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Existing omnidirectional vehicles have disadvantages of poor load capacities and practicability.
Based on the omnidirectional mobile track and an adapted symmetrical layout, a novel medium-tracked omni-
vehicle was designed. The kinematic and dynamic model of the vehicle was established, and the anisotropy of
the velocity and acceleration of the vehicle was analyzed. With a counterbalanced forklift as the design goal, a
virtual prototype and real prototype of the vehicle were established. The prototype had a no-load weight of 5t
and a full-load weight of 7t. Simulations and experiments were carried out for various omnidirectional move-
ments of the prototype, such as longitudinal, lateral, multi-angle diagonal, and center-point steering motions.
The simulation and experimental results showed that the vehicle performed omnidirectional motion in the plane
under no-load and full-load conditions. The translational motion of the prototype exhibited anisotropic motion.
The causes of the trajectory and velocity deviation during the motion of the prototype were analyzed.

Omnidirectional mobile robots (vehicles) have always been
a popular topic in the field of robot research. An omnidirec-
tional mobile robot is a robot that can move in any direction
on the plane at any time without considering the speed limit
of the driving motor (Zhao and Yi, 2010). According to dif-
ferent omnidirectional running mechanisms, omnidirectional
vehicles can be divided into wheeled and tracked omnidi-
rectional vehicles. In the above classification, the universal
wheel (Yang et al., 2018; Clavien et al., 2018; Cao, 2018), the
omnidirectional mobile robot in a single sphere form (Mad-
hushani et al., 2017; Karavaev and Kilin, 2017), and the om-
nidirectional flexible robot (Pan et al., 2019) are not included.

Wheeled omnidirectional vehicles are characterized by the
scale application of Mecanum wheels (Wang, 2018; Peng et
al., 2016). The shortcomings of Mecanum wheels are known
(Zhang, 2018). With the wear of the roller, the circular outer
surface of the wheel is destroyed, and a severe “ground im-
pacting” phenomenon occurs. Meanwhile, the vibrations in-
crease, which affects the handling and precision of the mo-
tion.

Other typical wheeled omnidirectional running mecha-
nisms are as follows. Alternate wheels (Park et al., 2016) are
generally used in the motion control research of small robots,

similar to the Transwheel (Sheikhlar et al., 2016). The MY
wheel series (one to three generations) was studied by Ye
et al. (2016) and Tong (2017) in series and parallel forms,
and a small cylindrical AGV (automated guided vehicle) was
developed (Ye et al., 2016; Tong, 2017). Ball wheels (West
and Asada, 1997) have remained in the research stage and
have few practical applications. The Omni-Ball was studied
by Tadakuma et al. (2009a), who developed a small tetrahe-
dral deformable omnidirectional spherical robot for disaster
rescue purposes (Tadakuma et al., 2009b). The structure and
design of this wheeled omnidirectional mobile mechanism
are similar to the Omni-crawler that will be introduced below.
Tadakuma et al. (2004) developed the Vmax-carrier2, a small
omnidirectional vehicle, which is also known as Vuton-II
(Tadakuma et al., 2004). In plane motion, the Vmax-carrier2
has a large number of discs landing on the ground simultane-
ously, so the movement is stable and has a certain obstacle-
crossing ability.

The common disadvantages of wheeled omnidirectional
running mechanisms are as follows: poor load capacities,
high requirements on the smoothness and cleanliness of the
motion environment, and poor off-road and obstacle-crossing
performances. One way to solve these problems is to de-
velop tracked omnidirectional vehicles. Research on tracked
omnidirectional vehicles began late. Typical tracked omni-



