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Over the years, numerous rovers have been sent to the Moon and Mars, but all of them have been limited in their 

mobility. For example, we have not yet been able to venture into craters or down ravines. With game changing 

developments over the past decade in robotic technologies, we are at a juncture in planetary exploration technology 

where we can transition from the conventional rocker bogie suspension rover design and start employing more 

unconventional designs. We have been constructing and evaluating one such design called the Transforming Roving-

Rolling Explorer (TRREx) Rover. Biologically inspired by the way the armadillo curls up into a ball when 

threatened, and the golden wheel spider uses the dynamic advantages of a sphere to roll down hills when escaping 

danger, the TRREx rover can traverse like a conventional 6-wheeled rover over conventional terrain, but can 

transform itself into a sphere, when necessary, to travel down steep inclines, or navigate rough terrain. This paper 

will discuss the proposed design architecture of the TRREx rover, its capabilities and operation. It will present 

computer simulations of an optimal control scheme used to control a 2 dimensional version of the spherical rover and 

outline preliminary hardware development. We believe this work represents an important step in developing a rover 

capable of traversing a variety of terrains that are impassible by NASA's current fleet of rover designs, and thus has 

the potential to revolutionize lunar exploration. 

 

 

I. INTRODUCTION 

Designs of ground exploration rovers in recent years 

have been rather conventional, the exception few novel 

proposals that employ modern robotics in the rover’s 

locomotion itself (LEMUR
1
 and Athlete

2
). Building on 

recent technological advances in sensing and 

actuation
3,4,5

 it is now possible to replace traditional 

mechanical linkages with more sophisticated closed 

loop control schemes, and radically new architectures. 

When searching for novel rover designs, we find that 

nature has abundant inspiration. The Transforming 

Roving-Rolling Explorer (TRREx) Rover (see Fig. 1) is 

biologically inspired by the armadillo
6
 and the golden-

wheel spider
7,8

. 

 
Fig. 1:  Two modes of the TRREx rover. 

 

To introduce the TRREx rover and outline its 

capabilities, we present the following scenario. 

 

Picture a typically harsh extraterrestrial environment 

with moderately rough terrain - rocks, crevices, 

hummocks and depressions. In the corner of this image 

is an unobtrusive exploration rover, battling the extreme 

conditions and slowly inching towards its exploration 

target. It negotiates the rugged terrain with its active 

suspension (discussed later), distributing its weight 

evenly over all six wheels to extract maximum traction. 

As it moves steadily along, it senses an overall gradient 

in the direction of a mission target and triggers a 

decision making algorithm. Some quick computations 

and a couple of decision trees later, the result is a 

‘negative’ to switch modes, So it trundles along until it 

reaches the edge of a steep descent. It has to now choose 

between roving down the slope or finding another path 

along which the decent is not as risky. Given inherent 

advantages in the design of the TRREx, such a decision 

is trivial, and the unobtrusive rover is finally given a 

chance to flaunt its hidden potential. Accompanied by 

the robotic humming of actuators the rover transforms 

(see Fig. 5). True to its Acronym-name ‘TRREx’ the 

‘Transforming Roving-Rolling Explorer’ transforms 

from an unassuming conventional rover into a 

sophisticated spherical rover and is ready to roll down 

the slope, undaunted by its inclination.  
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Only a few feet separate the rover from tumbling 

effortlessly down the edge, but how does it traverse 

these few feet of flat terrain? Just as it seems the rover 

has encountered a weakness in its design and one begins 

to think it has no mobility in this spherical configuration 

without the aid of a gradient, the active suspension 

begins to actuate cyclically around the sphere to propel 

the rover forward by creating and maintaining a virtual 

center of gravity in the direction of the required motion 

(see Fig. 7). This is equivalent to the shape of the sphere 

continually being morphed to make it front-heavy. 

Once the rover senses it is over the edge the 

harmonic ‘actuated rolling’ commands are stopped and 

the now spherical rover takes a free ride -‘free rolling’-

down the incline towards the objective. Towards the 

lower end of its ride the gradient is less steep, but the 

terrain is not as friendly and is covered with small 

rocks. The rover senses a rather large obstacle in its 

path, a boulder. It judges that a collision could be 

potentially harmful and thus performs a set of precisely 

computed and executed control actuations thereby 

steering around the obstacle. This is an example of the 

‘controlled rolling’ capability of the rover, which is a 

combination of free rolling and intermittent actuated 

rolling. 

