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Existing center-point steering models of a tracked omni-vehicle seldom consider the skid of the track
(roller) grounding section, which is inconsistent with the actual steering process. In this study, for the three
typical layout types, rectangular, hybrid, and centripetal, the steady center-point steering motion of a tracked
omni-vehicle under skid conditions is analyzed and a correction model is investigated. The numerical solution
of the absolute lateral offset of the steering pole is obtained, and the influences of various structural parameters
on the numerical solution are discussed. The steering angular velocity reduction coefficient is calculated, and the
angular velocity of vehicles is corrected. The simulation of center-point steering motion is carried out on eight
virtual prototypes, and the center-point steering motion experiment is carried out on three physical prototypes.
The results show that the established correction model is more in line with the steering reality of the tracked
omni-vehicle, and it can play a role in correcting the center-point steering angular velocity.

An omnidirectional mobile robot (vehicle) system can move
in any direction for the 3 degrees of freedom on a plane,
and it can also rotate at any angle with zero radius in situ,
with flexible movement and convenient control. It has unpar-
alleled advantages in narrow areas requiring high speed and
high mobility (Wang, 2018). With the exception of robots
containing running mechanisms similar to universal wheels
(caster wheels) (Cao, 2018; Clavien et al., 2018; Yang et al.,
2018) and robots in the form of a single ball (Karavaev and
Kilin, 2017; Madhushani et al., 2017), omnidirectional mo-
bile robots are divided into wheeled and tracked omni-robots
according to different running mechanisms.

The running mechanisms that constitute wheeled omni-
robots (hereinafter referred to as the “wheeled omni-
mechanisms”) mainly include the Mecanum wheel (Wang,
2018), alternate wheel (Park et al., 2016), MY wheel (Tong,
2017), and spherical omnidirectional wheel (Tadakuma et al.,
2008, 2009). Poor load capacity, high requirements for flat-
ness and cleanliness of the walking environment, and poor
off-road and obstacle crossing performance are the common

shortcomings of wheeled omni-robots. One of the improve-
ment measures is to develop tracked omni-robots.

The running mechanisms of tracked omni-robots (here-
inafter referred to as the “tracked omni-mechanisms”)
mainly include the free-roller track (Chen et al., 2002), Vu-
ton crawler (Roh et al.,, 2013), Mecanum wheel crawler
(Mortensen Ernits et al., 2017; Guan and Yuan, 2019), om-
nidirectional mobile track (Zhang, 2017; Li et al., 2012;
Xing et al., 2018; Ma et al., 2015), planar omnidirectional
crawler mobile mechanism (Tadakuma et al., 2017; Takane
et al., 2019; Yu et al., 2020), omni-crawler (Tadakuma et al.,
2012, 2014), and other omnidirectional tracks. According to
whether it has the ability of active movement in two non-
collinear directions, the tracked omni-mechanism can be di-
vided into two types: active tracked and semi-active tracked
omni-mechanisms. An active tracked omni-mechanism has
problems such as a complex structure and poor load capac-
ity. The semi-active tracked omni-mechanism has strong load
capacity and a wide range of applications, and it is suitable
for small robots (Roh et al., 2013; Zhang and Yang, 2018)
and large machinery (Mortensen Ernits et al., 2017; Fang
et al., 2020). From the perspective of the projection of the



grounding section of the running mechanism, an omnidirec-
tional mobile track is the more representative of a semi-active
tracked omni-mechanism. The research on vehicles using
the omnidirectional mobile track (hereinafter referred to as
a “tracked omni-vehicles”) is more mature (Zhang and Yang,
2018; Zhang and Huang, 2015).

The center-point steering motion is one of the impor-
tant motion forms of a tracked omni-robot. The center-point
steering theory of a traditional tracked vehicle (such as the
tank) cannot be directly applied to a tracked omni-robot.
For a tracked omni-vehicle with a rectangular layout, Huang
et al. (2014) analyzed the velocity relationship between the
base point on the track grounding section and the maximum
slip point during the steering process and obtained the re-
lationship between the maximum steering slip ratio and the
structural parameters of the vehicle. Huang et al. (2014)
lacked analysis of other points on the track except the maxi-
mum slip point. The maximum steering slip ratio cannot rep-
resent all the characteristics of the center-point steering mo-
tion of the vehicle. For a tracked omni-vehicle with a rect-
angular layout, Zhang et al. (2015) analyzed the velocity re-
lationship between the center point of the grounding section
of a single track and other points during the turning process
and obtained the expression of the average slip velocity of
the grounding section of a single track. Zhang et al. (2015)
lacked an analysis of the track layout and did not consider
the impact of the track slip on the steering angular velocity
of the vehicle. For a tracked omni-vehicle with hybrid layout,
Yang et al. (2019b) analyzed the influence of the roller off-
set angle on steering motion from the perspective of steering
torque. Yang et al. (2019b) lacked design parameter analysis
other than the roller offset angle, and lacked the analysis of
the center-point steering motion of the whole vehicle.

A theoretical analysis of center-point steering motion
should be carried out for a variety of typical layout tracked
omni-vehicle, and a correction model should be established.
The research object should be all the points of the track
grounding section while focusing on the analysis of the mo-
tion relationship between the track grounding section and the
vehicle. The correction model can correct the angular veloc-
ity and time of the vehicle, as well as give the relationship
between the design parameters such as the roller offset an-
gle and the steering performance. This allows the designer to
evaluate the steering performance of the vehicle during the
design stage and then optimize the design.

The current design process of the tracked omni-vehicle, as
shown in Fig. 1, is divided into three steps.

1. Select or design the preliminarily structure and layout of
the mobile mechanism according to the design require-
ments.