directional running mechanisms include the omnidirectional
spherical tire crawler (Isoda et al., 1997) and the omni-
directional crawler with free rollers (Chen et al., 2002).
These mechanisms have been in the research stage with-
out any practical application. The Vuton crawler (Roh et al.,
2013) consists of a series of cylindrical rollers that can ro-
tate freely about their own axes. This mechanism was used
to develop a small omnidirectional vehicle, Vuton-I, and
a single-person earthquake simulation seat. The omnidirec-
tional track (Mortensen Ernits et al., 2017) used a combina-
tion of Mecanum rollers and traditional tracks. The authors
used it to build an obstacle-crossing and omnidirectional ve-
hicle, without any experimental research. The omnidirec-
tional mobile track (Zhang et al., 2017) was used to develop
a prototype of a light-tracked omnidirectional vehicle (Zhang
and Huang, 2015; Zhang et al., 2017). The Omni-crawler
was used to build a small omnidirectional vehicle (Tadakuma
et al., 2009a), and centimeter-level obstacle-crossing exper-
iments were conducted. The Omni-crawler was extended to
robot fingers (Tadakuma et al., 2012), pipeline robots (Singh
et al., 2017), and other applications. There are other tracked
omnidirectional running mechanisms, such as the planar om-
nidirectional crawler mobile mechanism (Tadakuma et al.,
2017).

The omnidirectional vehicles described above only
required omnidirectional mobility and simple obstacle-
crossing capabilities, and the carrying capacity was not
considered. Compared with wheeled omnidirectional vehi-
cles, tracked omnidirectional vehicles have been improved
in terms of unstructured road mobility and operational capa-
bilities, but their performances are still unsatisfactory. How
to develop a practical medium or heavy-duty omnidirectional
vehicle with a high reliability and high load-carrying capac-
ity has become a main research area and difficulty in this
field.

To resolve the problems described above, based on the re-
search of omnidirectional mobile tracks, a novel medium-
tracked omnidirectional vehicle is proposed in this paper.
We designed and patented a track system (Zhang and Fang,
2019a) (CN110329375A) and track shoe unit (Zhang and
Fang, 2019b) (CN110395324A) with a stronger load ca-
pacity, as shown in Fig. la and b. The kinematic and
dynamic equations were established. We used the simpli-
fied maximum-minimum method to analyze the motion
anisotropy, and we provided the relevant properties and
proofs. Based on the design standards for counterbalanced
forklifts (Tao and Wei, 2010), virtual and real prototypes
were established. The motion simulation and experiments
were performed using a vehicle with no load (5t) and full
load (7t). The simulation and experimental data were ana-
lyzed and compared with the theoretical results, and the mo-
tion laws of large-scale, heavy-duty tracked omnidirectional
mobile platforms were summarized. The research and design
procedure is summarized as a flowchart in Fig. 2.

The structure and layout of the track determine the omnidi-
rectional movement capabilities of the tracked omni-vehicle.
Aiming at the characteristics of a large size and heavy load of
the medium-tracked omni-vehicle, the structure of the track
was modularized, and the optimal layout of the track was se-
lected.

The medium-tracked omni-vehicle was designed with a mod-
ular structure, which was composed of a vehicle body and
several track systems. The track system consisted of track
shoe units, a driving sprocket, a support roller, a tensioning
mechanism, an idler, road wheels, and other components, as
shown in Fig. la. The track shoe unit was composed of a
track plate, roller seats, rollers, and a track pin, as shown in
Fig. 1b.

As shown in Fig. 1b, the angle between the roller axis and
the track pin axis is defined as o € {(—%rad, 0) U (0, Zrad)},
and « is defined as the roller offset angle. If « is £90°, the
omnidirectional mobile track will degenerate into an omnidi-
rectional crawler with free rollers (Chen et al., 2002).

In a previous report (Zhang and Huang, 2015), the authors
analyzed the motion relationship between the track and the
vehicle. The inverse kinematic equations of the vehicle are
as follows:
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where n; = 0; + «;, vy is the translational velocity of the ve-
hicle along the x axis, vy is the translational velocity of the
vehicle along the y axis, w; is the center-point steering an-
gular velocity of the vehicle, w; is the angular velocity of the
driving sprocket, r; is the pitch radius of the driving sprocket,
v; is the angular velocity of the roller at the center point of
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the ground contact segment of the track, ¢; is the offset angle
of the roller, B; is the angle between the center of the track
and the center of the vehicle, /; is the distance between the
center of the track and the center of the vehicle, and 6; is the
angle between the coordinate system of the track and the co-
ordinate system of the vehicle. The subscript i represents the
ith track, wherei =1,2,3, .. .n.

