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Abstract. The purpose of this paper  is to introduce a systematic approach for improving 
and optimizing the  ride performance in space rovers on wheels. Quarter rover models 
(QRM) are in use for years to study the static and dynamic behaviour of the rover. The 
parametric investigation studies the behaviour of steady state response on static and 
dynamic conditions of road through the influence of multiple rover’s characteristics. 
Some of rover parameters are considered including the trailing arm length, wheel radius, 
trailing arm angle, wheel rotation angle, damping ratio and torsional spring rate, etc. 
The analysis of results put forward a key-tuning parameters for improving the ride 
specifications of space rovers under normal operating conditions. 
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1. Introduction 

1.1 Background  

The suspension system is assumed to be one of the most significant part of the rovers [1]. It is used 
to reduce the impact loads and effect of irregularity of the road for improving the rover ride 
comfortability and stability [2]. One of the most effective model to study the comfortability and 
stability of the rover is QRM suspension mechanism. QRM consists of quartile of the rover (one 
wheel) for the rovers that consists of four wheels. It can be divided into damper, spring, wheel, 
knuckle and part of chassis(body). Some parameters are assumed on that model, but that doesn’t 
change the engineering applications using this dynamic model system [3]. 

1.2 Design of a space Rover suspension system 

Needless to say that rovers are one of the most important used vehicles in exploration of solar system 
planets [4]. Most of the designs of these rovers have been developed to face the surface nature of 
planets and Moon [5]. During the operations of exploration, a very long distances must be reached 
in short period due to the obstacles that the explorers face like different climate, environment and the 
communications[6, 7]. For the rover, different designs for suspension system of rovers have been 
suggested on rough terrain [8]. Although some of these different mechanisms have used in mobile 
robotics. The space rover (GURA) is one of space rovers that consists of six wheels with six trailing 
arms that working individually [9, 10]. In this research, using a quarter rover model mechanism, 
kinematic, kinetics and equations that represents its motion, the parameters will be tuned to make the 
performance more suitable for the space rover suspension [11]. 
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Figure 1. GURA Space Rover [12].  

1.3 Dynamics of QRM 

Rover models are divided into three categories: full-rover-model [13], half-rover-model [14] and 
quarter-rover- model. Quarter rover model system is a system of two independent coordinates [15], 
which divided into two bodies: Sprung and unsprung masses as follows  (rover body) ,(suspension, 
wheel, tire). QRM is a simple model where stiffness and damping are used of the system so that it 
cannot be considered that everything is rigid (which is not representative in a physical model). So 
that the stiffness and damping of the respective tire and wheel are considered between the suspension 
and the road, the stiffness and damping of the respective spring and damper are also considered 
between the rover body and the suspension components.  

1.4 Working principle of QRM 

The core principle of QRM suspension mechanism is to reduce and eliminate the mechanical energy 
by dissipating it as a heat in shock absorbers [16, 17]. It reserves a respective motion between the 
wheels and the body (chassis) by reducing the force transmitted from the wheel to the body(chassis). 
The suspension mechanism works to make the ride more comfortable and safe for the users [18]. In 
riding conditions when the wheel moves over a bump or irregular terrain the impact force coming 
from the wheel to spring makes it compresses storing this force and then the spring expands, the 
damper works to absorb the vibration and reduce it until it ceased. 

2. Modelling of ride specifications of space rover 

Essential modelling parameters of QRM are required to be defined in advance is given in table 1. 

2. 1 Mathematical representation of simplified QRM: 
QRM divided to the chassis (rover body), a trailing arm that is connected to the knuckle and the          
wheel. This replica shows a quarter rover that affected by a hydro pulse actuator [20]. 
  

 
Figure 2. Simplified QRM (coordinates and dimensions). 
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Table 1. QRM parameters needed for modelling the system [19]. 
Symbol Value Unit Meaning 