2. Establish a motion model of the vehicle. Because the
slip in translational motion can be ignored, the perfor-
mance and anisotropy of translational motion are ana-
lyzed based on the ideal motion model. Because the slip

in the center-point steering motion cannot be ignored,
the performance of the center-point steering motion
cannot be analyzed based on the ideal motion model,
and the performance can only be analyzed based on ex-
perience. Based on the results of the analysis, the per-
formance of the vehicle’s translational and center-point
steering motion is evaluated. Through the evaluation re-
sults, the optimal value of the roller offset angle (gener-
ally 45°) is obtained.

3. Compare the theoretical results with the design require-
ments to see if the design requirements are met.

Analyzing the performance of the center-point steering
motion of the vehicle based on experience introduces uncer-
tainty. The performance of the center-point steering motion
of the vehicle should be analyzed according to the content in
the dashed box in Fig. 1. If the layout of the vehicle to be de-
signed belongs to one of the three types studied in this paper,
then the theoretical model given in this article will be directly
applied. If not, we should first analyze the velocity and force
of the track grounding section and then obtain the correction
model of the vehicle. According to the correction model, the
numerical solution of absolute lateral offset distance of the
steering pole is obtained. The center-point steering motion
performance of the vehicle is evaluated according to the nu-
merical solution.

Based on an omnidirectional mobile track, in this study,
the center-point steering motion of the three typical types
of tracked omni-vehicles, with rectangular, hybrid, and cen-
tripetal layouts, is analyzed and the mathematical model
is established. Eight virtual prototypes are established in
ADAMS, and the center-point steering motion simulation is
performed. Three physical prototypes are established, and
center-point steering experiments are performed. The simu-
lation and experimental data are analyzed and compared with
the theoretical model. The research results of this study can
provide guidance for the structural design of the semi-active
tracked omni-mechanism represented by the omnidirectional
mobile track and a vehicle with this mechanism, and the re-
sults can provide a basis for analysis and evaluation. The re-
search results of this study can also provide a reference for
the research of an active tracked omni-mechanism and a ve-
hicle with this mechanism and other tracked omni-robots.

The typical layout types of tracked omni-vehicles and other
tracked omni-robots are mainly rectangular (Mortensen Er-
nits et al., 2017; Zhang and Yang, 2018; Zhang and Huang,
2015; Zhang et al., 2015; Huang et al., 2014; Singh et al.,
2017; Hua and Zhang, 2019; denoted Type I), hybrid (Yang
et al., 2019a, b; Liu et al., 2018; denoted Type II), and cen-
tripetal layouts (Chen et al., 2002; Roh et al., 2013; Y. Zhang
et al., 2017, 2019; Zhang, 2018; X. Zhang et al., 2016; de-
noted Type III). A schematic of the layout of the three types
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of tracked omni-vehicles is shown in Table 1, where p rep-
resents the types, with p = 1,2, 3 (refer to Appendix A for
the meaning of all of the symbols in this article). The tracks
are numbered in Table 1. The solid rectangle represents the
geometric projection of the track grounding section, the short
oblique line represents the axis of the ground roller, and the

dotted line represents the vehicle body. The Type III vehicle
with two tracks can complete the center-point steering mo-
tion but cannot complete the omnidirectional motion, so it
is not an omni-vehicle and it is distinguished by brackets in
Table 1.



Typical layout of tracked omni-vehicles.

Layout type Example of geometric projection of track grounding section
@ ZAROIN N
Typel T |
=1 I |
O RO /]
@ @7 /|
® EIN AN
Type II T T
| | | |
®=2) o J o ]
© |
@ N
S LISN
Type III o N7
_s CNJ! IND) l\ )
(r=3) }_ i ‘ N

According to the ideal inverse kinematics equation of the
tracked omni-vehicle given in Zhang and Huang (2015) with-
out considering the slip, the ideal inverse kinematics equa-
tions of the three types shown in Table 1 can be obtained
as shown in Eq. (1), wherein the subscript i represents the
number i track of the vehicle, i =1, 2,3, ...n. The applica-
ble condition of Eq. (1) is that the track has a shorter landing
length (Zhang and Huang, 2015):

T
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In the formula, 7p; = 6p; + o, Vyp is the translational ve-
locity along the x axis and vy, is the translational velocity
along the y axis. w;, is the angular velocity of the theoreti-
cal center-point steering motion without considering slippage
(hereinafter referred to as “ideal center-point steering mo-
tion”). wy; is the speed of the driving sprocket, rp; the radius

of the pitch circle of the driving sprocket, and o, the offset
angle of the roller, api € (—%., %) /. Bpi is the angle between
the center of the track and the center of the vehicle, and [ is
the distance between the center of the track and center of the
vehicle. 6, is the angle between the coordinate system of the
track and the coordinate system of the vehicle. The necessary
condition for the vehicle to achieve omnidirectional motion is
that the velocity inverse Jacobian matrix of the system is full
rank (Wang, 2018), i.e., rank (J,,,) = 3. It should be pointed
out that Eq. (1) is also the ideal inverse kinematics equation
of the omni-platform composed of Mecanum wheels. This
means that the essence of Eq. (1) is to equate the omnidi-
rectional mobile track to the Mecanum wheel located in the
center of the track, that is, ignoring all grounding points ex-
cept the center point of the track.

