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Abstract: Although a tracked vehicle enables stable movements on rough terrain, in a rotating motion no fixed kinematic
model such as the model of wheeled mobile robot exists. Hence, it is difficult to realize a autonomous driving control of
the tracked vehicle. In this paper, a new tracking control method for a tracked vehicle is described. The proposed method is
constructed by using a virtual wheeled mobile robot.

A instantaneous motion of the vehicle with slip can be regarded as a motion of a mobile robot with independent driving
wheels. From the kinematic constraints, the virtual mobile robot model is derived. The virtual desired trajectory for the vir-
tual robot is obtained from the given desired trajectory for the original tracked vehicle under the assumption that the virtual
model is fixed. A control rule is derived by applying a differential feedback control method for wheeled mobile robots, and
guarantees that the virtual mobile robot follows the virtual desired trajectory. We also describe a on-line prediction method

for the virtual robot so as to discard the assumption that the virtual model is fixed.
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1. INTRODUCTION

Tracked vehicle has a high road-hugging property compared
with wheeled vehicles, because its crawlers make a field
contact or points contact with ground. To the contrary,
when the vehicle has a rotating motion, many regions of the
crawler have to slip against the contact ground. Since the
slip motion is different according to contact conditions and
is unpredictable, there is no fixed kinematic model for the
tracked vehicle such as the model of wheeled mobile robot.
Hence, it is difficult to realize a autonomous driving control
of the tracked vehicle.

This paper presents a new control method for a tracked
vehicle to track a given trajectory. the proposed method is
based on the control rule for a virtual wheeled mobile robot.
The paper is organized as follows: In the next section the
kinematic model of the vehicle with slip is discussed. The
instantaneous motion of the vehicle with slippage can be
regarded as a motion of a mobile robot with independent
driving wheels. The virtual wheeled mobile robot is derived
from the vehicle motion as the kinematic model. In the third
section, the control method for the tracked vehicle with slip
is proposed. Kinematic restrictions clarify that the vehicle
with slippage can not no longer track the given trajectory
strictly. The desired posture of the vehicle is slightly al-
tered so that the position of the vehicle’s origin can follow
the trajectory. Then, the virtual desired trajectory for the
virtual robot is derived from the altered trajectory under the
assumption that the virtual model is fixed. Finally, a control
rule for the tracked vehicle is derived by applying a differen-
tial feedback control method for wheeled mobile robots. the
control method guarantees that the virtual mobile robot fol-

lows the virtual desired trajectory. In the fourth section, the
prediction method of the virtual robot is described so as to
discard the assumption mentioned in previous section. The
parameters concerning the virtual mobile robot are the po-
sition of its origin with respect to the original vehicle, and
the tread length between two virtual wheels. These param-
eters will change if the property of ground or the contact
condition between crawler and ground changes. However,
when the motion of the vehicle shifts to clockwise rotation
from counterclockwise rotation, or the reverse motion oc-
curs, the parameters cause the discontinuity on representa-
tion. To avoid this, the parameters are projected on a unit
sphere and converted to the polar-coordinate representation.
The converted parameters have the continuity and linearity.
The parameters are predicted by using a linear time series
model. The control rule mentioned in the section 3 is ap-
plied on the predicted parameters. Final section makes con-
clusions and presents the future work.

2. KINEMATIC MODEL

First, differences of motion between a tracked vehicle and a
mobile robot with independent driving wheels are discussed.
Figure 1 shows a typical model of the mobile robot. In the
figure, ¥ g (Or — XrYR) means the robot coordinate frame
fixed to the robot with its origin at the intersection between
the wheel axile and the center line of the robot. Yz axis of
the frame is on the wheel axile. The tread width, which is
the distance between the right and left wheels, is denoted by
T'. As known well, in constructing a kinematic model of the
mobile robot, it is usual to make following assumptions:

A.1 Each wheel is in contact with the ground at a point.
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Figure 2: Rotaitional motions of the tracked vehicle

A.2 No slip will occur at the point.