g 9.810 [𝑚/𝑠!] Gravity   
𝒔 0.250 [𝑚] Distance from joint B to trailing arm centre 
𝒂 0.400 [𝑚] Distance from joint B to wheel centre 
𝒃 0.310 [𝑚] Distance from chassis centre to joint B 
𝒉 0.600 [𝑚] Height of chassis centre 
𝒓𝒐 0.305 [𝑚] Tire radius 
𝒎𝑪 200 [𝑘𝑔] Corresponding chassis mass 
𝒎𝑲 35 [𝑘𝑔] Knuckle(trailing arm)  mass  
𝒎𝑾 15 [𝑘𝑔] Wheel mass (rim and tire) 
𝜽𝑲 0.6	 [𝑘𝑔.𝑚!] Inertia of knuckle(trailing arm) 
𝜽𝑾 0.8	 [𝑘𝑔.𝑚!] Inertia of wheel 
𝑻𝒔𝟎 1200	 [𝑁.𝑚] Preload in torsional spring 
𝒄𝒔 10000	 [𝑁.𝑚/𝑟𝑎𝑑] Torsional spring rate 
𝒅𝒔 800	 [𝑁.𝑚. 𝑠] Damping coefficient. 
𝒄𝒙 180000	 [𝑁/𝑚] Longitudinal tire stiffness 
𝒄𝒛 220000	 [𝑁/𝑚] Vertical tire stiffness 
𝒅𝒙 150	 [𝑁. 𝑠/𝑚] Longitudinal tire damping 
𝛀 ---------	 [𝑟𝑎𝑑/𝑚] Wave number 
𝚽𝟎 1 × 10*×	 [𝑚!/(𝑟𝑎𝑑/𝑚)] Power spectral density 
𝝎 2	 𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠 Waviness  
𝚿 --------	 𝑟𝑎𝑑 Phase lag between the left and right tracks 
𝝁 1	 𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠 Friction coefficient 
𝒗 22.222	 [𝑚/𝑠] Vehicle velocity 

Kinematics of QRM: 

The QRM can be divided into three rigid bodies (chassis, wheel, knuckle). the alignment of these rigid 
bodies are coordinated by three generalized coordinates  (z, β, ø	)		for respective position ,velocity, and 
acceleration of the chassis centre c [21]. the position, velocity and acceleration of knuckle and wheel 
are simply defined by: 
 
Kinematics relations for knuckle centre (k c): 

The knuckle position vector with respect to centre c: 

 r0=R
0
0

ℎ + 𝑧
V + R

0
0
−𝑏
V + R

−𝑠	𝑐𝑜𝑠𝛽
0

𝑠	𝑠𝑖𝑛𝛽
V 

(1) 

The velocity vector could be determined by taking derivative of equation (1) with respect to time: 

v0=R
0
0
1
V ż + R

𝑠	𝑠𝑖𝑛𝛽
0

𝑠	𝑐𝑜𝑠𝛽
V 𝛽̇ 

 (2) 

The acceleration vector is determined by taking derivative of equation (2) with respect to time:  

a0=R
0
0
1
V Ζ +̈ R

𝑠	𝑠𝑖𝑛𝛽
0

𝑠	𝑐𝑜𝑠𝛽
V 𝛽̈ + R

𝑠	𝑐𝑜𝑠𝛽
0

−𝑠	𝑠𝑖𝑛𝛽
V𝛽!̇ 

(3) 
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Kinematics relations for wheel centre (w c): 

The wheel position vector with respect to centre c: 

                               r0=R
0
0

ℎ + 𝑧
V + R

0
0
−𝑏
V + R

−𝑎	𝑐𝑜𝑠𝛽
0

𝑎	𝑠𝑖𝑛𝛽
V	                                  (4) 

 
The velocity vector could be determined by taking derivative of equation (4) with respect to time: 

                                                 v0=R
0
0
1
V ż + R

𝑎	𝑠𝑖𝑛𝛽
0

𝑎	𝑐𝑜𝑠𝛽
V 𝛽̇                                                                (5) 

The acceleration vector is determined by taking derivative of equation (5) with respect to time:  

                                           a0=R
0
0
1
V Ζ +̈ R

𝑎	𝑠𝑖𝑛𝛽
0

𝑎	𝑐𝑜𝑠𝛽
V 𝛽̈ + R

𝑎	𝑐𝑜𝑠𝛽
0

−𝑎	𝑠𝑖𝑛𝛽
V 𝛽!̇                                          (6) 

 
Figure 3. Forces and torques acting on the QRM[22]. 

Kinetics of QRM: 

Assuming that the model has a linear characteristic [23], the combination of spring damper acting in 
point B will produce torque 𝑇, 

𝑇, = −(𝑇-. + 𝑐-	𝛽 + 𝑑-	𝛽̇) 
(7) 

Where  (𝑇,/) refers to the pretighting moment (preload in torsional spring), (𝑐,) refers to spring rate and 
(𝑑,) refers to the damping coefficient. The constants(𝑐0) and (𝑐1) represents the longitudinal and 
vertical tire stiffness. By means of hydro pulse effect (actuator), the tire force (𝐹1) acting in z direction 
is defined by 

𝐹1 = −𝐶1(𝑟. − 𝑟-) 
(8) 

Static tire radius (𝑟-) (the tire radius under the effect of  vehicle load)  

𝑟-(𝑡) = 𝑎 sin 𝛽 − (𝑢(𝑡) − (ℎ − 𝑧 + 𝑏)) 

(9) 

Tire force in x direction (𝐹0) could be determined from the relation 

𝐹0 = −𝐶0(𝑎(1 − cos 𝛽) − 𝑟-𝜑) − 𝑑0(𝑎	𝑠𝑖𝑛𝛽𝛽 −̇ 𝑟-𝜑̇) 

(10) 
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Where (𝐹0)	refers to the tire force acting in x direction, (𝑑0) refers to tire damping in x direction. The 
torque (𝑇-) provides the suspension damping that affect riding. 
 