Letting Ly; be the length of the track grounding section,
generally, the radius of each driving sprocket of the same ve-
hicle is the same and the grounding length of each track is
the same, i.e., rpi =7p1 and Lpj = L. If only the center-
point steering motion is studied, the rotation speed of all
driving sprockets in a vehicle can be set to be the same, i.e.,
a)pi = wpl-

The Type I vehicle consists of four tracks, which are lo-
cated at the four corners of the vehicle body. Tracks (1) and
(2) are symmetrical along the longitudinal axis of the vehicle
body, tracks (3) and (4) are symmetrical along the longitu-
dinal axis of the vehicle body, tracks (1) and (3) are sym-
metrical along the transverse axis of the vehicle body, and
tracks (2) and (4) are symmetrical along the transverse axis



of the vehicle body. Tracks (1) and (4) have the same roller
offset angle, and tracks (2) and (3) have the same roller off-
set angle. The signs of the roller offset angles of tracks (1)
and (4) are opposite to those of tracks (2) and (3). For a
Type 1 Vehicle, in Eq. (1), 11,' 2111, ﬂlz =T —,311, ,313 =
T+B11, B2 =27 — P11, 011 =013 =7,010 =014 = 0,011 =
aj4 =Xy, and a2 =a13 = —A1, where A, € (0, %) Set-
ting Bypi = |IpisinBpi| and Bypi = |Ipi cos Bpi
Byx1i = Bx11-

A Type II vehicle consists of four tracks, with two tracks
arranged on each side of the vehicle body, and the roller off-
set angles of the same side track are opposite. For a Type
IT vehicle, in Eq. (1), lo1 =123, lop =14, Pro = P21 =,
B3 =Pra=0, 01 =0p=m, 0)3=01=0, ar; =ax3 =
A2, @y =03 = —A2, Byy; =0, By21 = By23, and By =
By24.

A Type Il vehicle consists of several tracks that are evenly
distributed around the geometric center of the vehicle body,
and the roller offset angles of each track are equal. For a Type
III vehicle, in Eq. (1), l3; =131, B3i = 63i = ([ — 1)27”, and
o3; = A3.

In summary, the ideal center-point steering model (kine-
matic equations) of the three types of vehicles can be ob-
tained from Eq. (1) as shown in Eq. (2):

o — { (Bx + By cota|) w,

» By1i = By11,

Type I

Type 11, Type II1 2

B, w;

To establish a motion correction model based on skid con-
ditions (hereinafter referred to as the “correction model”) for
the smooth steering of a tracked omni-vehicle on a horizontal
road surface, the following assumptions are made (Cheng et
al., 2006, 2007).

1. The vehicle is symmetrical about its longitudinal and
transverse planes, and the center of mass and the geo-
metric center of the vehicle coincide.

2. The ground pressure of the track (roller) is uniformly
distributed, regardless of the pressure changes of the
roller when it approaches the ground and when it leaves
the ground.

3. The vehicle has low-speed uniform steering, ignoring
the influences of the centrifugal force and angular ve-
locity changes.

4. The track is a uniform and flexible belt, regardless of
the width and misalignment of the track.

5. The driving resistance coefficient of the vehicle does not
change due to steering.

The following is an analysis of the center-point steering
motion for Type I, II, and III vehicles.

Taking track (1) of the Type I vehicle as an example, the
point on the longitudinal symmetry axis of the track ground-
ing section is selected and the center-point steering motion
in four parts, as shown in Fig. 2a—d, is analyzed. The vehi-
cle has a clockwise center-point steering motion, with clock-
wise as the positive direction. In Fig. 2a—d, the blue arrow
represents the velocity vector, and the red arrow represents
the force vector. The parameters, such as the amplitude and
angle of each vector in Fig. 2, are slightly exaggerated for
the convenience of presentation and do not represent the ac-
tual values. Taking the horizontal ground as the Earth ab-
solute coordinate system X OY, a follow-up coordinate sys-
tem xoy is established on the vehicle body, where point o is
the plane projection of the geometric center of the vehicle. I,
is the straight line where the longitudinal symmetry axis of
the track grounding section lies. Ppy is the type k grounding
point between the rollers on track (1) of the p-type vehicle
and the ground, and k =0, 1, 2, 3. Py is the grounding point
in the ideal center-point steering motion. Pp1, Pp2, and Pp3
are the grounding points in the center-point steering motion
considering the slip. P is the grounding point at which the
degree of slippage is zero, P the grounding point with an
ordinate greater than P, and Ppj3 the grounding point with
an ordinate smaller than Pp;.

First, the ideal center-point steering motion, as shown in
Fig. 2a, is analyzed. Point Pjo(—By11By11) is the geomet-
ric center of the ground plane of track (1). [, is the straight
line in the free rotation direction of the grounded roller, and
it is the vertical line of the roller axis. A3 is the intersec-
tion of [, and the ox axis. The extension line of the roller
axis direction passing point Pjo and the straight line where
the ox axis is located intersect at point Ajp. V is the rel-
ative velocity vector of the track, and the direction is along
the negative direction of the y axis. V 4 is the following ve-
locity vector, which is perpendicular to the o Py vector. V ji
is the absolute velocity vector, which is perpendicular to the
A11 P vector. Due to the interaction between the ground
and the grounded roller, a reverse force F; vector is gen-
erated in the opposite direction of its absolute speed. Letting
|Fixl = Fyi(my, L) = ’flflllg dy, where p is the steering re-
sistance coefficient (Song et al., 2008, 2009), m, the mass
of the p-type velocity, and g the acceleration of gravity, it
is noted that M and T are the steering resistance torque
and the driving torque, respectively, of the k-type grounding
point of track (1) of the p-type vehicle.

According to the derivation process (Zhang and Huang,
2015) of Eq. (1), it can be seen that Eq. (1) is only applicable
to the geometric center point of the plane of the track ground-
ing section, as shown in point Pjg in Fig. 2a. At this time,




(¢) Analysis of point P

Analysis of center-point steering motion of the Type I vehicle.

V jo and Iy are collinear, while F1o and V ;o are collinear
and opposite in direction. Because V jg is in the free-rotation
direction of the roller, no slippage occurs. At this time, the
effect of F19 on the roller is only the free rotation of the
roller. Therefore, A1, is the instantaneous turning center of
the grounding section of track (1) without considering the
slip.

In the ideal center-point steering motion, the instantaneous
turning center of the left-hand track grounding section of a
traditional dual-track longitudinally symmetrical tracked ve-
hicle represented by a tank (hereinafter referred to as the
“traditional tracked vehicle”) is point Aj3. The comparison
shows that the steering pole of the Type I vehicle has an orig-
inal lateral offset from A3 to A, under ideal circumstances.

