IKC method.
The proposed VFC method and its design are presented.

A. Internal Forces Between the PDW and the Robot Body

The force on the PDW and the internal forces between the
wheel and the body in a three-wheeled mobile robot are shown
in Fig. 3, where C is the center of mass, Fipp and F, are the
drawbar pull and lateral force on the wheel, respectively, ¢ is
the wheel steering angle, /; and [, are the distances between
the wheel center and steer axis and that between the steer axis
and centroid, respectively, and f;,, T}, are the internal force
and torque between the PDW and body, respectively.

The internal force, and torque around the vertical, between
the PDW and body are given by (4) below:

{ fin =—Fppcosy+ Frsinp

Tin = (Fppsinp + Frcosp)(lycosp + 1) @)

From (4), the control objective of reducing the internal
forces can be achieved by eliminating the Fpp and Fp.

Remark 2: Given the symmetrical structure of the three-
wheeled mobile robot, the internal forces f;,,T;, are equiva-
lent to the composition of internal forces between the wheels.

B. Velocity Following Force Approach

The velocity following force approach is based on reducing
the internal forces (f;,, T;,) between the PDW and the robot
body, thus effectively performing passive following control.
Any path can be considered as a combination of straight and
steering sub-paths. The movements of the PDW using the VTF
is shown in Fig. 4. A coordinate system is established, with
the PDW advancing direction as the z-axis, using a clockwise
rule in the horizontal plane. The relationships between the
velocity generation v of the wheel, steering angle (, and forces
Fpp, Fy, are discussed below.

1) PDW in straight-path motions: The force sensor at the
wheel’s axle measures negative values along the x-axis, indi-
cating that the wheel is subjected to resistance. The velocity
generation at the wheel should therefore be increased. The
slip-rate of the wheel is also increased, because the body
velocity does not change. According to the Janosi model, the

Fig. 4: Motions of the PDW using velocity following control.

relationship between the soil shear stress 7 and slip ratios s
is given by [20],

7(0) = [+ o(0) tan ®][1 — efr[(Gi76)7(175)(51'710;7sin0)]/K]7

®)
where c is the soil cohesion, @ is the internal friction angle, K
is the shearing deformation modulus, and o is normal stress
determined by the approach angle 6;.

Based on Eq.(5) and experimental results of [20], the
increased slip-rate of the wheel causes an increase in the soil
shear stress 7, within a certain range. The drawbar pull Fpp
is therefore increased, which decreases the resistance on the
wheel according to the wheel-terrain interaction force (6).

6, 01
Fpp = —rb/ o(0)sin 0df + rb/ 7(0) cos0db. (6)
02 02
where 6, is the approach angle, 05 is the departure angle, r
is the wheel radius, and b is the wheel width.
The same mechanism applies to the case of the force sensor
returning a positive value.
2) PDW in steering-path motions: When the steering angle
o of the wheel is the inappropriate position, such as when the
body turns or slips sideways, there will be an angle between
the body’s traveling velocity vector and wheel’s velocity
vector, which causes the PDW to slip. In this instance, the
force sensor measurement along the y-axis will not be zero.
Therefore, the steering angle of the PDW will be adjusted to
make the lateral force F, zero, which brings the PDW to the
correct alignment.
We can therefore conclude that the intended velocity track-
ing can be achieved by enforcing Fpp = 0 and Fy, = 0.

C. Compensating for the Resistance Resulting From Terrain
Deformation

ADRC:s are used to compensate for the total disturbances,
which requires knowledge of the order of the system.

1) Derivation of the system state equation: The wheel-soil
interaction of a planetary rover is shown in Fig. 5, where W
is the equivalent vertical load on the wheel, Fy is the normal
force, T' is the driving torque, w,,, v,, are the wheel angular
and linear velocities, respectively, and 6,,,, z, and [ are wheel-
terrain interaction model parameters [21].
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Fig. 5: Forces on the wheel-soil interaction of a rover.

The torque on a wheel can be written as [16]:

T:FDPT+FNTRC, (7)
where RC is the resistance torque coefficient.
The wheel rotational dynamics can be written as
Iw=T—-Tg, (8)

where [ is the rotational inertia, and T’r the resistance torque.