The necessary condition for the vehicle to realize omnidi-
rectional motion is that the velocity inverse Jacobian matrix
Jo of the system is full rank, i.e., rank (J,,) = 3. In this case,
the system does not have a singular configuration.

The layout of the omnidirectional running mechanism di-
rectly determines whether a vehicle has the ability to move in
all directions in the plane and affects the motion anisotropy
of the vehicle. The “four-track concentric type (diamond
layout)” and the “four-track longitudinal symmetrical type
(rectangular layout)” are two kinds of layouts that are com-
mon and convenient for steering in omnidirectional running
mechanisms. The following points must be considered when
choosing a layout.

1. The vehicle should have a certain versatility with ordi-
nary wheeled and tracked vehicles, which is conducive
to the transition from existing non-omnidirectional ve-
hicles to omnidirectional vehicles.

2. The layout should be easy to understand and accept by
drivers and operators.

3. The layout should be highly scalable.

In conclusion, the longitudinal symmetrical layout was se-
lected for the medium-tracked omnidirectional vehicle, as
shown in Fig. 3.

A general inverse kinematics equation of the vehicle with a
longitudinally symmetric layout was established. Based on
this, the velocity and acceleration anisotropy were analyzed.
Based on the anisotropy, the optimal value of the roller offset
angle « and the inverse kinematics equation for the medium-
tracked omni-vehicle were obtained.

Figure 3 shows the top view of the medium-tracked omni-
vehicle. The direction of the arrow on the x axis and the
direction of the arrow on the y axis are positive directions.
The counterclockwise direction is the positive direction of
the center-point steering motion. The track is numbered in
Fig. 3. Rollers of the ground contact segment are replaced by
straight-line segments. (X, y, )T is defined as the general-

ized velocity of the vehicle, and (91, 6,63, é4)T is defined as
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Layout and force analysis of the vehicle.

the angular velocity of the four tracks (four drive sprockets).
These directions conform to the right-hand rule. L represents
half of the distance between the center of the front track and
the center of the rear track, / represents half the distance be-
tween the center of the left track and the center of the right
track, and ; = R. According to Eq. (1), the inverse kinemat-
ical equation of the vehicle is
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The velocity inverse Jacobian matrix J,, is full rank, i.e.,
rank (J,,) = 3. Therefore, the vehicle had the ability to com-
plete omnidirectional motions in the plane.

The vehicle is allowed to perform only translational mo-
tions. The angle between the driving direction of the vehicle
and the horizontal x axis of the ground coordinate system is

defined as ¥ (y € [0 27)), and thus
X =wvcosy, y=vsiny,

where v is the velocity of the vehicle.
According to Eq. (3),

OiR = jixi + jiyy = (aixcosy +aiysiny) v,

cota 1
.o —cota 1 .
where jiyjiy €J, J= Ceota 11° and i ={1,2,3,4}.
cota 1

Letting |é,~R| <1, i.e., the maximum linear velocity of each



driving sprocket is 1 ms~!, then
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There is no coupling relationship between 6; R and « or .
When « is constant, the following formula holds:
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After simplification, vmax (a, W)zi sine } . When
min
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Y = % or 37’ there is a constant equation vpax (o, ¥1) = 1.
The maximum translational velocity of the vehicle is the
same in the vertical direction, and the value is 1 ms~!, which

is verified by the curve shown in Fig. 4.
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Considering o = { 560 d0 30 12 } the maximum trans

lational velocities in 1 were plotted, as shown in Fig. 4a and
b. The polar coordinate system curve image is a regular paral-
lelogram, which is symmetric along the line where ¢ = k75
(k=1{0,1,2,3}) and is centrosymmetric. As the value of «
increases, the corresponding quadrilateral curve gradually
changes from narrow to flat. Further research showed that the
above characteristics are directly related to the layout of om-
nidirectional running mechanisms and are universal. Accord-
ing to Fig. 4 and Eq. (4), the range of the maximum transla-
tional velocity decreases with the increase in «. To obtain the
widest translational velocity, « should be as small as possi-
ble.

In a previous report (Zhang et al., 2017), the authors studied
the single-track traction characteristics of a tracked omnidi-
rectional vehicle.