The movement of point Pyi(—By11y0) shown in Fig. 2b is
now analyzed. Because the track is slipping at this time,
w;1 < |wz1], where w;; represents the theoretical angular
velocity vector of the center-point steering motion consider-
ing the slip. To cause Vi to be in the free-rotation direction

(d) Analysis of point Pis

of the roller, P;; must be above Pjg. The extension line of
the roller axis direction passing through point P;; and the
straight line of the ox axis intersect at point Ajj(—Aq1,0).
A1 is the instantaneous turning center (turning pole) of the
grounding section of track (1) considering slippage. Ap; is
the absolute lateral offset distance of the steering pole. Ac-
cording to the symmetry, Aj; = Ay;. [ is perpendicular to
the line at which Aj; Py; is located. ¢y is the acute angle
between the line at which the ox axis is located and that
at which the APy is located, and ¢ > 0. At this time,
@11 = A1. Similar to the analysis in Fig. 2a, at this time, V ;|
and [, are collinear, F; and V ;| are collinear and in op-
posite directions, and no slipping occurs. In addition, at this
time, M =T11 =0.

The movement of point Pj» shown in Fig. 2¢ is now ana-
lyzed. V j; is perpendicular to the A1 P vector, and it lies
on the right-hand half of Ig; @12 > A;.The vector decompo-
sition of F1; is conducted along the direction perpendicu-
lar to [y, and the decomposed vector is denoted as Fy.



F 5, is decomposed along the ox axis and oy axis direc-
tions, and the decomposed vectors are denoted as F 12,y and
F 12y, respectively. | Fio,| = |F1a|sin(gia — A1), | Fiox| =
| F125|cosAy, and |F12xy| = |F12x|sini;. In summary,
Mi; = —fy"'omax |Fi2xx|y and Tip = —fy)omax Fi24y| By11 can
be obtained, where yo= (A1 — Byxi1)tani; and ymax =
By + 4

The movement of point P;3 shown in Fig. 2d is now an-
alyzed. V ;3 is perpendicular to the AP 3 vector, and it
lies on the left-hand half of /y; @13 < Aj. The vector de-
composition of F3 is carried out along the direction of /g,
and the decomposed vector is denoted as F13y. F3x is de-
composed along the ox axis and oy axis directions, and the
decomposed vectors denote F3y; and F3yy, respectively.
|F13c] = [Fi3|sin(—@13 + A1), | F13x0] = [F135|cosAp, and
|Fi3cy| = | Fiaelsinig. In summary, Miz = [3° |Fiauily
and T3 = nyr:in |F13xy| By11 can be obtained, where ymin =

L
By — 5t

Synthesizing the analysis of the above four parts and setting
singp; = L Api— Bepi
Ppi =

[ S COS Ppi = —Fm—m—r——,
VEH(Api—Bupi )? DL VP H(Api—Bapi)?

the steering resistance torque is M| = M+ M3 =
fvyn’l';zxycos)q sin(A; —¢1) F);1 and the driving torque is
Ti =T+ Tiz= fyy[:ixBxu sinAysin(A; — 1) Fy1. Letting
api be the relative lateral offset distance of the steering pole,
api = Api — Bypi. For a Type I vehicle, a;; = ayy. Letting
frpi be the total torque of the grounding section of track i of
a p-type vehicle, and given the initial conditions ap; > 0 and
Ymin > 0, then

and

pwm
frin = 16Lf {cosz)q [2By1] (c1—¢2)

C1 + Ymi
— By (c1+c2)— 2a3, 1ﬂ1—ymm:|

€2 + Ymax

€1+ Ymin .
—4BX11a111n1—ymmsm2k1
€2 + Ymax

—2(c1 —c2)(an —Bxll)Sinz)\]}, 3)

where ¢ = /a?, +y2. and c2 = /a} + y2,..

In the Type I vehicle, the analysis of the steering resistance
and driving torque of the grounding section of tracks (2)—(4)
is similar to that of track (1), and the expressions have the
same form. The derivation process is omitted here. Letting
fzp be the total center-point steering torque of p-type vehi-
cle, then

Ja1 Eijllei =4fru. “4)

Analysis of center-point steering motion of Type II vehi-
cle.

First, the Type II vehicle is analyzed. The analysis of the
center-point steering motion of the Type II vehicle based
on skid conditions is similar to that of the Type I vehicle.
Here, track (1) is again taken as an example for analysis, as
shown in Fig. 3. For brevity, the expression and the analysis
of the velocity vector are omitted here, and only the force
vector is expressed and analyzed. In Fig. 3, only the lower
half of the grounding section of track (1) is analyzed, be-
cause the analysis of the upper half is the same as that of
the grounding section of track (1) of the Type I vehicle. The
establishment of the coordinate system is the same as that
in Sect. 3.1. Point Ay, is the intersection of /, and the ox
axis. Point A1 (—A21,0) is the instantaneous steering cen-
ter of the center-point steering motion based on skid condi-
tions. lyang is the design criterion line of the Type II vehicle
track proposed by Yang et al. (2019b). The acute angle be-
tween lyang and the ox axis is equal to the roller offset angle.
Yang et al. (2019b) pointed out that a design should follow
the rule that the end point of the track (roller) grounding sec-
tion does not exceed lyang. To discuss the general situation,
this rule is ignored in the following discussion. At this time,
|For| = Fuo = Fu1 (m2,2H) = 5g28dy, where H is half of
the length of the track grounding section, H = %Lzl.