When the incline levels off, the rover follows a 

complicated algorithm to decide which mode to operate 

in, with inputs from different sorts of terrain maps, 

roughness of upcoming terrain, inclination, soil type and 

constraints on efficiency, time, safety, and scientific 

data collection interests. Other than the standard 

parameters, the algorithm also has to accommodate facts 

such as the scientific interest in certain parts of the path. 

For example, for the purpose of taking pictures or 

collecting soil samples it might be more advantageous 

to operate in roving mode as opposed to rolling mode. 

The rover design is presented here as a platform that 

payload and instruments can be mounted onto based on 

the mission requirements. The general mission types 

that TRREx would be suited for are areas that have a 

combination of flat areas, gentle gradients and steep 

slopes; areas that cannot be explored by traditional 

rocker-bogie rovers because of their limitation in 

manuevering down slopes. The design architecture of 

the TRREx rover inherently mitigates the risk of 

overturning that the traditional rovers face when 

traversing down a steep slope. The landing site should 

be chosen at a higher altitude than the rest of the 

planned mission path so that the rover is traversing 

downhill for most of the mission, in order to take 

advantage of potential energy in rolling. On the moon 

the far side is known to have higher altitudes (higher 

impact craters) with a rougher surface and a thicker 

crust. On Mars, some example exploration sites where 

such terrain with slopes and rapid variation of altitudes 

are found are the Hellas basin and the Tharsis region. 

One could also imagine its use in earthly environments 

for military applications and exploration of remote 

areas. 

 

II. DESIGN ARCHITECTURE 

The design features of the TRREx mentioned in the 

above scenario will be discussed in further detail in this 

section. The TRREx rover operates in one of two modes 

that it can transform between – the roving mode and the 

rolling mode.  

 

II.I Roving mode  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: TRREx in Roving mode 

 

While roving the rover is able to use the 

following design features: 

 

Active suspension 

Given the generic terrain on an arbitrary 

extraterrestrial body, it is advantageous to have some 

sort of suspension system for many reasons. 

Traditionally, an arrangement of mechanical linkages, 

called the Rocker Bogie mechanism, has been used in 

planetary exploration rovers. This is a form of passive 

suspension where there is no actuation of any sort. It has 

the advantage of being power efficient, simple, and thus 

reliable and robust. From the view point of even 

distribution of weight on all wheels, however, it is not 

the ideal suspension system. For maximum traction it 

would be ideal to distribute the rover’s weight evenly 

over all its legs. This will give maximum possible 

normal force on each and thus no slippage on any one 

wheel. There is no simple mechanical system that can 

accomplish this. 

In the era of robotics, however, we can resort to 

closed loop sensing and actuation to achieve this. 

Considering that such systems are continually becoming 

more efficient and reliable, they are promising 

replacements for purely mechanical systems.  
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Fig. 3: Active suspension conforming to terrain 

 

  The simple control loop employed in the active 

suspension works by continually sensing if any one of 

the wheels is bearing more weight than the other, and 

actuating that leg in such a way that this excess weight 

is shifted onto the other legs. This can be done with a 

combination of force sensors between each wheel and 

the leg that will monitor the weight borne at that wheel, 

and actuators that change the angle of the leg to relieve 

or increase the load on that wheel. The result is a 

suspension system that conforms to the underlying 

terrain (see Fig. 3) with lag and tolerance a function of 

the control system design. Such a system distributes the 

rover’s weight evenly on the six wheels and thus 

enables maximum traction with minimum slippage. 

 

Flexible hip joint 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Hip joint of the TRREx as labeled in Fig. 2 has 

two degrees of freedom. One of these degrees of 

freedom is shown in Fig. 4. This is a rotational degree 

of freedom that has its axis out of the page. The rotation 

axis of the other is pointing upward. This design feature 

gives the rover a lot of redundancy and allows the hip to 

also contribute to the active suspension. Other 

advantages of such a joint are discussed later in the 

capabilities section.  

 

Detachable-Tethered Halves 

Another unique feature of the TRREx is that the two 

halves can be detached while being connected by a 

tether (see Fig. 4). This expands the capacities of the 

rover and allows the two halves to operate separately 

within the vicinity of each other. The tether also 

provides a method for recovery if one of the halves gets 

stuck. 