When the single track moves vertically, i.e., ¥ = % or 37”,
the traction force is

[y ®

In other directions, the traction force is
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Fg; is the driving force applied to the roller (track) by the ith
driving sprocket, and fy;y and f;, are the component forces
applied to the roller by the ground along the x and y axes of
the coordinate system, respectively.

The force analysis is shown in Fig. 3. Fyy is the motion
resistance of the vehicle in the y direction, Ff, is the motion

resistance of the vehicle in the x direction, M is the center-
point steering motion resistance torque of the vehicle, and M
is the center-point steering traction torque.

Considering the overall four-track system, the dynamical
equation of the vehicle is obtained. X and ¥ are the acceler-
ation of the vehicle moving along the x and y axes, respec-
tively, and w is the angular acceleration of the vehicle during
center-point steering motion. When ¥ # 0 or  # 0,
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mass of the vehicle, and I is the r?lloment of inertia of the
vehicle.

Referring to the analysis presented in Sect. 2.1, the vehicle
is allowed to only perform translational motion. According to
Egs. (7) and (8), and neglecting the resistance, the following

equation is obtained:
amax (@, ) = { }
max
| L
min

where a; is the acceleration provided by the ith driving

sprocket, |a;| <1, a is the acceleration of the vehicle, and
1 1
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According to Eq. (9), amax (o, Y1) + amax (5 —a, ¥1) =4
is always established. When v, =0 or 7, amax (¢, ¥2) =
amax (§ — o, ¥2) =2sin2a is always established, and the
maximum value iS dmax ( %, wg) =2. The above analysis
showed that there is complementarity and duality in the trans-
lational maximum acceleration of the vehicle, which is veri-

fied by the curves shown in Fig. 5.
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mum translational acceleration of the vehicle in ¢ were ob-
tained, as shown in Fig. 5a and b. The values of the curves
at ¥ = 7 and 37” were null. As shown by Eq. (8), the cor-
responding maximum value was 4, which was independent
of a. If the null values of each curve at ¢ = % and 37” are
ignored (which is equivalent to assuming that there is no
static state of the rollers), the polar coordinate curve image
is a regular parallelogram. This parallelogram is symmetric
along the line where / = k75 and is centrosymmetric. As the
value of « increases, the corresponding quadrilateral curve
gradually changes from flat to narrow. The above character-
istics are directly related to the layout of omnidirectional run-
ning mechanisms and are universal. According to Fig. 5 and
Eq. (8), when o = %, the lateral acceleration of the vehicle is
the largest, and the distribution of the maximum translational
acceleration is the most balanced.

Combining the maximum translational velocity and ac-
celeration anisotropy equation, the torque ratio formula of
the translational motion of the vehicle was derived. Letting
6; = 6¢, the following equation holds:

Considering o = { } curves of the maxi-
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where 71 and T, are the sums of torques of the four driv-
ing sprockets in the first and second translational motions,
respectively.

Considering the maximum translational velocity
anisotropy and the maximum translational acceleration
anisotropy of the vehicle, setting o =7 is a relatively
optimal solution. At this point, the vehicle has the most
balanced motion performance. With o« = %, the inverse

kinematic equations of the vehicle are obtained as follows:
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We designed and built a simplified virtual prototype of
the medium-tracked omni-vehicle and performed omnidirec-
tional motion simulations using the virtual prototype. The ve-
locity anisotropy of the virtual prototype was analyzed using
the simulation data.



The track shoe unit and the spring

Accurate 3-D model of the vehicle.

We built an accurate 3-D model of the vehicle in SolidWorks.
This model contained all of the components of the real ve-
hicle that was subsequently built, as shown in Fig. 6. We
simplified the model in SolidWorks and added constraints
to obtain the virtual prototype model in ADAMS, as shown
in Fig. 7a (a model of cubic cargo (2t) was added to the
model). The simplification of the SolidWorks model to ob-
tain the ADAMS model was performed through three steps.

1. Reserve. We retained key components, such as the track
plates and rollers that were directly involved in the
movement process and force transmission.

[\®]

. Remove. We removed connectors, such as screws and
nuts, and removed parts that were not directly related
to the motion simulation, such as hydraulic cylinders,
joysticks, motors, and reducers.