Equations of motion: 
According to Jourdan’s principle two set of 1st ODE will be result. 
 

𝑦̇ = Ζ          𝑞 = 𝑀. Ζ̇ 

(11)	

For the vector (𝑦) that represents generalized coordinates, the vector (𝑧) represents generalized 
velocities, Equation (12) represents the mass matrix (𝑀) and Equation (13) represents the vector (𝑞).  

M=m
𝑚2 +𝑚3 +𝑚4 (𝑠𝑚3 + 𝑎𝑚4)𝑐𝑜𝑠𝛽 0

(𝑠𝑚3 + 𝑎𝑚4) cos 𝛽 𝜃3 + 𝑠!𝑚3 + 𝑎!𝑚4 0
0 0 𝜃4

o 

(12) 

𝑞 = m
𝑓1 − (𝑚2 +𝑚3+𝑚4)𝑔 + (𝑠𝑚3 + 𝑎	𝑚4)𝑠𝑖𝑛𝛽𝛽!̇
𝑇- − (𝑠	𝑚3 + 𝑎𝑚4)𝑐𝑜𝑠𝛽. 𝑔 + 𝑎(𝑓0𝑠𝑖𝑛𝛽 + 𝑓-𝑐𝑜𝑠𝛽

−𝑟-𝑓0
o 

(13) 

from the mass matrix, we find that (𝑚5 +𝑚6 +𝑚7) equals the whole masses of QRM and (Θ6 +
𝑠!𝑚6 + 𝑎!	𝑚7) represents the wheel mass inertia, the knuckle, and the trailing arm with respect to the 
revolute joint in point B. The wheel rotation (𝜑) is measured with respect to earth-fixed system 0 so the 
inertia of the wheel (Θ6) will not present here. 
In steady state, the time derivatives of the generalized coordinates will disappear. Then, the suspension 
torque provided by equation: 
 

𝑇--8 = −(𝑇-. + 𝐶-𝛽-8) 

(14) 

Tire force in (x and z) directions: 

𝑓1-8 = (𝑚2 +𝑚3 +𝑚4)𝑔 = 𝐺 
(15) 

𝑓0-8 = 0 
(16)  

Trailing arm angle (𝛽-8) is represented as follow: 

𝑎(𝐹0-8 sin 𝛽-8 + 𝐹1-8 cos 𝛽-8) − s𝑇,/ + 𝑐,𝛽-8t − 𝑠,𝑚, cos 𝛽-8 𝑔 = 0 
 (17)  

2.2 Modelling results: 

From the previous equations of QRM the spring rate (c9) and the damping ratio (d9) can be tuned to 
produce a suitable and tuneable value of the trailing arm angle (β)	and the chassis displacement (z). 
First , we investigated the changing in the value of initial static angle (β) according to the change in   
spring rate (c9) values and the damping ratio (d9)  using matlab. 
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Figure 4. Investigating the angle (𝛽-8) by increasing the spring rate (𝑐,). 

It is observed that the angle (𝛽-8) doesn’t affect by the spring rate value (𝑐,) until it exceeds the value 
of (𝑐, = 4700)	and after that as the value of spring rate (c9) increases the angle (𝛽-8) increases too. 

 
The changing in angle (𝛽-8) according to change the value of damping ratio (𝑑-) can be figured as follow: 

 
Figure 5. The relation between angle (𝛽-8) and the damping ratio (𝑑-).  

It is noticed that the angle (𝛽-8) decreases by increasing the damping ratio (𝑑-) . 

The influence of changing the two variables (𝑐,, 𝑑-) on the angle (𝛽-8) can be shown in the next three 
figures.  

 
Figure 6. The influence of changing the two values of (𝑐,, 𝑑-) on the angle (𝛽-8) . 
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It is noticed that increasing the spring rate (𝑐,) works on increasing the angle (𝛽-8). Increasing the 
damping ratio (𝑑-) works on decreasing the angle (𝛽-8). 

Second, the change in the value of displacement (𝑧) of the rover body will be investigated according to 
the change in spring rate (c9) value using matlab. 