 

 

II.II Transformation 

 
Fig. 5: TRREx transformation 

 

The step by step transformation between the two 

primary modes is shown in Fig. 5. Even though this step 

by step picture suggests discrete sequential actions are 

undertaken to change modes, the process is actually 

done in a continuous fashion where all actuations can be 

simultaneous. In fact high speed Sensor-actuator 

integration could be investigated such that the 

transformation between modes can happen as the rover 

is moving, i.e. through precise computations and 

actuation, the inertia of the rover can be maintained 

during the transformation. 

 

II.III Rolling mode 

In the rolling mode (see Fig. 6) the TRREx is in a 

spherical shape and the two hemispheres together have a 

total of eight independently actuated “quarters” (two of 

which do not serve as legs but still have the capacity to 

open and close). The different ways in which such a 

sphere can roll is detailed below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Free rolling 

Free rolling is when the rover is rolling down an 

incline solely due to gravity and without any sort 

Fig. 4: The pictures on the left show the flexible hip 

joint and pictures on the right show tethered operation. 
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Fig. 6: TRREx - control of rolling in 2 directions. 
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of interfering actuation. There is no control involved in 

this type of rolling (see Fig. 11). 

 

Actuated rolling 

Actuated rolling occurs when there is no gradient 

and yet a rolling motion is produced by continuous 

cyclic actuation and dynamic shifting of the center of 

gravity. This is shown in Fig. 7, where initially (without 

any actuation) the center of gravity (CG) is in the center 

of the sphere. As we actuate the legs, the center of 

gravity shifts as shown, and the sphere will roll to try 

and bring the CG to the lowest possible configuration. 

By cyclic actuation, however, the CG is not allowed to 

settle at the bottom and is dynamically kept offset at a 

height. 

 
Fig. 7: TRREx actuated rolling 

 

In this type of rolling a closed loop control scheme 

is employed that makes use of sensors, such 

as accelerometers, in tandem with dynamic models, to 

produce continual actuations that maintain a virtual 

center of gravity which is offset from the geometric 

center of the rover, resulting in the desired direction and 

magnitude of rolling. Fig. 6 shows how the design 

allows for control of actuated rolling in 2 dimensions, 

thus any intermediate direction can be achieved by 

overlapping rolling about perpendicular axes. 

 

Controlled rolling 

Controlled rolling is when the rover is free rolling, 

but interfering actuations are made to momentarily shift 

the center of gravity in an attempt to control the 

direction of rolling. Such control is possible only when 

the rover is in contact with the terrain and there is 

friction between the rover and the terrain.  In this type 

of rolling, a very interesting integration of dynamic and 

control models from free and actuated rolling is 

possible. 

 

III. CAPABILITIES 

III.I Gaits and steering possibilities 

Owing to the many redundancies in its design, 

the TRREx rover can demonstrate many gaits and 

steering configurations. Some of them are discussed 

here. The rover can move forward and backward in the 

regular roving mode by turning its wheels. It can also 

move sideways i.e. 90 degrees to the left or right by 

turning the 2DOF adaptors (labeled in figure 2) between 

the legs and the frame and by lifting the front and rear 

legs off the ground. Similarly it can also achieve any 

intermediate angle, and is thus capable of performing a 

“crab gait” (see Fig. 8) To turn, the rover can use its 

flexible hip to form a turning circle of required radius, 

or it can do a zero turning radius turn in which the front 

wheel and the real wheel are lifted off the ground and 

the rest of the four wheels are kept as tangents to a 

circle by the 2-DOF adaptors. Thus the rover can 

execute a turn standing in its place 

 

 

 

 

 

 

 

 

 

 

Fig. 8: The pictures on the left illustrate crab steering in 

roving mode and the ones on the right shows another 

method of actuated rolling. 

 

There might also be various other possibilities, such 

as an actuated rolling were the quarter touching the 

terrain opens up pushing the rover forward (see Fig. 8). 