3. Replace. We used a single part in ADAMS to replace the
integrated body of each component in SolidWorks, such
as the vehicle body, driving sprocket, and road wheels.

The setting of the center of gravity followed the design stan-
dard of counterweight forklifts (Tao and Wei, 2010). The
centers of gravity of the virtual prototype under no-load (O1)
and full-load (O,) conditions are shown in Fig. 7b.

The topological relationship between the parts of the vir-
tual prototype in the form of a graphical topology diagram is
shown in Fig. 8. The corresponding topological relationship
is detailed in Table 1.

As shown in Fig. 8a and Table la, the body (“CheTi”)
and shafts (including four parts, such as “CuZhoul”) of the
swing arms were connected by fixed joints. The body and
axle sleeves (including eight parts, such as “T1”) of the
suspension springs were connected by revolute joints. The
body and driving sprockets (including four parts, such as

“ZhuDonglLun1”) were connected by revolute joints, and ro-
tational joint motions were applied to the driving sprock-
ets. As shown in Fig. 8b and Table 1b, we added con-
tacts between the drive wheel and track plates (including
33 parts, such as “LvDai_1"). As shown in Fig. 8c and Ta-
ble lc, the track plate (“LvDai_2_1") and the roller (“Xi-
aoLunl_1") were connected by revolute joints. We added
contacts between the roller (“XiaoLunL_1") and the ground
(“DiMian”). The ground was fixed to the default ground in
ADAMS. The topology is shown in Fig. 8d and Table 1d
from the ground perspective. The number of degrees of free-
dom of the virtual model was 725.

The material of the roller was hard rubber. The ground that
a vehicle operates on is generally a hard, flat surface, such as
cement pavement. The parameters of the contact between the
roller and the ground are shown in Fig. 9 (in MKS units).

The main structural parameters of the virtual prototype
are shown in Table 2. By inserting the data in Table 2 into
Eq. (11), the inverse kinematical equation of the virtual pro-
totype can be obtained. The absolute value of the maximum
angular velocities of four driving sprockets was set to 27
(rads™!), and six kinds of omnidirectional motion simula-
tions were performed under no-load (no cargo) and full-load
(2t cargo) conditions. The omnidirectional motions of the
virtual prototype and the corresponding angular velocities of
the driving sprocket are shown in Table 3.

The simulation times of the translational motion and center-
point steering motion were 8 and 13 s, respectively. The static
simulation time was 0—1s, and the simulation time of the
accelerated motion was 1-3s. In the simulation, the STEP
function in the ADAMS software was used to control the
angular velocity of the driving sprocket (taking longitudinal
motion as an example, the expression of the STEP function
was “STEP(time,1,0,3,6.2832)”). After 3 s, the motion of the
virtual prototype gradually tended to be stable. Curves of
the trajectory and velocity of the virtual prototype are shown
in Fig. 10a—n. The left-hand side is the no-load motion im-
age, and the right-hand side is the full-load motion image.
v, represents the speed component of the x axis, vy repre-
sents the speed component of the y axis, the unit of time is
s, the unit of speed is ms™!, and the unit of angular velocity
is rad s~ !. Numbers (1)—(6) in Fig. 10a and b correspond to
motion types (1)—(6), respectively, in Table 3.

In the translational motion, the virtual prototype used the
geometrical center point of the vehicle body as the trajec-
tory point. In the center-point steering motion, the geometri-
cal center point of the front idler in the left front track system
was used as the trajectory point. According to Fig. 10a and
b, the virtual prototype could basically complete six kinds of
omnidirectional motions in the no-load and full-load states.
The trajectory in the no-load state was more regular than
the trajectory in the full-load state, and the movement was
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(a) Virtual prototype of the vehicle
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The cargo

Figure 7. Virtual prototype and center of gravity of the vehicle.

Table 1. Topological relationship between parts of the virtual prototype.