 
Figure 9. Investigate the displacement (𝑧) of the rover body by increasing spring rate (𝑐,). 

It is noticed that the displacement (𝑧) of the rover body decreases by increasing the value of spring 
rate (𝑐,).The rover body displacement (𝑧) change is very small when the spring rate (𝑐,) value within 
range (9000:11000), so we can choose spring rate (𝑐, = 10000). 

 
Figure 10. Investigate the rover body displacement (𝑧) by increasing the damping ratio (𝑑-). 

Figure 8. (x-z) view shows the influence of the 
damping ratio (𝑑-) on angle (𝛽-8). 

Figure 7. (x-z) view shows the influence of spring 
rate (𝑐,) on angle (𝛽-8). 
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It is noticed that the rover body displacement (𝑧) value decreases when the damping ratio value (𝑑-) 
increases until it reaches a certain value (𝑑- ≈ 800	𝑁𝑚𝑠) and after that the rover body displacement 
value starts to increase by increasing the damping ratio value (𝑑-). The minimum rover body 
displacement value (𝑧) could be reached when the damping ratio value (𝑑- 	≈ 800)	𝑁𝑚𝑠.  

 
Figure 11. Investigate the displacement (𝑧) of rover body by increasing the damping ratio (𝑑,) 

and spring rate (𝑐,). 

 

 
It is noticed that increasing the spring rate(𝑐,) works on decreasing rover body displacement (𝑧) and 
increasing the damping ratio (𝑑-) works on decreasing rover body displacement (𝑧). 

 
3. Road modelling 

The road in nature could be irregular due to bumps and obstacles [24]. A rover driving over irregular 
road or other different terrain will perform pitch, roll and yaw motions. Also if the rover moves on 
inclination it will induce longitudinal, lateral motions and yawing[25]. Simple road is used to limit the 
efforts of normal road. So simple road model profile will be used to investigate the influence on QRM.  

 
3.1 Determining of road Profile 

The road irregularity with bumps and potholes could be simply represented as a rectangular-shaped and 
cosine-shaped [26]. The dynamic reaction of QRM according to sudden impact of bump or pothole 
could be investigated. The bumps and potholes could be simply represents as shown in figure 14. 

Figure 13. (y-z)view show the influence of 
damping ratio (𝑑-) on rover body displacement 
(𝑧) . 

Figure 12. (x-z) view shows the influence of 
torsional spring rate (𝑐,) on rover body 
displacement (𝑧). 
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Figure 14. Rectangular and cosine-shaped bump. 
The equation represents the rectangular-shaped bump: 

Ζ(𝑥, 𝑦) = |𝐻													𝑖𝑓																									
−𝑙
2
		< 𝑥 <

𝑙
2

0										𝑒𝑙𝑠𝑒																																														
					&		

−𝐵
2
< 𝑦 <

𝐵
2

 

(18)  
The equation represents the cosine-shaped bump: 

Ζ(𝑥, 𝑦) = |
:
!
𝐻													𝑖𝑓																									

−𝑙
2
		< 𝑥 <

𝑙
2

0															𝑒𝑙𝑠𝑒																																																	
					&		

−𝐵
2
< 𝑦 <

𝐵
2

 

(19)  
Where H, B, and L represent the height, width, and length of the obstacle. 

3.2 Simple road classification   

Road profiles can be measured step by step by taking sample points or by using profilometers which is 
used to measure the surface’s profile [27]. The power spectral density (PSD) of simple road outlines 
shows the drop in magnitude with the number of waves. So that the road irregularity may appear in short 
distance over the whole distance. So that the PSDs that measured over one meter are nearly some 
centimetres in amplitude. From the previous explanation the PSD can represent the road outlines as 
followed. 
 

Φ(Ω) = Φ(Ω/) �
;
;!
�
*< Ω = !	>

?
    (20) 

Whereas		(Ω) represents the wave number and (Φ/) represents the value of (PSD) at (Ω/ = 1). The 
waviness (𝜔) represents the drop in magnitude. According to the standard ISO 8608 (1995)[28], the 
road profiles could be classified to groups from A to E [29]. For 𝜔	 = 	2, it will be found that each group 
will have its PSD Φ/ that is different than the other groups. The waviness that represents the smooth 
roads (class A) will have Φ/ = 1 ∗ 10*@	 , whereas waviness that represents the rough roads  (class E) 
will have Φ/ = 256 ∗ 10*@. 
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Figure 15. Road PSD: (a) Measured psd, (b) different waviness[2]. 