As determined by Gao et al. [11], the value of the resistance
torque can be obtained by fitting the experimental results with
an exponential function of the form,

©))

where TR is the resistance torque, and ag, bgr, and cp are
wheel parameters.
Considering (7), (8), and (9), a dynamic equation containing

the mechanics of the wheel-soil interaction can be obtained:

Iy = Fppr + Fyr(RC — a5 " (10)

bR
T = af% Fyr 4+ crFnr,

- CR)a

where w is the control input, and the optimized force Fpp is
the system output, which is tracked with an improved ADRC.
Then, a simplified dynamic model can also be obtained:

1.
FDP:;W"’_f(FNvS)v (11)
which can be rewritten as

where ¢ is the angular displacement, B is an input constant,
u is the force measured by a force sensor, f(Fy,s,0) is an
additional state variable, and § is the uncertainty in the model.
As seen in (12), this is a second-order system.

2) Design of the Model-Free ADRCs: The system based on
the presented internal force calculation (4) can be decoupled
into two second-order subsystems, as shown in Fig. 6: the first
one to control the lateral force F',, and the other to control
the drawbar pull Fpp. The set of parameters for each of the
particular subsystems requires only small adjustments when
applied to the other, because of the structure similarity between
them. Therefore, the design procedure for the force F, of the
PDW is described next, as an example, with the structure of
its controller being shown in Fig. 6.

]'ldl - TR

~

F, Tras

d ,/.'\— A g YY)
o+ | aDRCI
- 4

Steering motor

Fona -
"y i29+ | ADRC2 2 .| Driving motor

Fig. 6: Decoupling of the ADRC control system.

The overall control scheme consists of three parts: tracking
differentiator, extended state observer, and nonlinear state error
feedback law. The details are as follows:

a) Tracking differentiator: The input signal mutation can
be smoothened by tracking differentiator (TD), alleviating the
conflict between rapidity and overshooting. Both the desired
input and its approximate differential signal can be tracked by

fh = fhan(xl — Zd,x2,T0, hO);
z1(k+ 1) = (k) + has(k),
l‘g(k‘ + 1) = .%‘g(ki) + hfh,

where x4 is the first-order system state to be approximated,
x1 and o are the desired input and its differential signal,
respectively, and fhan (z1,22,70,ho) is the time-optimal
control comprehensive function defined by Han [22] as

13)

2 2
d =rohg, ap = hgxa, y =21+ ao

a1 = +/d(d + 8|y|),
az = ao + sign(y)(a1 — d)/2,
fsg(z,d) = (sign(x + d) — sign(x — d))/2,

a=(ap+ y)fsg(y, d) +az(1 - fsg(y,d)),

fhan = —ro( )fsg(a d) + rosign(a)(1 — fsg(a,d)),
(14)
where 7y and hg are controller parameters, and & denotes the
sampling period.
b) Extended state observer: The core functions of the
ADRC are the estimation and compensation of the total
disturbance, which consists of unknown parts in the system

model. Treating f(-) as an additional state variable, z3 = f(-),
the original plant (12) can be described as
z1 =q, T2 = Bu, 3 = (),
& =3+ T2, (15)
Yy=2=x1.

A state observer in discrete form for second-order systems,
denoted as the nonlinear extended state observer (ESO), was
proposed by Gao [23] as

e(k) = z1(k) — y(k),

z21(k + 1) = 21(k) + h(z2(k) — Bre(k)), (16)
zo(k + 1) = 29(k) + h(z3(k) — B2fal(e, 0.5, h)),

23(k' +1) = 23(k) + h(—pBsfal(e, 0.25, h)),

£ o
o >@ Y e L
F' \\,/
) 1 m /
h ‘ Z . ! e v

|
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where z; — x1, 22 — 9, and z3 — x3 denote the observed
values, and (31, (B2, and (3 are tuning parameters.

The objective of the ESO is the estimation of z3, which
can then be used to compensate the input u, and calculate
the input errors of the nonlinear state error feedback law. The
expansible state z3 is mainly the force disturbance caused by
soil distortion during wheel-terrain interaction, and a part of
the uncertainty of the approximation model.

c) Nonlinear state error feedback law: While the track-
ing error can be made to converge to zero by using a linear
feedback combination PID controller, the speed of conver-
gence may not be satisfactory without resorting to high gains.
In contrast, according to a study by Han [22], significant
performance and efficacy can be achieved in the controller by
using nonlinear feedback. Therefore, a nonlinear state error
feedback (NLSEF) was used, to provide better results, based
on the following function presented in [24]:

x| < e
|z > ¢,

<
Sl—a

le]*sign(e), a7

fal(e,a,e) = {
where e denotes the error, and « and ¢ are parameters.
Considering the nonlinear feedback, the inputs can be
written as in (18):

ugk+1) = uo(k) + kpfal(er,ar,e1) + ki, fal(er,a1,e1)
+kp fal(es, ag,e2),

(18)
where k,, k7, and kp denote the proportional, integral, and
derivative gains of the controller, respectively.