(a) CheTi (part) is connected to

(b) ZhuDonglLun1 (part) is connected to

ZhuDongLun1
ZhuDongLunl
ZhuDongLun2
ZhuDonglLun2
ZhuDongLun3
ZhuDonglLun3
ZhuDongLun4

ZhuDongLun4

T23
T24
T1

T2

T41
T42
T14
T13
CuZhoul
CuZhou3
CuZhou4
CuZhou2

via
via
via
via
via
via
via
via
via
via
via
via
via
via
via
via
via
via
via
via

JOINT_661_ZD1
MOTION_1
JOINT_662_7ZD2
MOTION_2
JOINT_663_7ZD3
MOTION_3
JOINT_664_7ZD4

MOTION_4

JOINT_699
JOINT_700
JOINT_701

JOINT_702

JOINT_711
JOINT_712
JOINT_713
JOINT_714
JOINT_751
JOINT_752
JOINT_753
JOINT_754

(Revolute joint)
(Rotational motion)
(Revolute joint)
(Rotational motion)
(Revolute joint)
(Rotational motion)
(Revolute joint)

(Rotational motion)

(Revolute joint)
(Revolute joint)
(Revolute joint)

(Revolute joint)

(Revolute joint)
(Revolute joint)
(Revolute joint)
(Revolute joint)
(Fixed joint)
(Fixed joint)
(Fixed joint)
(Fixed joint)

CheTi via JOINT_661_7ZD1 (Revolute joint)
CheTi via MOTION_1 (Rotational motion)
LvDai_1 via CONT_ZDI1_Bl1 (Contact)
LvDai_2 via CONT_ZDI1_B2 (Contact)
LvDai_33 via CONT_ZDI1_B33 (Contact)

(¢) XiaoLun_1 (part) is connected to

LvDai_2_1 via JOINT 433 (Revolute joint)
DiMian via CON_DM_XLLI1 (Contact)

(d) DiMian (part) is connected to

ground via JOINT_759 (Fixed joint)
XiaoLunS_1 via CON_DM_XLS1 (Contact)
XiaoLunL_1 via CON_DM_XLLI1 (Contact)
XiaoLunS_2 via CON_DM_XLS2 (Contact)
XiaoLunL_2 via CON_DM_XLL2 (Contact)
XiaoLunS_264 via CON_DM_XLS264 (Contact)
XiaoLunlL_264 via CON_DM_XLL264 (Contact)

smoother. The heading angle deviation of the full-load lateral
motion was 9.41°, and the trajectory angular deviation of the
full-load lateral motion was 5.5°. V is defined as the theo-
retical value of velocity (m s~Dor angular velocity (rad s~h,
and Vg is defined as the simulated average value of the veloc-
ity or angular velocity. Both V1 and Vs are absolute values.
The comparison between Vr and Vs under the steady-state
omnidirectional motion is shown in Table 4.

Mech. Sci., 11, 137-152, 2020

Comparing velocities of the virtual prototype in Table 4,
the conclusions are as follows.

1. When the virtual prototype is in the no-load and full-
load states, the longitudinal motion velocity was ap-
proximately equal to the lateral motion velocity.

2. The velocity of diagonal motion 2 was approximately
equal to the velocity of diagonal motion 3.

https://doi.org/10.5194/ms-11-137-2020
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(a) Topological relationship between the body and (b) Topological relationship between the sprocket and
connected parts connected parts

(c) Topological relationship between the rollers, track (d) Topological relationship between the ground and
plates, and ground connected parts

Figure 8. Topological relationship between parts of the virtual prototype.

Table 2. Main structural parameters of the virtual prototype.

Number Parameter Value
1 Length of the ground contact segment of the track (mm) 505
2 Width of the ground contact segment of the track (mm) 212
3 Front and rear track center distance (mm) 1388
4 Left and right track center distance (mm) 1158
5 Roller offset angle (rad) /4
6 Diameter of the driving sprocket (mm) 295
7 Deadweight of the vehicle (kg) 5068
8 Maximum load (kg) 2000

https://doi.org/10.5194/ms-11-137-2020 Mech. Sci., 11, 137-152, 2020
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Figure 9. Parameters of contact.

Table 3. Omnidirectional motions of the prototype and corresponding angular velocities of the drive sprocket.

