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Abstract: Planetary surface vehicles (PSVs) play a critical role in space explorations. Flexible-wheel
(FW) suspension concept has been regarded to be one of the novel technologies for future PSVs, where
a few experimental studies have demonstrated its potential benefits in improving tractive performance
of PSVs. This study develops generalized models for fundamental stiffness and damping properties and
power consumption characteristics of the FW suspension with and without considering practical wheel-
hub dimensions. Compliance rolling resistance (CRR) coefficient is further defined and derived for the
FW suspension. Based on the generalized models and two dimensionless property measures,
suspension properties are analyzed for a few selected FW suspension configurations. The sensitivity
analysis is further performed to investigate the effects of the design parameters and operating
conditions on the CRR and power consumption characteristic of the FW suspension. The modeling
generalization permits analyses of fundamental properties and power consumption characteristics of
different FW suspension systems in a uniform and very convenient manner, which would also serve as
a theoretical foundation for the design of FW suspensions for future PSVs.

Keywords: planetary surface vehicles (PSVs); flexible-wheel (FW) suspension; modeling
generalization; stiffness/damping properties; compliance rolling resistance (CRR); power consumption

Nomenclature:

Parameter Description

CRR Compliance rolling resistance of FW suspension

Cn Damping coefficient of unit #n

D Displacement of unit #n

f Vertical-mode natural frequency of a PSV with FW suspension

ke, CL Effective rotational stiffness and damping of FW suspension in a magnitude
of L, respectively

Kin, CLn Effective rotational stiffness and damping of unit #n in a magnitude of L,
respectively

kv, Cv Effective vertical stiffness and damping of FW suspension, respectively

Kvn, Cvn Effective vertical stiffness and damping of unit #n, respectively

kx, Cx Effective longitudinal stiffness and damping of FW suspension, respectively

Kxn, Cxn Effective longitudinal stiffness and damping of unit #n, respectively

Ka, Co Effective translational stiffness and damping of FW suspension in an angle of
a, respectively

Koy Con Effective translational stiffness and damping of unit #n in an angle of a,
respectively

Kn Stiffness of unit #n

Lo Static vertical deflection

Pn Power consumption of unit #n

Ps Power consumption of FW suspension

R Radius of the FW suspension

RPF Rotational property factor of FW suspension

TPF Translational property factor of FW suspension

\Y Rover forward speed

Vi Velocity of unit #n

& Vertical-mode damping ratio of a rover with FW suspension

w=V/(R—Ly,) Angular velocity of OB




1. Introduction

Planetary surface vehicles (PSVs), or planetary rovers, have been demonstrated as very effective tools
for space explorations on Mars and on the moon, and will continue to play their important roles in
future exploration missions [1-3]. The trend for autonomous robotic explorations in the coming decades
will be to explore more difficult terrains, e.g. Mars’ Valles Marineris and the moon’s South Pole
Aitken Basin, where science data are expected to be the richest. Such operations, however, encounter
many challenges including: large-scale terrain, limited resources, and dynamic occlusion of sunlight
and communication that need to be studied and resolved [4]. These will necessitate long lasting PSVs
capable of traversing and exploring valleys, canyons and polar regions to search for water/ice and signs
of life with minimal power consumption. The human exploration missions, such as ambitious
establishment of pressurized lunar habitats, would pose additional challenges on future PSV designs,
such as crew transport [2,5].

Power/energy management of PSVs is a primary concern, as observed from the Mars Pathfinder and
Mars Exploration Rover (MER) missions [1]. The previously proposed path planning and scheduling
strategies, which have been successful in satisfying the constraints posed by the resource, are incapable
of optimizing the resource usage [1]. This calls for a more effective optimization technique for the
power management optimization of PSVs, which however requires a comprehensive understanding of
power/energy consumption characteristics of PSVs when operating in a complex environment. This
would further necessitate an enhanced understanding of fundamental properties and dynamics of PSV
systems as well as their interactions with operating environments, such as terrain conditions [6].

Future PSVs should have the attributes of high mobility, reliability and stability, light weight and low
energy consumption, for which a six-wheeled configuration is considered to be desirable [7-9]. Efforts
have been made to develop novel PSV concepts, particularly those ideal for all-terrain performance
[2,3,7-12]. These studies further emphasized the importance of PSV chassis/suspension design.
However, many of the current PSV suspension design concepts could not provide a complete
equalization of the wheel loads when operating on rough terrains, which directly leads to the reduced
efficiency of the rover mobility system [7]. This consequently caused the previous Mars rovers to
traverse distance much less than their expected daily travel, which thus necessitates a systematic
investigation of the mobility and suspension systems for future PSVs [10,11]. It has also been noted
that the current rover locomotion/suspension design is primarily based on knowledge of precedent
robotic and traditional ground vehicles, intuition and experience, which however seldom involves
systematic analysis as well as quantitative rationalization [11].