Under this assumptions, velocity on the perimeter of each
wheel is perpendicular to the wheel axile. So, rotation cen-
ters of any motion of the robot are on the wheel axile. The
velocity of the robot at the origin is also perpendicular to the
wheel axile. After all, kinematic constraints obtained from
the assumptions derive a following equation:

0 [ A I PR
{w] [——— W

where V, and w are the translational and rotational veloc-
ity with respect to the robot respectively. Also, v, and v;
are the velocities at the perimeter of right and left wheels
respectively. The kinematic model of the wheeled mobile
robot is described by the equation (1).

Figure 2(a) shows a model of a tracked vehicle. In the fig-
ure, X i is the robot coordinate frame fixed to the robot with
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its origin at the center of the vehicle. Xy axis of the frame
is on the center line of the vehicle. Now, we consider a rota-
tional motion of the vehicle with the center of rotation on the
YR axis, as shown in Figure 2(b). In this case, the velocity at
the points, which are the intersection between Yp axis and
the crawlers and are on the perimeter of crawlers, are parallel
to X axis. However, it is easy to find from kinematic con-
straints that velocities of another point on the crawlers are
not parallel to X r axis. This means that the crawlers surely
have the points on which slips occur. Therefore, on any mo-
tion of the tracked vehicle, the assumption A.1 and A.2 are
not realized. Here after, we call the line which includes a
center of rotational motion and points of crawlers without
slip “nonslip line”. The location of nonslip line may change
according to the contact conditions between the crawlers and
ground, as shown in Figure 2(c),(d). Moreover, it is difficult
to predict the location. This is the reason that the tracked
vehicle is difficult to be controled autonomously.

Next, we derive a kinematic model of a tracked vehicle
similar to the kinematic model of the mobile robot. Fig-
ure 3 shows a case that nonslip line is not on Yy axis. Let
By = [Fvpe Fvoy]T denote the translational velocity at the
center of the vehicle, respectively. Describing the position

of center of rotation as fip, = [Fz,. fy.]T, following equa-
tions can be obtained:
R’l)o R’l)om
Bpp =4 By = 9% )
w W

Note that upper subscript R means the values are expressed
with respect to ¥ . From the kinematic constraint, we can
find the point O’ which is on the nonslip line and has fol-
lowing propaties:

Describing the position of O’ as fip,, = [Fx, Fy,|T, the
velocity at O” as v, = [V, 0], following constraints are
fulfilled:

By =T, 3)

Hyo’WVo’ = (Ryo’ - Ryc)wa 4)

center of rotational motion

N
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Figure 3: Kinematic constraints of the tracked vehicle
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Supposing that the velocity (fv,e, Rvoy, w) and (v, v;) can
be measured, from the equation (3)~(5), Rpo, and T" are

given by
R;I,'O/ = _—R'on
w
Ry, — % ©)
T' _ Vpr — U1 w
w

Also, following relation is obtained

Vo = Byio 4 /|2 — (R ™

Conversely, at this time the motion of the tracked vehicle
can be regarded as the motion of the virtual wheeled mobile
robot whose center is on the point O’ and whose tread is 7",
as shown in Figure 4. The kinematic model of a tracked ve-
hicle is described by the equation (5) and (6). This model is
the similar one derived in the reference [1].

Our tracking control method is based on the virtual
mobile robot. The parameter set of the virtual robot
(Bxor, Byor, T') is varied according to the contact state be-
tween the crawlers and the ground. An adaptive prediction
of the parameters is necessary in order to realize the track-
ing control. The prediction method will be described in the
section 4.

3. TRACKING CONTROL FOR TRACKED VEHI-
CLE

3.1 Desired Trajectory

As described in section 2, the motion of a tracked vehicle
with slip can be regarded as the motion of the virtual mo-
bile robot with two independent driving wheels. Since some
tracking control methods for wheeled mobile robots have
been proposed in the research fealds, the vehicle with slip
may be able to control via a certain proposed control method
by using the virtual mobile robot model. However, as one
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Figure 5: Alteration of desired posture

can see easily from kinematic restrictions, in a rotational
motion with slip it is impossible to realize the velocity at
the center of the vehicle to be the same as the desired veloc-
ity, because the nonslip line is shifted (see Figure 5). This
means the vehicle with slip can not no longer track the given
trajectory strictly. Therefore, it is necessary to alter the de-
sired posture of the vehicle slightly so that the center of the
vehicle can follow the trajectory. Here, the altered trajectory
will be described.