Vehicle state Omnidirectional motion

Angular velocities of the driving sprockets (rad)

No-load and full-load states

(1) Longitudinal motion (¢ = 7 /2)
(2) Lateral motion (¢ = 1)

(3) Diagonal motion 1 (v =37 /4)
(4) Diagonal motion 2 (¢ =21 /3)
(5) Diagonal motion 3 (¢ = 4m/3)
(6) Center-point steering motion

[6.2832, 6.2832, 6.2832, 6.2832]
[—6.2832, 6.2832, 6.2832, —6.2832]

[0, 6.2832, 6.2832, 0]

[1.6836, 6.2832, 6.2832, 1.6836]
[—6.2832, —1.6836, —1.6836, —6.2832]
[6.2832, —6.2832, 6.2832, —6.2832]

3. The longitudinal motion velocity was about +/2 times

the velocity of diagonal motion 1 and about 1+2\/§ times

the velocity of diagonal motion 2 and 3.

Through the above calculations, the maximum translational
velocity of the virtual prototype was consistent with the con-
clusion of the velocity anisotropy analysis (Eq. 4) above.

As shown in Table 4, the velocity deviation between the
simulated and theoretical values was small for the transla-
tional motion of the prototype, and the deviation was large
for the center-point steering motion. This was because the
slippage of the track was more severe during the center-point
steering motion than the translational motion, and the large
mass and contour of the virtual prototype exacerbated this
phenomenon. The velocity deviation value of the virtual pro-
totype under the full load was greater than that under no load.
There was an evident trajectory deviation in the full-load lat-
eral motion and full-load center-point steering motion. This

Mech. Sci., 11, 137-152, 2020

shows that the change in the center of gravity of the virtual
prototype before and after loading had a great influence on
the velocity and trajectory.

5 Experiments of a medium-tracked omni-vehicle

Based on the accurate model in SolidWorks, a real proto-
type of the vehicle was built. We carried out omnidirectional
motion experiments on the prototype and analyzed the veloc-
ity and acceleration anisotropy of the prototype using exper-
imental data.

5.1 Omnidirectional motion experiment

The real prototype of the medium-tracked omni-vehicle is
shown in Fig. 11.

For the forklift reliability test field of an enterprise, the
omnidirectional experiment of the prototype was carried out.

https://doi.org/10.5194/ms-11-137-2020
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(a) Motion trajectory of the no-load vehicle (b) Motion trajectory of the full-load vehicle
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Figure 10.
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(m) Center-point steering motion of the no-load vehicle (n) Center-point steering motion of the full-load vehicle

Trajectory and velocity of the virtual prototype.

Steady-state velocities of virtual prototypes.

Vehicle state Motion Vr Vg  Deviation
No-load state  Longitudinal motion 0.9268  0.9294 <1%
Lateral motion 0.9268 0.9337 <1%
Diagonal motion 1 0.6554  0.6566 <1%
Diagonal motion 2 0.6785 0.6783 <1%
Diagonal motion 3 0.6785 0.6858 1.1%
Center-point steering motion ~ 0.7884  0.7225 8.4 %
Full-load state  Longitudinal motion 0.9268 0.9359 1.2%
Lateral motion 0.9268 0.8974 3.7 %
Diagonal motion 1 0.6554 0.6551 <1%
Diagonal motion 2 0.6785 0.6801 <1%
Diagonal motion 3 0.6785 0.6880 1.4 %
Center-point steering motion ~ 0.7884  0.5944 24.6 %
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The swing arm The track system

Figure 12. Three omnidirectional motions of the prototype.
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Maximum velocity of the prototype in different directions
of motion.

Longitudinal  Lateral Diagonal
motion motion motion 1
Velocity (kmh™!)  Vg; =11.41 Vgp =10.56 Vr3 =7.95

The ground condition was dry cement. Various motion types,
including longitudinal, lateral, multi-angle diagonal, center-
point steering, and multi-radius steering, were carried out un-
der no-load and full-load conditions of the prototype. Three
typical omnidirectional motions (longitudinal, lateral, and
center-point steering) under full-load conditions are shown in
Fig. 12. Experiments showed that the prototype had the abil-
ity to perform omnidirectional motion in a plane and had high
displacement accuracy. When the motor was at the maximum
speed, the full-load prototype was prone to trajectory devia-
tions and yawing phenomena during the lateral and center-
point steering motions. This was consistent with the simu-
lation conclusion shown in Fig. 10. There were no evident
deviation phenomena in other directions of motion. The ac-
tual motion of the prototype was basically consistent with the
results of the simulation.