Design of conventional ground vehicle suspension and tire-wheel system involves a complex
challenge, which has to be compromised among different performance measures related to ride,
handling, road-holding, design space, road-friendliness, and fuel economy [13-18]. Good vehicle
handling and fuel economy generally necessitate a relatively high inflation pressure in pneumatic tires,
which however tends to deteriorate ride performance and road-friendliness. This is due to the strong
coupling between the cornering and vertical stiffness properties of a pneumatic tire, both of which are
strongly influenced by the inflation pressure. Suspension has thus been popularly employed to provide
an effective isolation primarily of vertical vibrations and shocks transmitted through tire from road
irregularities. This, however, would require additional design space and also tend to increase the height
of vehicle center of gravity (c.g.) and design/tuning complexity, which in turn pose more challenges on
chassis design and development. Pneumatic tires, when applying to conventional ground vehicles,
impose safety issues due to tire deflection failure, as well as environmental issues. Apart from these,
the presence of outgassing, UV and atomic oxygen degration and considerable variations in planetary
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surface temperature also makes pneumatic tires and elastomers impractical in the lunar and Mars
surface exploration missions [2].

Concept of flexible-wheel (FW) suspension has been recently proposed and/or investigated for future
ground mobility vehicles and PSVs [2,3,12,19-24]. One of the well-known FW design examples is the
Michelin Tweel, an integrated airless tire/wheel unit, which replaces the traditional tire, wheel, valve
and tire-pressure monitoring system for conventional vehicle applications [23]. The FW concept
generally integrates stiffness/damping components within a non-pneumatic tire and wheel system, to
realize decoupled ride and handling, compact and light-weight design, enhanced traction, road-holding,
road-friendliness, driving safety and fuel economy, when applied to ground mobility vehicles. It also
has a potential to replace conventional vehicle suspension system.

The integration of damping components in an FW design would realize a direct and improved control
over dynamic tire forces, and thus enhanced road-holding quality and vehicle traction performance,
unlike conventional suspension systems that indirectly control the dynamic tire forces. The integrated
damping would also help inhibit and dissipate the vehicle oscillations, particularly when operating on
rough roads/terrains or passing bumps/potholes. Harrison et. al [5] noted that rovers tend to lost contact
with the moon surface that leads to a momentary loss of control when encountering moderate bumps at
a speed of about 13 km/h, due to the much lower gravity on the moon surface compared to that on
Earth. Therefore, the inclusion of sufficient suspension damping would be particularly important for a
PSV when operating on the moon and on Mars that are characterized by a much lower gravity
compared to Earth [25].

The compliance in the FW suspension concept for PSVs can be realized by either metallic or composite
materials, while the damping may be further realized by using high damping composite materials or
other techniques [2,21,26]. A few studies have investigated FW concept applying to PSVs, and
demonstrated its potential benefits on improving tractive performance mainly through experimental
efforts [2,12,19]. However, there are a few fundamental issues requiring extensive studies for practical
FW design and implementation for future PSVs, including:

e How to select FW design parameters to achieve desirable translational stiffness property
corresponding to different FW design configurations for enhanced vibration- and shock-
isolation performance for protection of on-board instrumentations and/or ride comfort of crew?

e Since in-wheel motor provides tractive force, it induces a torque applied on the FW suspension
and tends to deflect the wheel in the rotation direction, which is undesirable for rover motion
and traction control. Thus, it would be important to characterize the torsional stiffness property
of FW designs.

e How to select FW design parameters to achieve desirable damping property corresponding to
different FW design configurations for enhanced vibration- and shock-isolation performance?

e A static vehicle load will induce a static deflection on FW suspension. During driving, such
static deflection combined with FW suspension damping would generate compliance rolling
resistance (CRR), and therefore require certain amount of power to overcome the CRR. Thus, it
would be important to understand such phenomenon and seek solutions on how to minimize the
CRR and power consumption through FW design.

o Different planets exhibit different gravity characteristics. How does the gravity affect the CRR
and power consumption characteristics of FW suspension?



This study develops a generalized model for stiffness/damping properties and power consumption
characteristics of the FW concept. The mathematical formulations for the CRR characteristics of FW
suspension are then derived from the generalized model. Sensitivity analyses are conducted to
investigate the effects of different FW suspension design parameters, rover speed, and gravity on the
CRR characteristics of the FW suspension.

2. Modeling Generalization of FW Suspension without Considering Wheel-Hub Dimensions
Figure 1 presents the concept of FW suspension design, where a number of stiffness-damping units are
assumed to be ideally perpendicular to the wheel rim and evenly distributed when the external loads are
not applied to the FW suspension. The other ends of the units are assumed to be connected to the center
of the wheel, by neglecting the wheel-hub dimensions. The effect of wheel-hub dimensions will be
considered and modeled in the next section. The deflections of different stiffness-damping units of the
FW suspension are illustrated in Fig. 1, subject to a static vertical load and a constant rover forward
speed V. Lo represents the static vertical deflection of the FW suspension under a static vertical load.

Fig. 1: Representation of the FW suspension deflections under a static vertical load and a constant
forward speed (without considering wheel-hub dimensions).

2.1 MODELING OF POWER CONSUMPTION CHARACTERISTICS

In order to derive a generalized model for the FW suspension concept, an equivalent model of motion
of a single spring-damper unit in the FW suspension is used, as shown in Fig. 2. The displacement Dy,
velocity V,, and power consumption P, of the spring-damper unit #n based on Figs. 1 and 2, such that:

D, = \/RZ + L3 — 2RLycos(wt + 2m(n — 1)/n)



dD, RLywsin(wt + 2n(n — 1)/n)

V. = =
" dt  JR?+ 2 — 2RLycos(wt + 2m(n — 1)/n)

R%L3w?sin?(wt + 2m(n — 1) /n)
b = Cnv;lz =Cy
R2 + L2 — 2RLycos(wt + 21 (n — 1) /n)

1)

where R is the radius of the FW suspension, and w = V /(R — L), which is the angular velocity of OB,
and C,, is the damping coefficient of unit #n.