 

III.II Climbing over a ledge 

 

 

 

 

 

 

 

 

Owing to the many redundancies in its design, 

the TRREx rover can demonstrate many gaits and 

steering configurations. Some of them are discussed 

here. The rover can move forward and backward in the 

regular roving mode by turning its wheels. It can also 

move sideways, i.e. 90 degrees to the left or right, by 

turning the 2DOF adaptors (labeled in figure 2) between 

the legs and the frame 

 

III.III Exploring Craters 

Impact Craters are of prime scientific interest on 

planetary bodies, and exploring their bases would grant 

access to invaluable data. Fig. 10 shows how the 

TRREx can climb the crater sideways and how the 

detachable tethered halves allow for one half to anchor 

F=mg 

Fig. 9: TRREx climbing over a ledge 
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itself on the top of the crater edge and winch down the 

other half to explore the base. Once the exploration 

mission is over the anchored half can haul the other half 

up out of the crater (an anchoring system would need to 

be developed for the rover half perched on the edge of 

the crater). 

 

 

 

 

 

 

 

 

 

 

 

 

IV. MODELLING AND ANALYSIS OF 

ROLLING MOTION 

IV.I Free rolling 

A mathematical model of a spherical rover free 

rolling down an incline was developed as follows. 

 
Fig. 11: TRREx free rolling down a declined surface 

 

Consider a sphere moving on the surface shown in 

Fig. 11. Its position and velocity are defined as 

 

1 2 2 3 3q q q= + +
1

q c c c  

1 2 2 3 3u u u= + +
1

ω c c c    [1] 

4 5 2 6 3u u u= + +
1

v c c c  

 

The force acting on the sphere is 

 

G N D rr fr
+ + + +F = F F F F F           [2] 

Where, 

 

2 3(cos sin )
G

mg β β= − −F c c  

2N
N=F c  

1

2
D D rel rel

AC v vρ= −F  

When the sphere is rolling, the rolling resistance is 

given by  

rr rr

v
C N

v

 
= −   

 
F , 

where Crr
 
is the rolling resistance coefficient. For a 

sphere at rest or slipping Frr=0.  

 

The frictional forces are given by 

1 3fr fr, 1 fr, 3q q
F F= +F c c .  

If the sphere is sliding, 

fr

p

p

v
N

v
µ

 
′  = −

 
 

F ,  

where the velocity vp of the contact point of the sphere 

with the decline is given at all times by
p

v v pω= + ×

.The moment acting on the sphere due to friction force 

is 
fr

M p F= ×  . 

 

The equations of motion for the system are 

 

31 ,( ) /
fr q

u bF J= −ɺ  

2 0u =ɺ  

13 ,( ) /
fr q

u bF J=ɺ  

1 1 14 , , ,( ) /
fr q D q rr q

u F F F m= + +ɺ    [3] 

5 0 ( cos ) /u N mg mβ= = −ɺ  

3 3 36 , , ,( sin ) /
fr q D q rr q

u F F F mg mβ= + + +ɺ  

 

Numerically the assumption of no slipping must be 

checked at each time step. No slipping occurs provided 

 

1 3

2 2 1/2

, ,( )fr q fr qF F Nµ+ <    [4] 

 

where cosN mg β= . As long as the inequality is 

satisfied, the sphere is rolling. 

 

Extended versions of the above model have been 

developed
9,10,11

 which include a collision model to 

model collision with rocks and a trajectory model to 

model a sphere subject to aerodynamic forces. Fig. 12 

shows a path the mathematical model predicts the 

spherical rover will take going down an incline with 

randomly distributed rocks. 

Fig. 10: TRREx exploring a crater base. 
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Fig. 12: Path predicted by free rolling model. 

 

IV.II Actuated rolling and controlled rolling 

Modelling actuated rolling is a much more 

complicated problem than modelling free rolling as now 

we have control inputs that can be used to control the 

dynamics of the system. The approach followed to 

tackle the 3-dimensional (3-D) problem of actuated 

rolling, is to first tackle a simpler 2-dimensional (2-D) 

version of it and then use that as a starting point to solve 

the 3-D problem. The information gathered in such an 

analysis of a 2-D system will help establish 

mathematical and experimental correlations between the 

size and weight of the rover and the friction, slopes or 

obstacles that it can overcome. This information can be 

used to iterate on the design of the 3-D rover itself, for 

example making minor rearrangements in mass 

distributions or even choosing different actuators or 

sensors. In this paper we will discuss the mathematical 

modelling, optimal control and hardware development 

of such a simplified 2-D version of the TRREx Rover 

suspended on an axle (see Fig. 13). 

 
Fig. 13: The picture on the right shows the 2-D TRREx 

rover suspended on an axle and the right is an  

illustration of the lumped parameter model. 