The overall control law is obtained by combining the
parameter values is a hard problem, which generally needs to
be solved through practice. Han [22] presented a relationship
between the ESO parameters and a Fibonacci sequence, and
Gao [23] proposed a method for setting the parameters ac-
cording to the system bandwidth. In particular, the high-gain
parameters show a special advantage in our designing. The
parameter set related to Han’s approach is given in rg = 50,
h,o =h ﬂl = 1/h, 52 = 1/3h2, 53 = 1/32h3, a1 = 075,
Qo = 067, €1 = &9 = 2h, kpl = 017, k[l = 067,
kp1 = 0.20, kpa = 0.30, kr2 = 0.70, kp2 = 0.40.

The overall control system uses two ADRC subsystems to
eliminate the drawbar pull Fpp of the PDW and the lateral
force FT,, respectively.

IV. EXPERIMENTAL VALIDATION

This section experimentally validates the application of a
PDW on a WMR, and evaluates the performance of the VFC
and IKC by analysing twelve trail results of three tasks.

A. Experimental Setup

The experimental setup was designed to physically vali-
date the defined PDW concept, and its control method on a
velocity-controlled three-wheeled mobile robot with four brush
DC motors (FAULHABER 3257G024CR) and three six-axis
force sensors (SRI 3705C) depicted in Fig. 7. One motor and
one sensor were mounted on each front wheel, and two motors

Fig. 7: Experimental three-wheeled rover on soft terrain.

and one sensor in the PDW. Each motor had an absolute
encoder (HEDM 5540). The chassis and PDW were linked
by a bracing frame, and the PDW had a single support arm on
the right side. One of the motors on the PDW was working on
velocity control mode and the other worked in position control
mode, to provide drive and steering power, respectively. The
front motors worked in velocity control mode.

The sampling period of the ADRC was chosen as h = 0.01,
and the other parameters were set as subsection III-C. The
parameters for the kinematic constraint equations [see (2), (3)]
were chosen as 7 = 140 mm, d = 250 mm, [ = 446 mm,
s1 = 0 and so = 0. The parameters for the calculated internal
forces [see (4)] were [; = 31.16 mm and [y = 364.61 mm.

B. Experimental Results

Three different robotic tasks were tested: straight motion
on flat (Task 1) and sloping (Task 2) soft sandy terrain, and
steering motion (Task 3) on flat soft sandy terrain. A 10
degrees inclination was used in Task 2. In Task 1 and Task 2,
the body traveling velocity was set to the same value used for
the Jade Rabbit lunar rover: v, = 55 mm/s [25]; in Task 3,
the desired body angular velocity was set to wg = 0.2 rad/s.
Eight trials were carried out for each task, and all collected
data of trails were shown in below figures. Then the average
calculation is used to fit each four trails’ data into one curve.

1) Sensor data: When driving wheels have no velocity
compensation control, the WMR slip phenomenon [described
by (19)] is serious on soft terrain, causing the real velocity v,
lower than the older v4. Holding the slip is being judged im-
portant for studying the wheel-terrain interaction by scholars.
At this point, a PDW is equipped in the rover to supporting
the body without generating velocity and force effect almost
to front wheels, which will be more conducive to study the
interaction than single wheel experiments [20].

g=2d "YU (19)
Vq

In terms of velocity, as seen in Figs. 8(a), (e), and (i), the
resulting VFC values are always lower than the command.
Because the PDW using the VFC adaptively follows the
body movement based on a force sensor. This means that no
additional velocity was provided to the body. However, IKC
needs to use external sensors to achieve the same effect. The
real velocity of the rover is measured by a driving ruler and
a program timer, v,y pc = 49.51, 11.28 mm/s of the Task 1
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Fig. 8: Velocity, angle, and forces on the PDW in the tasks.