Z

Fig. 2: Modeling simplification of the FW suspension (without considering wheel-hub dimensions).

The overall power consumption Ps of the FW suspension can be derived from Eqg. (1), such that:

CiR?*LEw?sin®(wt + 2m(j — 1)/n)
+ L3 — 2RLgcos(wt + 2n(j — 1) /n)

n
PS=P1+P2+"'+Pn=ZR2
j=1
(2)

It can be observed from Egs. (1) and (2) that the power consumption characteristics of different spring-
damper units in an FW suspension only differ by a time delay or lead. This indicates that for a
considerably long time driving, the energy consumption due to each unit can be considered to be
identical if the stiffness and damping properties of each unit are identical, which suggests an identical
power consumption characteristic for each spring-damper unit.



Assuming the damping coefficients of different spring-damper units are constant and equal to C, the
average power consumption P, . can be derived from Eq. (2) for a long time-period, such that:

nCR?Liw (T sin?(q)
= - f d(q)
0

Save ™ T R2 + L2 — 2RLy cos(q)
3

The above formulation indicates that the power consumption of the FW suspension is directly related to
the radius of the suspension wheel, the number of spring-damper units, the damping coefficient of each
unit, the static vertical deflection of suspension as well as the vehicle forward speed. However, the FW
suspension wheel radius is dependent upon the requirement of PSV design and packaging, while the
static vertical deflection is a function of vertical wheel load and effective vertical stiffness of the FW
suspension. The effective vertical stiffness of the FW suspension is determined by the number of
spring-damper units involved and stiffness property of each unit, while damping coefficient of each
unit is related to the effective vertical damping of the FW suspension and the number of spring-damper
units. In order to analyze the power consumption characteristic of the FW suspension concept and to
obtain the fundamental relationships between power consumption of the FW suspension and various
system design and operating parameters, it is necessary to identify the effective stiffness and damping
properties of the FW suspension.

2.2 MODELING OF STIFFNESS AND DAMPING PROPERTIES

The effective stiffness and damping properties (e.g. in vertical or longitudinal direction) are strongly
related to the number of spring-damper units and stiffness and damping properties of each unit. Figure
3 illustrates the deflections of different spring-damper units in the FW suspension under a static
external force (a combination of vertical and longitudinal forces or loads). The coordinate of point B
with respect to the origin O is (L, &), where L (L > 0) is the magnitude of OB, and « is the angle of OB
with respect to the Horizontal Axis X; the positive direction of o is assumed to be anti-clockwise.

Stiffness Property of Spring-Damper Unit #n:
The displacement D,, of spring-damper unit #n can be derived from Fig. 3, such that:

D, = \/R% + L2 + 2RLsin(a + 2m(n — 1)/n)
4

For a particular angle «, the effective stiffness k,,, of the spring-damper unit #n with respect to L can
be formulated from Eq. (4), such that:

d(Dns - Dn)
dL

3 K,|L + Rsin(a + 2n(n — 1)/n)|
JR? + 12 + 2RLsin(a + 2n(n — 1) /n)

kon = Kn

()

where Dy is the static displacement of the spring-damper unit #n when L = 0 and a = 0. K, is the
stiffness coefficient of unit #n.

The effective vertical stiffness ky,, of the spring-damper unit #n can be derived from Eq. (5) by letting
a =mn/2 (ora =3m/2)and L =y, such that:



(  Kuly+ Rcos(2n(n —1)/n)|

(a =m/2)
e = J JVRZ + y2 + 2Rycos(2m(n — 1) /n)
yn = | Knly — Rcos(2r(n —1)/n)|
(a =3m/2)
k\/RZ + y?2 — 2Rycos(2n(n — 1) /n)

(6)

Fig. 3: Representation of deflections of the FW suspension units under a static external force (without
considering wheel-hub dimensions).

The effective longitudinal stiffness ky,, of the spring-damper unit #n can also be easily derived from Eq.
(5) by letting @ = 0 (or @« = m) and L = x, such that:
K,|x + Rsin(2n(n — 1) /n)|

o~ \/RZ + x2 + 2Rxsin(2n(n — 1) /n)
xn = Kplx — Rsin(2r(n — 1) /n)|

VR% + x%2 — 2Rxsin(2n(n — 1) /n)

a=0)

()

For a particular magnitude L, the effective rotational stiffness k;,, of the spring-damper unit #n with
respect to @ can be formulated from Equation (16), such that:

d(Dns - Dn)
da

3 K,RL3|cos(a + 2n(n — 1) /n)|

kLTl = Kan =
JR? + [2 + 2RLsin(a + 2w(n — 1) /n)

(8)



Stiffness Property of the FW Suspension:

The overall stiffness properties of the FW suspension can be derived from Egs. (4) to (8). For a
translational direction with a given angle o, the effective stiffness k, of the FW suspension system can
be formulated as:

n
K;|L + Rsin(a + 2n(j — 1)/n
kazka1+ka2+"'+kan=z 21| : ( . 9 .)/ )|
j=1\/R + L? + 2RLsin(a + 2n(j — 1) /n)

9)

Assuming the stiffness values of different spring-damper units are identical (and equal to K), Equation
(9) can be simplified as:

. KZ”: |L + Rsin(a + 2r(j — 1)/n)|
“ " & /RT+ 2+ 2RLsin(a + 2n( — D)/n)
(10)

The effective vertical stiffness ki, of the FW suspension can be derived from Eq. (10) by letting
a=mn/2 (ora =3m/2)and L =y, such that:

(KZ |y + Reos(2n(j — 1) /m)| (a =m/2)
ky, = j=1 \/R2 + y2 + 2Rycos(2n(j — 1) /n)
v = n .
| ly — Rcos(2m(j — 1) /n)| )
kKJZ:l\/RZ—l_yZ_ZRyCOS(ZTl'(]—]_)/n) (a 37[/2)

(11)

The effective longitudinal stiffness ky of the FW suspension can also be easily derived from Eq. (10)
by letting « = 0 (or « = m) and L = x, such that:

(Kz”: |x + Rsin(2r(j — 1) /n)| o)
o ]zl\/RZ + x? + 2Rxsin(2n(j — 1) /n)
* S |x—RsinQr(j — 1)/n)] ~
K;\/RZ + x% — 2Rxsin(21(j — 1)/n) (a=m)

(12)

For a rotational direction with a given magnitude L, the effective rotational stiffness k; of the FW
suspension can be formulated as:

n
K:RL3|cos(a + 2n(j — 1) /n
kL:kL1+kL2+"'+kLn:Z GRL*|cos( (G—1/n)l
“\/R? + 12 + 2RLsin(a + 2n(j — 1)/n)

(13)



Assuming the stiffness values of different spring-damper units are identical (and equal to K), Equation
(13) can be simplified as:

L - KRL Zn: |cos(a + 2n(j — 1)/n)|
L /R + 1% + 2RLsin(a + 2r(j — 1)/n)

(14)

Damping Property of Spring-Damper Unit #n:
For a translational direction with a particular angle «, the effective damping coefficient C,,,of the
spring-damper unit #n can be formulated from Eq. (4), such that:

o= dD,  LL+RLsin(a+ 2n(n—1)/n)
" dt  JRZ¥ %+ 2RLsin(a + 2n(n— 1)/n)
co - dVn| Cn|L + Rsin(a + 2n(n — 1) /n)|
@ MldLl JRZ¥ 12 ¥ 2RLsin(a + 2n(n — 1)/n)

(15)

For a rotational direction with a particular magnitude L, the effective rotational damping c;; of the
spring-damper unit #1 can be formulated from Eq. (4), such that:

Vo= b, RLacos(a + 2n(n —1)/n)
" dt  JRTZ¥ 7 + 2RLsin(a + 2n(n — 1)/n)
12 dv, C,RL3|cos(a + 2n(n — 1) /n)|
C = " =
o ldal T JRZ+ 12 + 2RLsin(a + 2n(n — D/n)

(16)

Comparisons between Egs. (5) and (8) and Egs. (15) and (16) show that the formulations for the
stiffness and damping properties exhibit a similarity. Therefore, the damping property of the FW
suspension concept can be derived in a similar manner to those presented in Egs. (9) to (14), which are
summarized below.

Damping Property of the FW Suspension:
For a translational direction with a given angle «, the effective damping c, of the FW suspension can
be derived as:

e e bte 22": G |L + Rsin(a + 2(j — 1) /n)|
e " & JR?+ 17 + 2RLsin(a + 2 — 1)/n)
17)

Assuming the damping coefficients of different spring-damper units are identical (and equal to C),
Equation (17) can be simplified as:
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Czn: |L + Rsin(a + 2r(j — 1) /n)|
C =
* 4 JR? + 12 + 2RLsin(a + 2rn(j — 1)/n)

(18)
The effective vertical damping ¢, of the FW suspension can be derived from Eq. (18), such that:
n
+R 2n(j—1
( » y + Reos@n( — 1/m)| @ n/2)
= \/RZ + y? 4+ 2Rycos(2n(j — 1) /n)
Cy = n
—R 2n(j—1
» y — Reos@nG —D/WI g
= \/RZ + y? — 2Rycos(2n(j — 1) /n)
(19)
The effective longitudinal damping cx of the FW suspension can also be easily derived, such that:
(Ci |x + Rsin(2n(j — 1) /n)| ”
a =
o é j=1\/R2 + x2 + 2Rxsin(2n(j — 1) /n)
¥ Y |x = Rsin(2n(j — 1)/n)|
lCz _ _ (a =m)
j=1\/R2 + x2 — 2Rxsin(2n(j — 1) /n)
(20)

For a rotational direction with a particular magnitude L, the effective rotational damping c; of the FW
suspension can be formulated, such that:

CiRL?|cos(a + 2m(j — 1) /n)|
JR? + L2 + 2RLsin(a + 2n(j — 1) /n)

CL =Ci1 + Cr2 + .- +CLTl =

n
j=1

(21)

Assuming damping coefficients of different spring-damper units are identical (and equal to C),
Equation (21) can be simplified as:

n |cos(a + 2m(j — 1) /n)|
= CRL3
CL RL ;\/Rz + L? + 2RLsin(a + 2n(j — 1)/n)
(22)

The generalized formulations of properties of the FW suspension, including the stiffness (Egs. (9) to
(14)) and damping (Egs. (17) to (22)), allow the fundamental property analyses of different FW
suspension designs in a very convenient manner.