The maximum speed of the motor (which we set to
4880 rpm) was limited by the VCU (vehicle control unit) pro-
gram. Using a GPS application on a smart phone, the maxi-
mum velocities of the prototype in different directions were
recorded, and the average value is shown in Table 5. Based on
the data in Table 5, Vg =~ Vg2 and % ~ /2. This is consis-
tent with the analysis of the velocity anisotropy of the vehicle
and simulation data.

When the motor ran at the rated maximum speed, the mo-
tor output torque was proportional to the motor current. The
torque—current and speed—torque curves of the motor are
shown in Fig. 13. The standard for motor testing is ECE R85
(UN/ECE, 2013). The current value in Fig. 13a refers to the
current value of the battery during the motor test.

The total steady-state current of the prototype was mea-
sured when it was moving in different directions. The total
steady-state current was read from the BMS (battery man-
agement system) module of the battery. After several rounds
of experiments on the dry cement ground, the average value
of the total current of three typical translational motions (lon-
gitudinal, lateral, and 135° diagonal) was recorded under no-
load and full-load conditions of the prototype, as shown in
Table 6. The battery voltage was always between 81 and 82 V
in the whole moving process, and the fluctuation range was
small.

As shown in Table 6, the total current in the lateral motion
was about twice the total current in the longitudinal motion
(the error of the no-load state was 4.0 %, and the error of

Average value of the total current of three typical transla-
tional omnidirectional motions.

Prototype state  Translational motion ~ Current (A)
No-load state Longitudinal motion 208.8
Lateral motion 401.6
135° diagonal motion 260.35
Full-load state ~ Longitudinal motion 240.83
Lateral motion 443.5
135° diagonal motion 289.25

the full-load state was 8.6 %). Combined with the analysis of
Sect. 2.2, this shows that the angular velocity of the roller
was basically zero when the prototype traveled straight. In
Table 6, the total current during the lateral motion of the pro-
totype was about /2 times during the 135° diagonal motion
(the error of the no-load state was 8.3 %, and the error of
full-load state was 7.8 %). The above analysis agrees with
the conclusion of maximum translational velocity and accel-
eration anisotropy given by Eq. (10), which verifies the cor-
rectness of the theory.

In summary, the conclusions are as follows.

1. Compared with conventional vehicles, the tracked
omni-vehicle exhibited unique motion anisotropy in
terms of the velocity and acceleration. Because the po-
sition of the omnidirectional mobile mechanism rela-
tive to the vehicle (layout) was determined, the motion
anisotropy depended on the offset angle of the roller.

2. The torque ratio formula of the translational motion was
proposed, and the correctness of the ratio formula was
verified by the results of the experiment.

3. The analysis of the simulation results showed that the
deviation of the trajectory and velocity of the prototype
under the no-load state was much smaller than that un-
der the full-load state. The consistency between the sim-
ulated and theoretical values of the translational velocity
was high. There was a large deviation between the sim-
ulated and theoretical values of the angular velocity of
the center-point steering motion.

The prototype exhibited different motion characteristics un-
der no-load and full-load conditions due to changes in the
center of gravity. In a future study, the corresponding con-
trol strategy and control algorithm will be studied to reduce
the deviation and obtain the desired trajectory and velocity.
Another important future research direction is to establish a
precise mathematical model of the steering kinematics and
dynamics of the vehicle that accounts for slip. The simula-
tion speed, trajectory data, and real vehicle power data of the
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prototype can provide data verification for the mathematical
model presented above.

In summary, in this study, it was shown that building a
large, heavy-duty medium-tracked omni-vehicle is feasible.
The prototype presented in this paper can provide a reference
for the design of other large, heavy-duty omnidirectional ve-
hicles. By adding various sensors and fixtures and the cor-
responding control algorithms, the medium-tracked omni-
vehicle can be used as a factory AGV, a port and dock freight
platform, an urban counter-terrorism combat platform, or an
accompanying combat support platform. This vehicle will
play a significant role in transportation, logistics, military ap-
plications, and other fields.

All the data used in this paper can be obtained
from the corresponding author on request.
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