An univarsal coordinate frame Xy (Oy — XpYy) is at-
tached to the work ground. We consider that the de-
sired trajectory for a tracked vehicle is given by the set
of position, orientation, translational velocity and rota-
tional one about the center of vehicle, which is denoted by
(Yzoa(t), Yyoa(t), Boa(t), Voa(t), wed(t)) (see Figure 6). Po-
sition vector is defined by Up,;(t) = [Yzoa(t) Yyoa(t)]”.
We assum that V,,4(t) > 0(t > 0). Also, following relations

Figure 6: Desired trajectory and configuration of tracked ve-
hicle



assumed to be saticfied:

t

Uxod(t) = / Voa(T) €08 Ooq(T) dr + Uxod(O), ®)
0
t

Uyoalt) = / Vou(r) sin foa(7) dr + Uyos(0), (9)
0
t

Hod(t) = / wod(r) dr + 004(0). (10)
0

Now, we assume that the virtual mobile robot model is
fixed to (Fz,, fy,,T"). Describing the angular displace-
ment of orientation at Up,_,(¢), which should be altered, by
a(t), a(t) is given by

L"’”"d(t)> . )

at) =sin™" ( 0

After all, the altered trajectory is given by (Yz,4(t),%yoq(t),
Ood(t) + a(t),Voa(t),woa(t)) -

3.2 Control Algorithm

In order to control the tracked vehicle with slip, eq.vrelation
we apply a differential feedback control method for wheeled
mobile robots proposed by Kanayama[2] to the virtual mo-
bile robot. Since the center of the virtual robot, about which
the control rule shoul be adopted, is different from the center
of the original vehicle, the desired trajectory for the virtual
robot is needed.

First, we derive the virtual desired trajectory for the vir-
tual robot from the altered trajectory. In addition, in the fol-
lowing, the notation about time will be omitted. The virtual
trajectory is denoted by (Yz,rq,%0ord, o d,Verd,sword), and
the position of the vertual robot’s center with respect to X¢r
is denoted by Upo, 4- In addition, in the following, the nota-
tion about time will be omitted. Since the displacement of
the vertual center from the origin of X is Rpor, the desired
potision of the vertual center is given by

Upo’d = Upod + R(GOd + a)Rpo’a (12)

where R(f)(€ R?*?) is the rotation matrix described as

follows
cos @

sin @

R(9) = { (13)

Since V,4 and V,4 correspond to |®v,| and V, in equation
(7) respectively, the virtual trajectory is given by

—sinf ]

cos b

Y2ora = YToq + o cos(0,q + ) — Fyor sin(B,q + )
Yorda = Yoa + Fro sin(0oa + a) + Fyor cos(Boa + )
go’d = 00d + o
Vo’d = Ryo’wod +
Wo'd = Wod

V02d - (R:EU’ wod)Q
(14)

Next, we apply the differential feedback control rule for
wheeled mobile robots proposed by Kanayama[2]. This
control rule determines the translational and rotational ve-
locities of the mobile robot according to the position and
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Figure 7: Position error of virtual center with respect to X g

orientation errors with respect to the desired trajectory ex-
pressed in the coordinate frame fixed on the robot, and guar-
antees that the actual trajectory of the robot converges uni-
formly asymptotically to the desired trajectory.

Let ¥ s denote the coordinate frame with its origin at the
virtual center and its X axis parallel to X (see Figure
7). Then, we consider the position error of the virtual center
expressed in ¥ g with respect to the virtual trajectory. The
error is denoted as Fp, = [Fz,, ®y.]T. Denoting the ac-
tual position of the virtual center expressed in X¢; by Up,,,
the error ®'p, is given by

¥p. = R00)("Pora — "Por), (15)
where Up,, is given by
Up,, =Yp, + R0, + a)Fp,. (16)

Denoting the actual orientation of the robot by 6/, the
orientation error by 8. = 6,4 — 8,,, and adopting the differ-
ential feedback rule described by