2.3 PROPERTY ANALYSES

To facilitate the property analyses of various FW suspension designs, two dimensionless property
measures, translational property factor (TPF) and rotational property factor (RPF), are defined as:
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ka Cq kL CL
TPF=—=—; RPF=——=——
nK nC nKL?> nCL?

(23)

These two measures indicate the effective stiffness or damping augment/reduction ratio of an FW
suspension configuration involving n spring-damper units which are evenly distributed and
perpendicular to the wheel rim of the FW suspension. It can be observed from Egs. (9)~(14) and Eqgs.
(17)~(22) that selection of FW design parameters (n, K, C, R) strongly affects these two property
measures (TPF and RPF), and thus fundamental properties of the FW suspension.

For a relative comparison of the effects of the design parameters on the properties of FW suspension
concept, a 6-wheeled PSV with a static vertical load of 1200 kg is used by assuming loads are evenly
distributed on the six wheels, and R is selected to be 0.2 m. By assuming operating on Earth, for

different FW suspension designs, the static vertical-mode natural frequency (f = %,/kvo/m) of the
sprung mass is selected to be 3 Hz, while the vertical-mode damping ratio ¢ = ZCL is selected to be

Jmkyo

0.2. The number of spring-damper units involved in an FW suspension is selected to be 3 and 6.

FW Suspension (n=3)
For the FW suspension design configuration involving three spring-damper units, the TPF at the origin
(L=0) can be derived from Eqg. (10), such that:

3

1 2
TPF, = §Z|cos(2n(j -D/3) =3

j=1
(24)
Therefore, the effective vertical stiffness and damping can be obtained from Eq. (24):
kVO = ZK, Cyo = 2C
(25)

Corresponding to the static vertical load (200 kg) and vertical-mode natural frequency (3 Hz), the
parameters K and C can be selected as:

K = 35,495 N/m; C = 754 Ns/m
(26)

Based on the generalized models, the TPF and RPF can be represented as a function of two parameters:
L and a, respectively, which are illustrated in Figs. 4 and 5. Since the three spring-damper units are
evenly distributed, the property would vary periodically every 27 /3 with respect to a. Therefore, the
two property measures presented in Figs. 4 and 5 are only simulated for 7/6 < a < 5m/6. For a given
a, the TPF and RPF increase or decrease almost linearly with increasing L. However, the TPF and RPF
vary considerably for different angles, leading to considerable stiffness variations during driving, which
are undesirable for vehicle motion control and dynamic performance and stability. This is due to only
three spring-damper units employed in the FW suspension. The results also suggest that for the FW
suspension design configuration involving three spring-damper units, an increase in L induces a larger
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peak-to-peak variation in TPF during a rotational driving cycle, and a higher RPF and thus higher
rotational stiffness.
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& o,
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Fig. 4: TPF of the FW suspension (n=3) as a function of L and a: (a) view I; and (b) view 1.
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Fig. 5: RPF of the FW suspension (n=3) as a function of L and «: (a) view I; and (b) view II.

FW Suspension (n=6)
For the FW suspension configuration with six spring-damper units, the TPF at the origin (L=0) can be
derived from Eq. (10), such that:

TPF, = 2
73
(27)
Therefore, the effective vertical stiffness and damping can be obtained from Eqg. (27), such that:
kVO = 4‘K, Cyo = 4C
(28)

Considering the static vertical load (200 kg) and vertical-mode natural frequency (3 Hz), the
parameters K and C can be designed as:
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K = 17,747 N/m; C = 377 Ns/m
(29)

Figures 6 and 7 presents the TPF and RPF can be obtained as a function of two parameters: L and o,
respectively, only for m/6 < a < m/2. This is due to the fact that since the six spring-damper units are
evenly distributed, the property varies periodically every /3 with respect to a. Similar to those of the
FW suspension design configuration involving three spring-damper units, for a given o, the TPF and
RPF increase or decrease nearly linearly with increasing L. The TPF and RPF vary considerably for
different angles. However, the results indicate that for the FW suspension design configuration
involving six spring-damper units, an increase in L tends to reduce the peak-to-peak variation in TPF
during a rotational driving cycle, and a higher RPF.

0.68 :
—L=0
T — -=-1=0.01 |
0.75 0.66 \\ o= 20,02
0.7 0.64 k“\ /ff
L . \
0.65 A\ £
o o 0.62 \ /
061 @R | e,
0.6
0.55 \ y
0.02 0.58
80
0.01 -
0 40 30 40 50 60 70 80 920
L (m) a (degree) o (degree)
_ (a) _ _ (b) _
Fig. 6: TPF of the FW suspension (n=6) as a function of L and a: (a) view I; and (b) view 1.
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Fig. 7: RPF of the FW suspension (n=6) as a function of L and a: (a) view I; and (b) view II.
It can be observed from Figs. 4-7 that increasing the number of spring-damper units tends to reduce the

variations in the stiffness and damping properties of the FW suspension design configurations.
However, an increase in the number of spring-damper units also tends to make the suspension system
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heavier and more complex, posing additional difficulties on FW suspension design, in terms of design
space and effective suspension travel.