A2, (—By21,0) in Fig. 3 is the instantaneous steering cen-
ter of track (1) of the grounding section of the ideal center-
point steering motion. Letting ¢ be the acute angle be-
tween the ox axis and the line where Ajj Py is, @ > O.
Then, g2 = % — A2 (for brevity, this is not marked in Fig. 3),
@22 > %5 — A2, and @23 < 5 — Ap. The vector decomposition
of Fy; is conducted along the direction of the roller axis,
and the decomposed vector denotes Foiy. Fo, is decom-



posed along the ox axis and oy axis directions, and the de-
composed vectors denote Fojyy and Foyy. Additionally,
|Fokx| = |Fak|cos (%5 — A2 — @), [Forxx| = [Fare|cosha,
and | Fogxy| = | Fox | sins.

Letting M»; be the steering resistance torque and
letting 7Tox be the driving torque, then Z/%: (Mo =
Yio Tk =
fi) yBxo1sindosin(Az +¢2) Fyn.  Analyzing the entire
track grounding section (1) of the Type II vehicle, the total

. . . H 2 .
steering resistance torque is My = — fo 2ycos Ay singy Fyn

_fEH — ycosAasin(Ay + ¢2) Fjn and

and the total driving torque is 7, = fOH By218in?As cos @2 Fyo.
Given the initial conditions H > 0, the expression of the
total torque of the grounding section of track (1) of the
Type II vehicle is

[Lmog /
fT21 = — SH [COSZ)\.Z (H a%l + H2
a
rain )
H+ /a3 + H?

+2Byr1a1 sinzkz In

asi ] 5)

H+ /a3 + H?

The analysis of the steering resistance torque and the driving
torque of the grounding section of tracks (2)—(4) is similar to
that of track (1), and here,

fLmy /
fT22 = — 8Hg [COSZ)\,Z (H 61%2 + H2
a
ran—2 )
H+ /a3, + H?

+ Zszzazzsinz)»z In

ay } _ ©)

H+ /a3, + H?

For the Type II vehicle, Ay = A23, A2 = A4, a21 = an3,
axy = ax, fra1 = froz, and fra = froa.

It can be seen from the above analysis that the two exam-
ple layouts of Type II shown in Table 1 are equivalent in the
center-point steering analysis. The overall center-point steer-
ing torque of the Type II vehicle can be expressed as

fa= Z?Zlfrzi =2fra+2frn. (M

The analysis of the center-point steering based on the skid
conditions of the Type III vehicle is the same as that of the
Type 1I vehicle. The first step of the analysis is to analyze
a certain track and then extend the analysis results to other
tracks. According to the central symmetry of the Type III
layout, the expression of the total torque of the center-point
steering of the Type III vehicle is

fa= Z:l:lfTSi =nfr31. ®)

Supposing that the driving torque of the center-point steering
motion of the traditional tracked vehicle is T, and the steer-
ing resistance torque is M., and comparing the expressions
in Cheng et al. (2006), with the premise that the direction of
the reference frame and the parameters are consistent,

fur = Mccos?ha + T,sin?s. )

Equation (9) is consistent with the derivation process of the
center-point steering motion formula of the Type II vehicle.
It can be seen that due to the decomposition of the rollers on
the force the driving torque and the steering resistance torque
of the Type II vehicle are both the secondary components of
the stress moment of the traditional tracked vehicle.

Considering the driving resistance, a model of the center-
point steering motion based on the skid conditions of the
p-type vehicle is established. Substituting the specific struc-
tural parameters of the p-type vehicle and using the numer-
ical solution to solve the equation to obtain Ap;, Ap; is used
to modify the ideal center-point steering motion equation of
the p-type vehicle and to calculate the center-point steering
angular velocity reduction coefficient of the p-type vehicle.

The three types of vehicles have a low-speed uniform center-
point steering motion on level ground. According to the plane
motion equation of a rigid body,

fop + My =0, (10)

where M,, is the driving resistance torque. M,, =
%m P gyZlN: 1 Bxpi» where N is the number of tracks of the
p-type vehicle and y the road resistance coefficient. To ex-
press Eq. (10) in the form of a function,

f(:usBypi’Lpls )\vapi’Bxpis J/) :O (11)

When the parameters w, Bypi, Lp1, Ap, Bypi, and y in
Eq. (11) are known, the equation can be solved and Ap; can
be obtained. Equation (11) is a transcendental equation and
an analytical solution cannot be obtained. A numerical itera-
tive solution method is used to find Ap;.

The roller material of the tracked omni-vehicle is generally
hard rubber or polyurethane. The working environment of the
tracked omni-vehicle is generally a factory workshop or an
outdoor flat road, and a cement road is the common working
road. In summary, the parameter values of the ground are set
to u = 0.7 and y = 0.04. An example containing specific pa-
rameters for each type of the tracked omni-vehicle is chosen,
and the absolute lateral offset distance is calculated. Taking
vehicles (1), (3), and (7) in Table 2 as examples, A is calcu-
lated and a comparative analysis is performed. Table 2 shows



the basic parameters of virtual prototypes (1)—(8), where A
is the length-to-width ratio of the track grounding section.
The relationship between the two sets of parameters
{L, A} and {«, A} of the virtual prototypes (1), (2), and (7) is
calculated as shown in Fig. 4a and b, where the blue curve
is the average value of A for the two tracks on the same
side of virtual prototype (3). In engineering design, the de-
sign experience of a € [Z 5 Z] is generally followed because
a roller offset angle that is too small or too large will com-
plicate the design and processing of track shoes, and it will
affect the anisotropic distribution of the translational velocity
and the acceleration of the omni-vehicle (Zhang and Huang,
2015; Yang et al., 2019b; Zhang et al., 2017). Therefore,

oe [%’ 51—75] is taken in Fig. 4b.

It can be seen from Fig. 4 that A increases as L increases
and A decreases as « increases. The A value of the Type 11
and III vehicles is more affected by the change of « and that
of the Type I vehicle is less affected. Using a similar drawing
method to analyze the relationship between ByA, By A, and
B,.a of the three vehicles, it can be seen that A increases with
the increasing By and By, and a decreases with the increasing
B;.