and 2, and v,7xc = 54.62, 47.13 mm/s, respectively. These
are further calculated by (19), syrc = 0.1 and s;xc = 0.01

Fig. 9: PDW following the body motion during the three tasks.
The outer diameter between the front and rear wheels is 700
mm. The distance between every two red marks on the board
is 400 mm.

in Task 1, and SyFC = 0.79 and SIKC = 0.14 in Task 2.
Based on experimental experiences that the normal slip is
about s>0.6 in such sloping motion [21], these results indicate
that the PDW using the VFC has less influence on the front
wheel movement. In addition, in terms of force, as shown in
Figs. 8(c), (g), (k), these two approaches produce very different
forces on the PDW. The drawbar pull Fpp of the VFC, in the
range Fpp = —22.6 to 24.8 N in Task 2, is much smaller
than that of the IKC, which is the range Fpp = 12.8 to 99.0
N, especially. In fact, it shows that the PDW using the IKC is
pushing the front wheels. It is undesired in the design, while
the wheel with IKC can increase the traction of the WMR,
because of the large internal force between the wheels.

On soft sandy terrain, the different slip ratios of the front
wheels or uneven terrain caused a lateral deflection or slippage
of the body. At this moment, the steering angle ¢ of the
PDW should been adjusted, in both Task 1 and Task 2, to
ensure body balance. As shown in Figs. 8(b) and (f), the
angle was adjusted by the VFC without steering commands,
which adaptively matches the trajectory of the wheel with the
undulations of the terrain. This approach therefore achieves a
higher accuracy in linear trajectory tracking than when using
IKC, as shown by the auxiliary dashed lines in Figs. 9(a)
and (b). More details, the lateral force F';, with VFC, from
Fr, = —19.3 to 27.5 N, is smaller than that with IKC, from
Fr = —4.8 to 73.4 N, as shown in Figs. 8(d) and (h),
especially in Task 2. It is clearly that the application of the
PDW in slopes (uneven terrain) is more effective. Note that
IKC needs the speed closed-loop control of the front wheels
or receiving a steering command to adjust the angle .

Remark 3: Between 0 and 13.7 s, the WMR is transitioning
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between the flat terrain and slope. After the 13.7-second mark,
all the wheels were on the slope, when using VFC. In Task 2,
as the slip of the front wheel increased, the angle ¢ has some
wild fluctuations with VFC, indicating that the posture of the
body was vibrating when climbing uphill.

In the steering motion case (Task 3), the matching of wheels
and terrain is critical, if the PDW is to improve the steering
accuracy of the body. As shown in Fig. 8(j), the PDW with the
VFC maintains the adjustment of the steering angle . Some
large adjustments were caused by undulations in the terrain,
but the body did not deviate from the track, as shown in Fig.
9(c). The angular velocity w;, of the WMR can, in practice, be
calculated by (20), where a; = 48.3°, 53.6°, and ap = 35.3°,
40° are the body initial and final angles, respectively, relative
to the defined x-axis in Fig. 9(c).

(360 — 1 — ag) X 27

360t ’

The calculated angular velocities were wpy o = 0.21 rad/s,

and wprxc = 0.24 rad/s. The obtained absolute errors were

euixc = 0.04 rad/s, and e,y pc = 0.01 rad/s, as calculated

with the first formula in (21), where i,. is the actual value, and
14 the desired one.

Wy =

(20)

€imaxr = |ir - id|maac
1 iz
— Jj=n |- . )
€ = n Zj:o i, — il
where n denotes the number of data and j is the StNum.
The improvement in control accuracy achieved by VFC

(relative to IKC) was calculated by (22) as d., = 75%, showing
the efficacy of VFC in that regard.

ey

5= €IKC — EVFC
eIKC

To test further performance of the two approaches, five
degree downhill was set for the experimental terrain in Task 3,
and the triangle in figures points to the beginning. As shown in
Figs. 8(i), (j), (k) and (1), the VFC obtains more stable forces
by adjusting the velocity and angle than those of IKC.