2.4 MODELING OF THE CRR CHARACTERISTICS

Based on the selected design parameters, the power consumption characteristics of different FW
suspension design configurations can be conveniently analyzed using Eq. (3). In order to simply the
analysis, the compliance rolling resistance (CRR) coefficient for an FW suspension is defined and
derived from Eq. (3), assuming an adequately long time-period (wT = 2irm), such that:

2im sin?(q)

CRR... — Fawg Ps,,/V _R?Ly V. nC Js R? + L% — 2RL, cos(q) 4@
W™ Mg~ Mg ~— 2mg (R—Ly)?M i
2i sin?
~ (L_o) V. nC (E) +1-2 (L_o) cos(q)
~ 2mg (R M i
(7,-1)
(30)
From Eq. (23), it can be obtained that:
Cvo
TPF, = —
°7 nc
31)
Therefore, the following relation can be formulated based on Eq. (31), such that:
nC _ cyo _ 4méf
M — MTPF, TPF,
(32)
By assuming small static deflection of FW suspension, it can also be obtained that:
_My__9
O kyo 4m2f2
(33)

By assuming d = R/L,, the mathematical formulation of CRRgy can be obtained based on Egs. (30),
(32) and (33), such that:

2néfV
g(d — 1)2TPF,

CRRFW =
(34a)

Or
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g SV

CRRFW =
87-[3 2
(i)

(34b)

Equation (34a) suggests that the CRRgy of an FW suspension is a function of gravity, static vertical
natural frequency and damping ratio, vehicle driving speed, TPF,, and the ratio of the FW suspension
wheel radius (R) to the static deflection (Lo). Equation (34b) suggests that the CRRgy of an FW
suspension is a function of gravity, static vertical natural frequency and damping ratio, driving speed,
TPFo, and the FW suspension wheel radius (R).

3. Modeling Generalization of FW Suspension Considering Wheel-Hub Dimensions

The above section has developed generalized models of suspension properties, power consumption
characteristics and CRR for the FW suspension concept by assuming the negligible wheel-hub
dimensions. However, the practical design of an FW suspension usually employs a wheel-hub, which
would be expected to induce additional effect on suspension properties, power consumption
characteristics and CRR of the FW suspension. This section extends the generalized models of
suspension properties, power consumption characteristics and CRR to the FW suspension considering
wheel-hub dimensions. Figure 8 presents the design of the FW suspension concept, where a number of
spring-damper units are assumed to be ideally perpendicular to the wheel rim and evenly distributed
when the external loads are not applied. The other ends of the units are assumed to be connected to the
circular wheel-hub (radius r). The deflections of different spring-damper units of the FW suspension
subject to a static vertical load and a constant driving speed are shown in Fig. 8.

Fig. 8: Representation of the FW suspension deflections subject to a static vertical load and a constant
forward speed (considering wheel-hub dimensions).

3.1 MODELING OF POWER CONSUMPTION CHARACTERISTICS

Figure 9 presents an equivalent model of motion of a single spring-damper unit in an FW suspension,
to derive the generalized models of the FW suspension. By assuming n spring-damper units involved in
an FW suspension, the motions of different spring-damper units can be derived based on Figs. 8 and 9.
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Fig. 9: Modeling simplification of the FW sdspension (considering wheel-hub dimensions).

The displacement and velocity, and thus power consumption of the spring-damper unit #n in an FW
suspension can be formulated by considering a constant vehicle forward speed and a static vertical
load, such that:

D, = \/qu + L% — 2ReqLg cos(wt +yo + 21(j — 1) /n)

. dD, ReqLowsin(wt +yo + 2n(j — 1) /n)
T odt
\/qu + L§ — 2ReqLo cos(wt + vy, + 21(j — 1) /n)
p =yt Realdw?sin®(wt +yo + 21 — 1)/n)
n— “n'n —

"RZ, + L3 — 2R 4L cos(wt + yo + 2n(j — 1)/n) -
35

where fy is the angle between BC and the Horizontal Axis X when the system is static and there is no
external force applied. R, and y, are given below:

Req = \/RZ + r? 4+ 2Rrsinf,; Y, = arctan(rcosf,/(R + rsinfy))
(36)

By comparing the above equation with Eq. (1), it can be seen that the only differences between the two

equations are R and Req, and a phase lead y,. Assuming r = 0, then R, = R, and y, = 0, based on
which Eq. (36) is identical to Eq. (1). Therefore, the power consumption of the FW suspension
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considering wheel hub can be derived in a very similar manner to those presented in Section 2, which is
summarized below.

Power Consumption of FW Suspension:
The overall power consumption of the FW suspension considering wheel-hub dimensions can be
derived, such that:

po = zn: CiRZ,LEw?sin®(wt + yo + 2n(j — 1) /n)
s = RZ, + L§ — 2R qLcos (wt + vy + 2m(j — 1) /n)

(37)

Assuming damping coefficients of different spring-damper units are equal to C, the average power
consumption can be derived from Eq. (37) for an adequately long time-period, such that:

_ nCR*’Lw sin?(q)

wT
Psave == f R2, + L% — 2R, L, cos(q)
0 eq 0 eqlo q

d(q)
(38)

The above formulation indicates that the power consumption of the FWS system is directly related to
the number of spring-damper units, the damping coefficient of each unit, the radius of the FW
suspension wheel, the radius of the FWS wheel hub, the angular position of the spring-damper unit
connected to the wheel hub, the static vertical deflection as well as the driving speed.