 

Analysis on simplified 2-D model 

The 2-D TRREx (shown in Fig. 13) is suspended on 

a stand via a rotational bearing and has four legs that 

can be actuated by linear motors. So when any one (or 

more) of the legs are opened the effective center of mass 

is offset and the system rotates about the axis. If the 

sequence of actuations of the legs are such that the 

center of mass of the system is always maintained in 

front of the axis of rotation then continuous rotation is 

achieved. Based on the dynamics of such a model, we 

can design an optimal control scheme to control the two 

states (position and velocity) of the rover. 

 

Mathematical lumped parameter model 

By using Newton-Euler methods or Lagrange’s 

method, the equation of motion that describes the 

motion of the one dimensional system can be shown to 

be: 

 

[5] 

 

 

 

Where m is the effective mass at each leg, g is the 

local gravity parameter, l is the length of the effective 

leg, I is the total rotational moment of inertia of the 

system and C is the overall damping in the system. The 

angle θ is the rotational position of the system and the 

γ’s are the angles that define how ‘open’ a leg is with 

respect to the frame (note that some γ’s are measured in 

the clockwise direction while others are measured in the 

counterclockwise direction). If all the  γ’s are the same 

then the effective center of mass is on the axis of 

rotation and thus there is no moment that produces 

rotation, but if  one of the legs is more open (with 

respect to the others) then there is moment that creates 

rotation as described by the above equation of motion. 

Also note that the rotational moment of inertia is a 

varying function of time as the legs open and close but 

this change is assumed to be small compare to the 

overall inertia. 

The system can be written in state-space as: 

 

[6] 

 

 

Where, 

 

 

 

 

 

 

Thus we see that the dynamics are non-linear in the 

state variables and our physical system is such that we 

do not wish to operate about a set point, therefore we 

cannot linearize the equations. Also the control u= [γ1, 

γ2, γ3, γ4]
T
 enters the system nonlinearly. Thus 

unfortunately powerful methods of linear control theory 

cannot be used and we have to resort to numerical 

optimization. 
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1 2 3 4

1 2 3 4
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I
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C
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= − + + −

+ + − − −

ɺɺ
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=

= + −

ɺ
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Control problem formulation 

There are a number of ways in which the control 

optimization problem can be formulated, but we state 

the problem we want to solve as ‘Find the optimal 

control that takes the suspended 2-D Test Bed from 

point A at initial time to point B at final time minimizing 

a quadratic cost function J.’  

 

 

 

 

 

 

 

 

Note that a point in state space is defined by both 

position and velocity. We define the cost function we 

want to minimize as 

 

[7] 

 

The first term in this quadratic cost function is a 

‘penalty’ for missing the final target state and the 

second term is the total control effort spent (amount of 

actuation required) to achieve the target. Minimization 

of equation [7] is inherently constrained by the 

dynamics of the system described in equation [6] 

The weights on the penalty for missing the desired 

position could be different from the penalty on missing 

the desired velocity. ρ is explicitly diagonal if these 

weight relations are not coupled. For example 

 

[8] 

 

For our system it is unnecessary to weight the 

actuation of any one leg toward fuel consumption (or 

control effort) as greater than any other, thus all the 

inputs in u are weighted equally by r. Thus in equation 

[7] 

 

 

 

[9] 

 

 

The input angles u= [γ1, γ2, γ3, γ4]
T
 for the suspended 

2-D TRREx are each constrained by the physical 

interference of the components of the system to be 

between 45 and 90 degrees. This makes the problem a 

constrained nonlinear optimization problem
12,13

. Note 

that for the 2-D TRREx rolling on the ground additional 

constraints on the inputs should be added such that there 

is no physical interference between an open leg and the 

ground. 

Due to the nature of our problem as discussed earlier 

we resort to the control parameterization technique 

where the control input is broken down in N time steps 

and a combination of the values of control that yields 

the minimum value of the cost function is sought. Here 

we restrict ourselves to two types of parameterizations; 

the values of these controls can switch discretely 

between time steps as in the piecewise continuous 

parameterization, or can linearly change between each 

time step as in the parameterization by a continuous 

linear spline. 