The theoretical center-point steering angular velocity w;; of
the three vehicles based on skid conditions can be obtained
according to the following formula:

or = Awy. (12)

Combining Egs. (2) and (12), the ratio of w;; to w, can be
obtained as shown in Eq. (13):

By +By cot|a|
Qa LT Typel (13)
w; * Type 11, Type 11
The descent coefficient function is defined as
Y (x1,x2) = xl x2 and Vo = =Y (wy, w7), Yos =

¥ (wg, wgs), ¢ts =Y (Wy, Wzs5), Yo =V (0, wz), and
Y = ¥ (0, wzr), Where wgs is the average value of the
center-point steering angular velocity of the virtual pro-
totype in the simulation and w,, is the average value of
the center-point steering angular velocity of the physical
prototype in the experiment. g = || — |Yss| is the
steering angular velocity reduction coefficient of the virtual
prototype before and after correction, and ¥, = || — [y |
is the steering angular velocity reduction coefficient of the
physical prototype before and after correction.

Taking the virtual prototypes (1), (3), and (7) in Table 2 as
examples, the relationship curve between v, and « is drawn
as shown in Fig. 5, from which it can be seen that v, always
decreases with increasing «. It can be seen from Fig. 5 that in
the Type II and III vehicles, v;; is more sensitive to changes

in o. When « € [%, %], the ¥, value of virtual prototype
(1) is always smaller than that of virtual prototypes (3) and

(7). When « € [12, 7 ], the ¥,; value of virtual prototype
(7) is always smaller than that of virtual prototype (3). This

is because the ratlo 2 of virtual prototype (7) is smaller than
that of virtual prototype 3).

According to the analysis of the translational velocity
and the acceleration anisotropy of the tracked omni-vehicle
(Zhang and Huang, 2015; Fang et al., 2020; Yang et al.,
2019b; Zhang et al., 2017), the optimal value of the roller
offset angle in translational motion is 7 rad. For the Type I
vehicle, the roller offset angle is set to % rad, and this can
take into account the best translational motion and center
steering motion performance. For the Type II and III vehi-
cles, the offset angle of 7 rad will cause serious slippage in
the center-point steering Therefore, the offset angle should
be greater than 7 rad . Additionally, the general value is %
rad. At this tlme the optimal translational performance can-
not be considered.

According to the design parameters in Table 2, virtual pro-
totypes (1)—(8) are established in ADAMS, and the center-
point steering motion simulation is performed. The correc-
tion model is applied to correct w;. V.5, Vs and V¥ are calcu-
lated, and the calculation results are compared and analyzed.
Physical prototypes corresponding to the virtual prototypes
(1), (2), and (4) are established, and center-point steering mo-
tion experiments are conducted. V., ¥, and i, are calcu-
lated, and the calculation results are compared and analyzed.

Virtual prototypes established in ADAMS based on Table 2
are shown in Fig. 6.

In the simulation, each driving wheel of the same vehicle is
driven by the same form of STEP function. The STEP func-
tion is applied to the revolute joint of the driving wheel. The
syntax of the STEP function is “STEP(x0, xI, hl, x2, h2)”,
where x0 represents the independent variable, x/ represents
the initial value of the independent variable, i/ represents
the initial value of the STEP function, x2 represents the end
value of the independent variable, and /2 represents the end
value of the STEP function. The STEP functions of the eight
virtual prototypes in the simulation are shown in the Table 3.

The angular velocity curve of the center-point steering of
virtual prototypes (1)—(8) is shown in Fig. 7. The solid line
in the figure represents the simulated angular velocity value
of the virtual prototype measured. The dotted line represents
the calculated w, value. A positive angular velocity indicates
that the virtual prototype turns counterclockwise, and a nega-
tive angular velocity indicates that the virtual prototype turns



Basic parameters of virtual prototypes (1)—(8).

Type No. m((kg) By (mm) By (mm) o (rad) L (mm) A r (mm)
I D 5070 694 579 /4 505 3.1 147.5
2) 340 560 558 610 5.5 173
(3) 92 /3 23.3
11 @) 32 0 295 230 /4 700 167 112
) 180 550 698 16.6
I 6) 108 317 7.5
@] 111 0 685 /4 698 16.6 112
®) 212 1080 25.7
1.4 16
—®
1.2 ®
| @
B
~0.8
=
06F o
04r
0.2

0.1 02 03 04 05 06 07 08 09 1
L (m)

(a) Relationship lines of {L, A}

Relationship lines.

1.1345 1.3090

0 1 1
0.2618 0.4363 0.6109 0.7854 0.9599

a (rad)

Relationship curves of ¥;; and .

clockwise. Comparing the solid and dashed lines in Fig. 7a—
h, it can be seen that the simulated angular velocity values of
virtual prototypes (3), (4), (5), and (8) are far from the ideal
angular velocity values.

The parameters of the center-point steering of virtual pro-
totypes (1)—(8) obtained by calculation are shown in Table 4.

0 1 1 ~ 1 T T
0.2618 0.4363 0.6109 0.7854 0.9599 1.1345 1.3090
a (rad)

(b) Relationship lines of {a, A}

From the information about the virtual prototypes (1), (6),
and (8) in Fig. 7 and Table 4, it can be seen that the differ-
ence in the speed of the driving wheels does not cause dras-
tic changes in the values of parameters such as ¥, and ¥y,
which shows the correctness of the built simulation model
and the modified model. It can be seen from Fig. 7 and Ta-
ble 4 that the y,; values of virtual prototypes (1) and (2) are
relatively small because of the low slippage characteristics of
the Type I vehicle. The ;5 value of virtual prototype (6) is
small because the L value of (6) (as shown in Table 2) is
small.