3.2 MODELING OF STIFFNESS AND DAMPING PROPERTIES

Figure 10 illustrates the deflections of different spring-damper units in an FW suspension under a static
external force. The coordinate of point B with respect to the origin O is (L, &), where L is the magnitude
of OB, and « is the angle of OB with respect to the Horizontal Axis X; the positive direction of « is
assumed to be anti-clockwise.

Stiffness Property of Spring-Damper Unit #n:
The displacement of the spring-damper unit #n can be derived from Fig. 10, such that:

D, = \/qu + L? — 2R q4Lsin(a + yo + 2n(n — 1) /n)
(39)

where R., and y, are given in Eq. (54). By comparing the above equation with Eq. (6), it can be seen
that the only differences between the two equations are R and Req, and a phase lead y,. Assuming r = 0,
then R, = R, and y, = 0, based on which Eq. (57) can be simplified and identical to Eq. (6).
Therefore, the suspension properties of the FW suspension considering wheel-hub dimensions can be
derived in a very similar manner to those presented in Section 2, which are briefly summarized below.

Stiffness Property of the FW Suspension:
For a translational direction with a given angle «, the effective stiffness of the FW suspension can be
derived, such that:
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n

Kj|L + Regsin(a +yo + 2m(j — 1)/n)|
= VRZ; + L2 + 2R 4Lsin(a + yo + 2n(j — 1) /n)

k(l = k(ll + kaZ + "'+kan =

(40)

Fig. 10: Representation of deflections of the FW suspension units under a static external force
(considering wheel-hub dimensions).

Assuming stiffness values of different spring-damper units are equal to K, Equation (40) can be further
simplified as:

. - KZ": |L + Regsin(a +y, + 21 = D/n)]
* — JRZ, + [Z + 2R qLsin(a + yo + 21(j — 1)/n)
(41)

The effective vertical stiffness of the FW suspension can be derived from Eq. (41) simply by letting
a =mn/2 (ora = 3mw/2) and L = y. The effective longitudinal stiffness of the FW suspension also be
easily derived from Eq. (41) by letting @« = 0 (ora@ = m) and L = x.

For a rotational direction with a given magnitude L, the effective rotational stiffness of the FW
suspension can be formulated, such that:

n .
kp =k +kpp + o+, = Z KjReqL?|cos(a + yo + 21(j — 1)/n)|
P o £ \[RZ, + 2 + 2R Lsin(a + vo + 2nG — D/n)
(42)

Assuming stiffness values of different spring-damper units are identical (and equal to K), Equation (42)
can be simplified as:
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n

L = KR L3z |cos(a + yo + 2n(j — 1)/n)|
L “ j=1\/R§q + L2 + 2R qLsin(a + yo + 2n(j — 1) /n)

(43)

Damping Property of the FW Suspension:
For a translational direction with a particular angle o, the effective damping of the FW suspension can
be derived as:

N zn: Gi|L + Regsin(a + v, + 2rn(j — 1)/n)|
c. =cC Is o4 =
a ail a2 an j=1‘/qu + 12 + ZREqLSin(CZ + %Yo+ 27‘[(] - 1)/n)

(44)

Assuming the damping coefficients of different spring-damper units are equal to C, Equation (64) can
be simplified as:

Czn: |L+Reqsin(a+yo+27T(/'—1)/n)|
C =
“ = JR%;, + 1?2 + 2R, Lsin(a + yo + 2n(j — 1) /n)
(45)

For a rotational direction with a particular magnitude L, the effective rotational damping of the FW
suspension can be formulated, such that:

+ oy et zn: CjReql7lcos(a + yo + 22G — /)|
¢ =c C R
L= C Tt C In £ \[R3; + 17 + 2RegLsin(a + yo + 212G — D/n)
(46)

Assuming damping coefficients of different spring-damper units are equal to C, Equation (46) can be
simplified as:

=R Lgi [cos(a + o + 21 = 1)/n)|
t " L\ JRe + P+ 2RegLsin(a + o + 21 — /1)

(47)

The generalized formulations of FW suspension properties considering wheel-hub dimensions allow
the property analyses of alternative FW suspension designs in a very convenient manner. It should also
be noted that introducing wheel-hub radius and the angular positions of the spring-damper units
connected to the wheel hub provides two more design parameters for tuning suspension properties and
thus improve the design flexibility of the FW suspension.

3.3 MODELING OF THE CRR CHARACTERISTICS
The CRR coefficient for an FW suspension considering wheel hub can be derived from Eq. (38),
assuming an adequately long time-period (wT = 2irm), such that:
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2im sin?(q)

CRRoy — RGZ Vv nC Is RZ, + L2 — 2RqLo c0S(q) d(q)
27Tg (Req_LO)Z i
, fzm i sin?(q) d(q)
Feg o ey 1 (Fer
_ ( Ly ) V nC ( Ly ) ( Ly )Cos(q)
= 2mg (Req )2 M [
Lo

(48)

By assuming d = R., /L, the mathematical formulation of CRRry can be obtained based on Eqgs. (32),
(33) and (48), such that:

CRRow = 2néfV
W™ g(d — 1)2TPF,
(49a)
Or
g $fV
CRRFW = 87‘[3 g 7
(Reaf? = 3%7) TPF,
(49b)

By comparing Egs. (34) and (49), it can be clearly seen that the only difference between the two
equations is R and Reg.