[ Vorrey } _ { Voracosf, + KBz,
Worref | | Word + Vord(Kyl'{’g,/e + Kysinf,) |’
)
it is guaranteed that e, = [RlpeT ,0.]7 converges uniformly
asymptotically to 0 as far as V,;4 > 0. In equation (17),
K., K,, and Ky are feedback parameters, the crawlersand
Vorref, worres are reference velocities of the virtual robot.
When the desired trajectory is a linear motion with con-
stant velocity given by Up,.,(t) = [V t,0]7, 8,4(t) = 0,
and initial condition 6.(0) = 0, 1/K, corresponds to the
time constant of the exponential decay concerning the ini-
tial position error 7z, (0). Also, Ky/(2y/K,) and V /K,
correspond to the damping coefficient and natural circular
frequency of Yy, (t) respectively. (For more information,
see the reference 3.)
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Finally, substituting equation (17) to equation (5), the ref-
erence verocities for the crawlers of actual tracked vehicle
are derived as follows:

—1
|: Urref :| - |: % : :| |: VO’TEf :| - (18)

Ul ref STT o7 Wo'ref
Consequently, if we set the reference verocities v, ..y and

Ug re to the crawler as control inputs, we can expect to make
the tracked vehicle follow the desired trajectory.

ML

4. PREDICTION OF VIRTUAL CENTER

In the previous section, The tracking control method was de-
rived under the assumption the virtual robot is fixed. That is
to say the kinematic model of the tracked vehicle expressed
the parameters (fz,/, fy,, T") is never altered. However,
these parameters will change if the property of ground or the
contact condition between crawlers and ground changes. A
certain estimation about the parameters is needed to control
the vehicle in practical use. In this section, the prediction
method of the parameters is described so as to discard the
assumption.

When the motion of the vehicle shifts to a clockwise rota-
tion from a counterclockwise rotation, or the reverse motion
occurs, the location of the virtual center moves to a nega-
tive infinite point from a positive infinite point, or to a posi-
tive from a negative. Namely, the parameters cause the dis-
continuity on representation. To avoid this, the parameters
are projected on a unit sphere and converted to the polar-
coordinate representation.

Consider two planes which contact with a unit sphere at
the origin of the vehicle (see Figure 8). The upper plane
corresponds to the counterclockwise rotation, and the bot-
tom plane corresponds to the clockwise rotation. A coordi-
nate frame Y 5(Os — XsYsZs) is attached to the sphere
with its origin at the center of the sphere. The Xg axis
is alined to Xp of the upper plane. The Zg axis is up-
ward along a vertical line. Let P, denote the intersection
of the spherical surface and the line which connects the vir-
tual center (Fz,, fy,/) to the origin of £ 5. The coordinates

V:
)

(
%"

j

Figure 8: Projection to a unit sphere
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of P, (°x,,Sys, %2,) are given as follows:

o T
8 l )

Sys _ Uy + Vg l— QRUOI’ (19)

s, %

ZS - l )

I = \/(v, +or— 2R0,,)2 + o2 4 w2, (20)

Also, the virtual center is represented by the coordinates of
P

Se, Sy,
T = g5 o = S‘ZS. @1
Then, P;s is converted to the polar-coordinate representa-
tion (83,7). B(—m < B < 7) represents the longitude, and
~v(—m < v < ) the latitude.

The converted parameters have continuity and linearity.
These parameters are predicted by using a linear time series
model, that is AR model. The virtual tread width 7" is pre-
dicted by using AR model. The control rule will be applied
on the predicted parameters.

5. CONCLUSION

This paper presented a new tracking control method for a
tracked vehicle. The proposed method is constructed by us-
ing a virtual wheeled mobile robot.

A rotational motion of the vehicle with slip can be re-
garded as a motion of a mobile robot with independent driv-
ing wheels. The virtual wheeled mobile robot model was
derived based on kinematics. The virtual trajectory for the
model is obtained from the given desired trajectory for the
original tracked vehicle. The control rule was derived by
applying a differential feedback control method for wheeled
mobile robots under the assumption that the virtual model
is fixed. The control rule guarantees that the virtual robot
follows the virtual trajectory. We also describe a prediction
method for the virtual robot so as to discard the assumption
that the virtual model is fixed.

As a future work, we will verify the effectiveness of the
proposed method via experiments using a miniature tracked
vehicle robot.
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