Compared with v in Table 4, it can be seen that the cor-
rection effects of virtual prototypes (1), (2), and (6) are not
good, but the corrections increase the absolute values of the
errors. The correction effects of virtual prototypes (7) and
(8) are not obvious, and the absolute values of the errors are
slightly reduced after correction. The correction effects of
virtual prototypes (3)—(5) are better, and the absolute value
of the error is greatly reduced after correction. The reason
for the above correction difference is that the A values of
virtual prototypes (1), (2), and (6) (as shown in Table 2) are
small, which makes it impossible to ignore the influence of
the track width on center-point steering, which contradicts
the assumption (4) in Sect. 2. According to design experi-
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(g) Virtual prototype @

Figure 6. Virtual prototypes (1)—(8).

ence, the condition of the assumption (4) is A > 10. From the
perspective of the three types, it can be seen that the modified
model is generally suitable for theoretical calculation and the
correction of Type II and III vehicles, and it is generally not
necessary to modify the Type I vehicle.

https://doi.org/10.5194/ms-12-511-2021

(d) Virtual prototype @)

r.é‘!!_é’!!jht

(h) Virtual prototype

5.2 Experiments and analysis

Physical prototypes (1), (2), and (4) corresponding to the vir-
tual prototypes (1), (2), and (4), respectively, in Table 2 and
Fig. 6 are established and center-point steering motions are
conducted, as shown in Fig. 8. The wheels of the physical

Mech. Sci., 12, 511-527, 2021



STEP functions of virtual prototypes (1)—(8).

STEP function

STEP (time,1,0,1.6,180d)
STEP (time,1,0,3,360d)
STEP (time,0.5,0,2,6.37)

STEP (time,0.5,0,1.5,90d)

Type Virtual prototype  wzs

I (1) b4
1) 2w
2) 6.37
3)

II ) /2
(®)] 2
(6) /2
(6)

11 7 6.1161
(®) /2
®) b4

STEP (time,0.5,0,2,360d)
STEP (time,0,0,0.5,90d)

STEP (time,0,0,0.5,6.116)

STEP (time,0.5,0,1.5,90d)
STEP (time,0.5,0,1.5,180d)

Calculation of center-point steering parameters of virtual prototypes (1)—(8).

Type No. w(rads™!) o, (rads™!) wy (rads™!)  wy (rads™!) Vzs Vs Vs
1 0.3625 0.3471 0359 097% —331% —2.34%
I (1 2n 0.7305 0.6995 07225 1.11%  —3.18 —2.07%
2) 637 0.9857 0.9421 10227 —3.62% —7.88% —4.26%
3) 0.5947 0.5646 18.70%  534% 13.36%
L @ T 0.6702 0.4393 04503 48.83% —2.44% 4639%
(5) 27 1.2566 1.0889 1.0982 1442% —0.85% 13.57%
© /2 0.2568 0.2519 02618 —191% —3.77% —1.86%
m © e 1 0.9810 101  —0.99% —2.87% —1.88%
T 1 0.9272 096  417% —3.42%  0.75%
®) 72 0.2568 0.2371 02331 1017% 170%  847%
® 7 0.5137 0.4742 04617 1126% 271%  8.55%

prototypes (1), (2), and (4) are all hard rubber, and the road
conditions are all dry cement roads. The center-point steering
process of physical prototypes (1) and (2) is smooth. In the
process of center-point steering, the shift of the steering cen-
ter of physical prototype (4) is more obvious, and the tracks
near the vehicle body vibrated more than those far from the
vehicle body do, and the phenomenon of blocking in motion
manifests.

According to Eqgs. (2), (12), and (13), w,, wz, Yz, Yir,
and - are calculated as shown in Table 5. Compared with
Y, it can be seen that the correction model has a positive
correction effect on physical prototypes (1) and (4), reducing
the speed error, and it has a significant correction effect on
physical prototype (4). The correction model has a negative
correction effect on physical prototype (2), but it increases
the speed error. The conclusion obtained with the analysis of
Y, is consistent with the conclusion obtained with the anal-
ysis of ;. It can be seen that the correction model and the
virtual prototypes are correct.

Taking three typical layouts as examples, in this study, the
center-point steering motion of a tracked omni-vehicle based
on skid conditions is analyzed, and the analysis results are
compared and analyzed using the simulation and experimen-
tal data. The following conclusions are drawn.

1. Compared with traditional tracked vehicles, the rectan-
gular layout of a tracked omni-vehicle has a horizontal
original offset of the steering pole in the center-point
steering motion. This original offset is related to the
roller offset angle and the track grounding length of the
vehicle. The parameters are directly related.

2. In the center-point steering motion, due to the force de-
composition of the rollers, the driving torque and the
steering resistance torque of the Type II and III vehi-
cles are the secondary components of the corresponding
torque of the traditional tracked vehicle.

3. For the case of the same roller offset angle, in center-
point steering, the slips of the Type II and III vehicles



Y. Fang et al.: Center-point steering analysis of tracked omni-vehicles

0.1

-0.1
-0.2
-03F

AL
¥ Al

w,, (w=m)
— o, (w=2n)
------ @, (0=1)
------ . (w=2m)

04fF T
0.5
0.6
0.7

Angular velocity (rad/s)

523

., (0=6.37)
. (w=6.37)

Angular velocity (rad/s)

-0.8
0 2 4 6 8 10 12 14

Time (s)

(a) Angular velocity curve of virtual prototype (D

Time (s)

(b) Angular velocity curve of virtual prototype @

0.7

0.6
0.5
0.4
0.3
0.2
0.1

Angular velocity (rad/s)

w,, (0=m/2)

Time (s)

(¢) Angular velocity curve of virtual prototype @)

02
0
02
04
0.6
0.8
-1
12

Angular velocity (rad/s)

., (0=2m)
o, (»=2m)

-1.4
2 25

Time (s)

3

35 4 45 5 55

(e) Angular velocity curve of virtual prototype &

w., (0=6.1161)
o, (©=6.1161)

0 "
0 02 04 06 08

Time (s)