The constrained non-linear optimization problem is 

solved in Matlab by writing a set of functions that are 

called in a nested fashion. They take in an initial guess 

of a sequence of control inputs, integrate the dynamics 

and the integral part of the cost, evaluate the total cost 

function and modify the initial guess in the direction of 

a minimum to form a new guess as a starting point for 

the next iteration. This process of revaluating the 

dynamics and the cost function is repeated until either a 

minima (up to a user defined tolerance) is satisfied, or 

until any other user defined stopping criterion are met. 

A large amount of problem specific software is wrapped 

around the core optimization function (fmincon), but the 

final output is the control that yields the minimum cost 

and the state trajectories that are traced by the 

application of this control. 

We should be aware that the cost function might 

have multiple minima and that the optimization will be 

driven in the direction of the minimum closest to the 

initial guess, and thus might only be a local minimum 

and not a global minimum. Thus the minimum found is 

dependent on the initial guess. We increase our chances 

of finding the global (or a lower) minimum by running 

the code multiple times, each time starting with a 

randomized initial guess. 

 

Simulation and Results 

 

System Parameters Symbol Value Units 

Offset  masses on legs m 0.5 Kg 

Rotational  inertia I 0.75 Kg-m
2
 

Gravity g 9.8 m/s
2
 

Length of  leg l 0.3 m 

Damping C 1 Kg/s 

Optimization Parameters Value 

Number of pieces N=8 

Parameterization type Piecewise continuous 

Weight on control effort r=1 

Weight on end point tolerances ρp=10, ρv=0 

Problem 

Parameters 
Initial Final Units 

Time 0 4 seconds 

Position (0,0) (360,0) (Deg, Deg/sec) 

Table 1: The control is optimized using the above 

parameters in scenario 1 

 

1

0
1 1 1 1( ( ) ) ( ( ) ) ( )

t
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γ

γ

γ

 
 
 =
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Fig. 14: Depicts the motion of the system from initial 

point to final point. 
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Various scenarios with different system, problem, 

and control parameters were run and the results were 

analysed. Some of these results from selected scenarios 

are presented here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the first scenario the problem is solved with a 

piecewise continuous control parameterization, to go 

from an initial point, which is defined as the origin to a 

final point which is one revolution away, and to reach it 

with a velocity of zero, but there is only a weight on 

final position, and not on velocity. The complete set of 

parameters for this scenario is listed in Table 1. 

The optimized control on the four legs and the 

corresponding system response to this optimum control 

(that the code outputs) is shown in Fig. 15. 

The optimum control starts the system with legs 1 

and 4 fully open (at 90 degrees) and legs 2 and 3 closed 

(at 45degrees). After 1 second at an angular position of 

about 50 degrees it closes leg 4 and opens leg 2, again at 

time 2 seconds and an angular position of about 130 

degrees it closes leg 1 and opens leg 3, next it closes leg 

2 and opens leg 4, and thus actuates the legs in a cyclic 

fashion. Going back to the physical system in Fig. 13, 

we can intuitively verify that the actuation sequence 

suggested by the optimization software will move us in 

the direction of the final point.  

It turns out that 4 seconds is a short time to go from 

our initial point to final point and so the system has to 

move relatively fast and in such cases we see this cyclic 

pattern of actuation. Note that the final velocity was free 

to be anything here but if there was a weight on final 

velocity then we might have seen some ‘braking’ 

actuation to keep the final velocity closer to zero and the 

cyclic pattern would be broken. 

The parameters for the second scenario are in Table 

2. This time we want the control to change as a 

continuous linear spline rather than in discrete jumps. 

The system is now required to execute three revolutions 

in three seconds, and to make this achievable the inertia 

of the system is reduced. The rest of the parameters are 

kept the same as in the previous scenario. 

 

System Parameters Symbol Value Units 

Offset  masses on legs m 0.5 Kg 

Rotational  inertia I 0.125 Kg-m
2
 

Gravity g 9.8 m/s
2
 

Length of  leg l 0.3 m 

Damping C 1 Kg/s 

Optimization Parameters Value 

Number of pieces N=8 

Parameterization type 
Continuous linear 

spline 

Weight on control effort r=1 

Weight on end point tolerances ρp=10, ρv=0 

Problem 

Parameters 
Initial Final Units 

Time 0 3 seconds 

Position (0,0) (6π,0) 
(Rads, 

Rads/sec) 

Table 2: The control is optimized using the above 

parameters in scenario 2 

 

The optimum control and state trajectories output by 

the code are shown in Fig. 16. We notice that the system 

is able to achieve higher velocities than in the previous 

case (because of the reduced inertia) and is able to 

complete 3 revolutions in 3 seconds. It gets close to the 

final point to within the tolerances determined by the 

weights in the cost function. 