Sinusoidal Approximation 

A single track can be represented by  

𝑧A(𝑠) = ∑ 𝐴B sin(ΩB 	s + ΨB)C
BD:     (21) 

Where 𝑁 → ∞ 

With trailing arm suspension on pseudo random road 
Φ(Ω) = Φ(Ω/) �

;
;!
�
*<

     (22) 

𝐴B = �2	Φ(ΩB)∆Ω , 𝑖 = 1(1)𝑁   (23) 

QRM input on pseudo random road: 

𝑠	 = 	𝑣	𝑡       (24) 

𝑢 = ∑ 𝐴B sin(ΩB 	s + ΨB)C
BD:      (25) 

 

 

The amplitudes for pseudo random road 

𝐴B = �2	Φ(ΩB)∆Ω , 𝑖 = 1(1)𝑁                                       (26) 

 
3.3 Modelling results 

According to the previous mathematical equations that describe the road outlines we can obtain the 
influence of PSD (Φ/) and the waviness (ω) on the trailing arm angle (𝛽) and the chassis displacement 
(𝑧5) using matlab. 
First , we will investigate the change in the value of knuckle rotation angle (β) according to the change 
in PSD (Φ/)  and the waviness (ω) . 
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Figure 16. Investigate the trailing arm angle (𝛽) by increasing the PSD (Φ/). 

It is noticed that the trailing arm angle (𝛽) increases by increasing the PSD (Φ/) according to the 
previous relations. 

 

 
Figure 17. Investigate the static angle (𝛽) by increasing the waviness (ω). 

It is noticed that increasing the waviness (ω), the angle (𝛽) decreases until reaching a definite point 
at (ω = 2.4	, 𝛽 = −0.48712		𝑑𝑒𝑔) after that the angle (𝛽)  increases according to the previous 
relations. 

 
Figure 18. Investigate the angle (𝛽) by increasing the waviness (ω) and the PSD (Φ/). 
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It is noticed that increasing the waviness (ω) and Increasing PSD (Φ/), the angle (𝛽) increases. 
Decreasing the waviness (ω) and Decreasing PSD (Φ/), the angle (𝛽) decreases. Increasing the 
waviness (ω) and Decreasing PSD (Φ0), the angle (𝛽) decreases. Decreasing the waviness (ω) and 
Increasing PSD (Φ0), the angle (𝛽) increases. 

Second , we will investigate the change in the value of the chassis displacement (𝑧5) according to the 
change in PSD (Φ/) and the waviness (ω) . 

 
Figure 21. Investigate the displacement (𝑧5) of the rover body by increasing PSD (Φ/). 

It is noticed that the displacement (𝑧5) of the rover body increases by increasing PSD (Φ/), according 
to the previous relations. 

 

Figure 19. (x-z) view shows the influence of 
increasing the PSD (Φ/) on trailing arm angle (𝛽) . 

Figure 20. (x-z) view shows the influence of 
increasing the  waviness (ω) on trailing arm angle 
(𝛽).  
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Figure 22. Investigate the displacement (𝑧2) of the rover body by increasing the waviness (ω). 

It is noticed that the displacement (𝑧5) of the rover body increases by increasing the waviness (ω), 
according to the previous relations. 

 
 

 
Figure 23. Investigate the displacement (𝑧5) of the rover body by increasing the waviness (ω) 

and PSD (Φ/). 

 

 

It is noticed that increasing the waviness (ω) and Increasing PSD (Φ/), the rover body displacement 
(𝑧5) increases. Decreasing the waviness (ω) and Decreasing PSD (Φ/), the rover body displacement 

Figure 24. (x-z) view shows the influence of 
increasing PSD (Φ/) on the rover body 
displacement (𝑧5) . 

Figure 25. (y-z) view shows the influence of 
increasing the waviness (ω) on rover body 
displacement (𝑧5).  
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(𝑧5) decreases. Increasing the waviness (ω) and Decreasing PSD (Φ0), the rover body displacement 
(𝑧5) increases. Decreasing the waviness (ω) and Increasing PSD (Φ0), the rover body displacement 
(𝑧5) decreases. 

4. Conclusion 

This paper is divided into two parts .In first part we represent the influence of changing the values of 
parameters like spring rate (𝑐,) and damping ratio (𝑑,) on the trailing arm angle (𝛽)  and the rover 
body displacement (𝑧) ,so that we can obtain a suitable values of (𝑑,) and (𝑐,) that result in a required 
values of (𝛽) and (𝑧) .In the second part we used a model that simulate the road profile aspects  to 
investigate the influence of changing the values of waviness (ω) and PSD (Φ/), on the trailing arm 
angle (𝛽) and the rover body displacement (𝑧). 
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