1

1.2 14 16 18 2

(2) Angular velocity curve of virtual prototype

0.1
0 w,; (w=m/2)
vl I T s o, (0=1/2
2.0 . (@=172)
<
=02
2
5-03F
2
204
=-05
20
2-06F
(% S L A A A A A
-0.8
1 2 3 4 5 6 7 8
Time (s)
(d) Angular velocity curve of virtual prototype @
0.1
0
0.1
302
=-03
204 w., (0=m/2)
2 .0'5 ., (0=06.1161)
Q 0'6 ------ w, (w=m/2)
sy e 0. (w=16.1161)
= -0.7 =
208
<09t .
-1f- PP TAAANA R A VA RAP AR TR
-1.1 +
1 2 3 4 5 6 7
Time (s)

(f) Angular velocity curve of virtual prototype ©)

0.1

. (@=7/2)

0

.
S

-021

s &
S W

Angular velocity (rad/s)

-0.5F

0 0.5 1 1.5 2 2.5 3 35 4
Time (s)

(h) Angular velocity curve of virtual prototype @

Figure 7. Center-point steering angular velocity curve of virtual prototypes (1)—(8).

are more serious than that of the Type I vehicle. When
higher requirements for the center-point steering exist in
the design stage, the Type I vehicle should be selected
for structural design first. When comprehensively con-
sidering the translation and center-point steering motion

https://doi.org/10.5194/ms-12-511-2021

performance, the optimal value of the roller offset angle
of the Type I vehicle is generally 7 rad. The optimal
value of the roller offset angle of the hybrid and cen-
tripetal layout vehicles should generally be greater than
7 rad, and % rad is usually chosen as a compromise.

Mech. Sci., 12, 511-527, 2021
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(a) Center-point steering motion of physical prototype O

e A

Direction
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(c) Center-point steering motion of physical prototype @

Figure 8. Center-point steering motions of physical prototypes (1), (2), and (4).

Table 5. Data for center-point steering motion of physical prototypes.

4.

Type No. o (rads™') oy (rads™!)  w (rads™!) Var Vi vr
I (D) 2.2260 2.1315 2.0944 6.28 % 1.77 % 451 %

2) 1.1270 1.0772 1.1706 —-3.72% —7.98% —4.26%
1I 4) 1.5324 1.0045 0.9887 54.99 % 1.60% 53.39%

The analysis of the simulation and experimental data
shows that the reduction coefficient of the center-point
steering angular velocity of the tracked omni-vehicle
given in this article can play a corrective role. The cor-
rection effect on the Type II and III vehicles is more
obvious than that of the Type I vehicle. The corrective
effect is obvious when the length-to-width ratio of the
track grounding is relatively large.

Based on the research in this article, the following four
directions are worthy of further research in the future.

1.

Researchers should consider studying equations of mo-
tion such as Eq. (7) from the perspective of force and
power, e.g., by analyzing the relationship between the
power of the vehicle’s driving wheel and center-point
steering radius, and obtaining the law of the vehicle’s
steering power.

Mech. Sci., 12, 511-527, 2021

2. Researchers should consider reducing the number of

assumptions in Sect. 3 and conduct a more detailed
study on the center-point steering motion of the tracked
omni-vehicle. For example, researchers do not ignore
the width of the track grounding section or study the
center-point steering motion when the position of the
center of gravity changes.

3. Researchers should consider the influence of the ground

and soil on the center-point steering motion, explore the
vehicle’s moving capabilities on unstructured roads, and
expand the application environment of the vehicle.

4. Different degrees of velocity and trajectory deviations

will occur in the center-point steering motion. It is nec-
essary to study the control methods to correct this devi-
ation and find the control laws and methods to improve
the steering performance.

https://doi.org/10.5194/ms-12-511-2021



relative offset distance of steering pole (m)

absolute lateral offset distance of steering pole (m)

length of projection of distance between center of track and center of vehicle in the x axis
and y axis directions (m)

total torque of grounding section of track (N m)

total center-point steering torque (N m)

reverse force vector

component force of F along axis of roller

component force of F, along ox axis direction

component force of F, along oy axis direction

acceleration due to gravity (ms~2)

half of length of track grounding section (m)

Jacobian matrix

distance between center of track and center of vehicle (m)

length of single track grounding section (m)

vehicle mass (kg)

steering resistance torque (N m)

steering resistance torque of traditional tracked vehicle (N m)

resistance moment during driving (N m)

number of tracks of p-type vehicle

radius of driving wheel (m)

steering driving torque (N m)

steering driving torque of traditional tracked vehicle (N m)

translational velocity in x axis direction (m s

Vy translational velocity in y axis direction (ms~")

V; absolute velocity vector

Vy following velocity vector

Vy relative velocity vector

Greek symbols

roller offset angle (rad)

angle between center of track and center of vehicle (rad)

road resistance coefficient

angle between roller axis and vehicle coordinate system (rad)

angle between coordinate system of track and coordinate system of vehicle (rad)
absolute value of roller offset angle (rad)

length-to-width ratio of track grounding section

steering resistance coefficient

acute angle between ox axis and straight line connecting point on ground roller

and instantaneous steering center (rad)

descent coefficient function

steering angular velocity reduction coefficient of physical prototype before and after correction
s steering angular velocity reduction coefficient of virtual prototype before and after correction
angular velocity of driving wheel (rads™!)

w; angular velocity of center-point steering motion without considering slippage (rads—!)
Wzr average value of center-point steering angular velocity of physical prototype in experiment (rad s~ ')
Wzs average value of center-point steering angular velocity of virtual prototype in simulation (rad s~ ')
o angular velocity of center-point steering motion considering slippage (rad s~!)
Subscripts

i different tracks on same tracked omni-vehicle,i =1,2,3,...n

k different roller grounding points on same track, k =0, 1,2,3

p different types of tracked omni-vehicle, p =1,2,3
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