2) Internal force results: The internal force f;, and internal
torque 7;, between the PDW, and body were calculated
by (4) and shown in Fig. 10. During linear motions (Task
1 and Task 2), the internal forces between the wheels are
considerably reduced, particularly in uneven terrain, which
shows the efficacy of the PDW with VFC. As shown in Figs.
10(a), (b), (c) and (d), the force ranges obtained with the two
approaches are significantly different: in Task 1, f;, ranges
from —8.9 to 10.4 N and 7;, from —3.9 to 4.4 Nm with
VEC, while f;, ranges from —31.8 to 0.1 N and T}, from
—0.2 to 8.7 Nm with IKC; in Task 2, f;, ranges from —26.0
to 23.5 N and T}, from —10.9 to 10.4 Nm with VFC, while
fin ranges from —99.0 to —12.8 N and 73, from —1.5 to
29.1 Nm with IKC. Considering the force control objective
fin= T;n= 0, the maximum and average errors are calculated
by (21), and shown in Tables I and II.

As summarized in Tables I and II, the increased reductions
in internal forces achieved by VFC were ¢y, = 90.8% and
dr,, = 84.5% in Task 1, and dy,, = 93.3% and d7,, = 90.8%

in Task 2, when compared with IKC using (22). This shows

x 100%. (22)
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Fig. 10: Internal forces between the PDW and body.

TABLE I: Task 1: Internal Force Errors With IKC and VFC

method efi'n.'rna.:l: (N) gfz"n (N) eT'inmam (Nm> ETin (Nm)
IKC 31.8 23.8 8.7 5.8
VEC 10.4 22 4.4 0.9

TABLE II: Task 2: Internal Force Errors With IKC and VFC

method  €f,,00 N) g5, N) €m0, NM) ey, (Nm)
IKC 99.0 72.0 29.1 19.6
VFC 26.0 438 10.9 1.8

TABLE III: Task 3: Internal Force Errors With IKC and VFC

method e, N) e, N) er, ... (Nm) er, (Nm)
IKC 35.0 11.0 17.8 5.7
VEC 229 3.0 8.1 1.1

that, using the PDW with VFC is one of the key approaches
to eliminate internal forces between wheels.

The obtained results also show that the PDW with IKC
provided both a push force f;, and a clockwise torque T;,
to the body. The direction of the torque is mainly caused by
the PDW only has a right arm to support additional force. It
gave the body extra velocity, which caused a movement offset.
On the other hand, as shown in Figs. 9(a) and (b), to travel
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the same distance, the WMR with VFC takes 3 s longer than
with IKC in Task 1, and 74 s more in Task 2, which results
from that the internal forces between the wheels have been
reduced. It can be seen that the rover using the PDW with
IKC can effectively improve the trajectory tracking speed.

As seen in Figs. 10(e) and (f), during the steering motion
(Task 3), the PDW with IKC provided both a push force
and a counterclockwise torque to the body. The direction
of the torque mainly resulted in a left movement of the
body. In the VFC case, the internal forces f;, and T;, were
stable, indicating that the wheel’s motion state has effectively
matched the terrain undulations, especially in the downhill
motion. In Task 3, f;, ranges from —19.8 to 22.9 N and
T;n from —7.4 to 8.1 Nm with VFC, and f;,, ranges from
—35.0to —1.0 N and Tj},, from —17.8 to —1.1 Nm with IKC.
The maximum and average error are calculated with (21), and
shown in Table III. As in the previous tasks, a comparison
with IKC was performed, which showed that the internal force
and internal torque provided by VFC were more reduced by
d¢,, = 72.7% and dr,, = 80.7%, respectively.

V. CONCLUSIONS AND FUTURE WORK

This paper has presented a pseudo-passive control method
that makes one or more wheels driven according to internal
forces values between the wheel and the body box to im-
prove coordinated movements of the wheels. The kinematic
constraint equations of a PDW were derived. To compensate
for force disturbances arising from the deformable soil during
wheel—terrain interaction, ADRCs were introduced into the
velocity following control (VFC) scheme. The experimental
results show that the proposed VFC effectively hold the
average internal forces, f;,,T;,, within small ranges by re-
ducing the forces of the wheel motion plane, the drawbar
pull Fpp and the lateral force F7. In the experiments, the
PDW with VFC did follow the actual path with improved
accuracy compared with that of the inverse kinematics control
(IKC), and simultaneously decreasing the internal force f;,
and internal torque Ty, by at least 70% and 80% on our trials,
respectively. In the slope trials, the climbing speed of the robot
using VFC is lower than that of IKC, which shows that internal
forces should not always be reduced.

In future work, an intelligent strategy should be studied to
control the internal forces more effectively for achieving even
better performance.
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