3.4 SENSITIVITY ANALYSES OF THE CRR CHARACTERISTICS

Equation (49b) indicates that there are a number of parameters affecting the compliance rolling
resistance of FW suspension and thus its power consumption characteristics. It would be beneficial to
investigate the effects of these parameters on the CRR of FW suspension. It can be seen that the
CRRyy, is proportional to the effective vertical damping ratio (¢) and rover forward speed (V), and
1/TPF,.

The following formulation can be obtained from Eq. (49b), such that:

OCRRpy  &fV  Reqf*+ #
dg  8m3TPF, 2 9\
(Reqf 4n2)

(50)

The static deflection L, is generally far less than R, for practical designs of conventional wheel and
FW suspension, so it can be derived from Eq. (48) that d > 1. By comparing Eqgs. (49a) and (49b), it
can be obtained that Requ — 4‘% > 0. Therefore, it can be derived from Eq. (50) that:

-21-



2
OCRRpy _ &fV Regf™+ 4n2

= >0
0 8m3TPF 3
7 0( equ 47r2)

(51)

The above formulation indicates that a higher gravity increases the CRR of the FW suspension, while
the gravity characteristics depend upon the planet surface explored.

It can also be obtained from Eq. (49b) that:

OCRRpy _ g&V % + 3Reqf?
of 8n3TPF0( Reaf?— 2)3
T
(52)
Since Roqf? — 4%2 > 0, it can be derived from Eq. (52) that:
dCRR &V 727+ 3Reqf?
FW _ g 4_7-[2 eq <0
of  8m3TPF g\
! * (Reaf* = 42
(53)

The above formulation indicates that a higher vertical-mode natural frequency help decrease the CRR
of the FW suspension. However, a higher vertical-mode natural frequency means a stiffer FW
suspension, and thus generally reduced vibrations- and shock-isolation performance.

Eq. (72b) yields:

J0CRRpy _ gsfVv f?
0R.q 8n3TPFO( s 3
eqf 471-2)
(54)
Since Ryqf? — 4%2 > 0, it can be derived from Eq. (54) that:
JCRRpy, __ gsfv f? <0

aReq 87‘[3TPF0 (Requ _ %)3

(55)

The above formulation indicates that a larger R, decreases the CRR of the FW suspension. While the
FW suspension wheel radius R is limited by the PSV design and system packaging, a proper selection
of wheel-hub radius r and the angle S, would help to increase R, and thus reduce the CRR and power
consumption of the FW suspension. This also partially suggests the design flexibility of FW suspension.
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The CRRpy, values of an FW suspension can be effectively evaluated based on Eq. (49b). An FW
suspension involving six spring-damper units is used for calculating and comparing the CRRz,, values,
which are summarized in Table 1. The results suggest that selection/design of different wheel hub
radius and the angular positions of the spring-damper units connected to the wheel hub could
considerably vary the CRRgy values of the FW suspension configurations, which however is
constrained by the practical design considerations, such as the FW suspension wheel size and design
space for effective suspension travels of each spring-damper unit. The results further demonstrate that
the gravity characteristics have a very strong effect on power consumption of FW suspension. When
operating on Mars, the power consumption due to the FW suspension would be expected to be much
lower than that on Earth.

Table 1: Comparison of CRRy,, of a 6-wheeled PSV integrating different FW suspension designs.

M f ¢ R r Po g V | CRRyy Power
(kg) | (H2) (cm) | (cm) (m/s?) | (mfs) consumption
(W)
1200 4 02| 20 6 0 9.81 2 0.01 118
6 | /2 | (Earth) 0.0062 73
6 T 0.01 118
6 |32 0.024 283
6 0 3.71 0.0034 15
6 | x/2 | (Mars) 0.0022 10
6 T 0.0034 15
6 |3n/2 0.0078 35

4. Conclusions

This study developed generalized analytical models for fundamental stiffness/damping properties as
well as power consumption characteristics of flexible-wheel suspension concept for planetary surface
vehicles. Based on the modeling generalization and two proposed dimensionless property measures,
translational property factor (TPF) and rotational property factor (RPF), the properties of two selected
flexible-wheel suspension design configurations (involving different numbers of units) were analyzed
and compared. The results demonstrated that employing more spring-damper units would yield less
variation in suspension stiffness and damping, which however tends to increase the suspension
complexity and weight. The compliance rolling resistance coefficient was further defined and derived
for the flexible-wheel suspension concept.

The generalized models for the flexible-wheel suspension considering practical wheel-hub dimensions
were also derived. The sensitivity analyses were further conducted to investigate the effects of different
design and operating parameters on the compliance rolling resistance and power consumption
characteristics of different FW suspension designs. The results indicated that the involvement of wheel
hub with a particular radius provides two additional design parameters for suspension property tuning.
These two design parameters also strongly affect the compliance rolling resistance of the flexible-
wheel suspension, where an appropriate selection/design of the two parameters would yield
considerably improved power consumption characteristics for the flexible-wheel suspension. The
effects of the gravity characteristics due to different planets on the compliance rolling resistance and
power consumption of FW suspension designs were also demonstrated, where a lower gravity value
yields lower compliance rolling resistance and thus power consumption. The modeling generalization
developed in this study permits analyses of fundamental stiffness/damping properties and power
consumption characteristics of various flexible-wheel suspension designs in a uniform and very
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convenient manner, which would also serve as a theoretical foundation for the design of the flexible-
wheel suspension for future planetary surface vehicles.
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