In the last scenario, an interesting result found by the 

optimization software for the particular problem is 

presented. For this scenario we want the system to reach 

a final angle of 60 degrees with a final velocity of 2π 

radians/second i.e. in a very short distance we want the 

system to achieve a relatively high speed. The inertia is 

bumped back to the original value, damping is reduced, 

and we give the system plenty of time to do what it can. 

Fig. 15: Simulation results of control optimization in 

scenario 1. 
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We also remove the weight on the control effort, so the 

optimization is not constrained to keep the control effort 

small, and we weigh the final velocity more than final 

position (i.e. final velocity is more important to us than 

the final position). The exact parameters are in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As mentioned before, the cost function could have 

multiple minima based on what the starting initial guess 

was. For this case we will discuss three such minima 

(two of which are presented as plots). The first 

minimum is generated by an initial guess that is 

randomly chosen. We see that the optimization 

converges to a minimum that is rather disinteresting. It 

misses both the final position and velocity considerably, 

and with that particular initial guess the optimization 

software cannot do any better. This is shown in Fig. 17. 

The value of the cost function at this minimum was 

J=1404. 

 

System Parameters Symbol Value Units 

Offset  masses on legs m 0.5 Kg 

Rotational  inertia I 0.75 Kg-m
2
 

Gravity g 9.8 m/s
2
 

Length of  leg l 0.3 m 

Damping C 0.5 Kg/s 

Optimization Parameters Value 

Number of pieces N=8 

Parameterization type Piecewise continuous 

Weight on control effort r=0 

Weight on end point tolerances ρp=10, ρv=100 

Problem 

Parameters 
Initial Final Units 

Time 0 8 seconds 

Position (0,0) (60,2π) (degs, rads/sec) 

Table 3 : The control is optimized using the above 

parameters in scenario 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A second minimum (not shown here) from a 

different initial guess yielded a final cost of J=1324. 

This minimum is more interesting, as here the system is 

Fig. 16: Simulation results of control optimization in 

scenario 2. 

Fig. 17: Simulation results of first minimum in scenario 3. 
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first rotated backward for some time to gain a ‘runway’ 

and then approaches the final point at final time at a 

velocity that it built up over the extra ‘runway’ distance. 

The most interesting, solution however (J=1275), in this 

experiment is presented in Fig. 18, where the system 

actually rocks back and forth in an action that builds 

momentum so that it can reach the final point with high 

velocity as required. This is analogous to exciting a 

pendulum in its natural frequency so that higher radial 

velocities are achieved. Our system is a virtual 

pendulum with a virtual bob that changes location based 

on the actuation of the legs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hardware Development 

 

 

 

 

 

 

 

 

 

The 2-D TRREx is built in such a way that it can be 

easily expanded to the 3-D version of the rover (see Fig. 

19). The frame and the legs are made of aluminium. The 

actuators that open and close the legs are linear motors 

with potentiometer feedback. The angle of the system is 

detected by using a 3-D accelerometer and the controller 

used is the National instruments single board RIO - 

9611. The whole system is suspended on an axle on an 

aluminium frame so as the legs open the system rotates 

about this axle. For future experiments wooden support 

wheels are attached to the sides so that the system can 

roll on flat ground. 

 

IV. CONCLUSION AND FUTURE WORK 

A novel transforming rover called the Transforming 

roving-Rolling Explorer (TRREx) Rover has been 

presented along with mathematical models for different 

types of rolling. The model for free rolling is able to 

handle drag, sliding and bouncing dynamics of the 

spherical rover. An optimum control scheme based on 

the actuated rolling model for the 2-D TRREx was 

developed using control parameterization and 

interesting results were discussed. 

The roadmap for future of the TRREx includes 

developing a mathematical model to describe the 

dynamics of 3-D during actuated rolling. Once we have 

this model, we can integrate it with the model 

describing free rolling to come up with a control scheme 

that will perform controlled rolling. 

  Further experiments will be conducted to 

validate the results of these rolling models. The roving 

mode of operation of the TRREx and the transformation 

between the modes will also be individually studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18: Simulation results of third minimum in 

scenario 3. 

Fig. 19: Hardware development of TRREx 
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