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ABSTRACT This study proposes a heterogeneous modular reconfigurable robot called SABER (short for
Step, Assembler, and Bridge Explorer Robot) that is suitable for future autonomous extraterrestrial missions.
SABER comprises a platform and a reconfigurable rail and can operate in monowheel, rail trolley, and
manipulator configurations. The monowheel configuration provides locomotion at a top speed of 10 km/h.
The rail trolley configuration allows the robot to traverse gaps whose length is greater than its wheel
diameter, climb steps whose height is no taller than the wheel radius, and pass through passages narrower
than the wheel diameter. The manipulator configuration enables the robot to manipulate objects using two
robotic arms with changeable tools. This design allows several SABERs to work as a team to enlarge
their working area or enhance their mechanical capabilities. As such, SABERs can undertake various tasks
in extraterrestrial missions, including exploration, outpost building and equipment maintenance. The key
feature of the SABER is its mechanical transmission that allows its platform to move rapidly along a rail made
from the manipulators of the robot. We also formulated the novel concept of a jamming safety diagram that is
used to determine controller precision requirements to prevent the transmission from jamming. Finally, a new
positioning controller meeting those requirements was introduced and implemented as field-programmable-
gate-array firmware that is compatible with a wide range of low-cost integrated circuits. In numerical
simulations, we evaluated SABER with respect to its speed, acceleration, oscillation, and ability to negotiate
gaps and steps; SABER performed as well as or better than existing autonomous mobile robots and modular
reconfigurable robots.

INDEX TERMS Mobile robots, mechatronics, mechanical engineering, mechanical power transmission,
reconfigurable architectures, actuators, robot motion, robot kinematics, motion control, field programmable
gate arrays (FPGA).

I. INTRODUCTION

Interplanetary space missions had long been considered
the purview of the most powerful nations, but recent
technological advances have opened this domain to private
enterprises. In particular, studies have indicated the commer-
cial potential of exploring Mars or the Moon [1]. However,
interplanetary travel and prolonged stays on another planet
are hazardous [2], and housing people on space bases is
resource intensive [3], [4]. Thus, it is much safer and more
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efficient to build outposts on other planets or the Moon using
autonomous robot swarms.

A wide variety of space rovers have been used in missions
since the Moon landing of Lunokhod 1 in 1970 [5]. However,
space robots have been specifically designed for their mission
and cannot be reused for a different task. Currently, precise
long-term planning is primarily used to circumvent this lim-
itation [6]. This approach may be suitable for the scientific
endeavors of governments, but businesses seeking to capital-
ize on space-oriented commercial activities will require more
flexible solutions.

Reusability is currently the most promising concept in the
space industry, and it promises to greatly reduce the cost
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of a single spacecraft launch [7]. Reusability can also be
implemented in rover design: a rover that reaches another
planet should be capable of being repurposed to, for example,
establish and maintain facilities for research or production
using different tools, load and unload cargo from incom-
ing ships, and explore the area around the outpost. Such
rovers should leverage the versatility of modern assembly-
line techniques and industrial maintenance robots [8], [9]
in combination with autonomous all-terrain capabilities for
extraterrestrial exploration [10]-[12].

This study proposes a new heterogeneous modular recon-
figurable robot (MRR) design, which includes two manipu-
lators with seven degrees of freedom (DOFs) that are suitable
for industrial assembly applications, such as those considered
in [9] and [13]. For exploration, our robot can transform to a
monowheel configuration, providing locomotion comparable
with those of wheel-legged robots [12], [14], [15]. To traverse
steps and gaps, our robot can create a bridge from its own
manipulator. We call our robot SABER, which is short for
Step, Assembler, Bridge, Explorer Robot. The key feature of
SABER is its mechanical transmission that allows its plat-
form to move rapidly along a rail made from the manipulators
of the robot. To ensure the robust operation of the transmis-
sion, we constructed a novel jamming safety diagram that can
be used to prevent collisions and determine the requirements
for controller precision. Finally, we designed a positioning
controller that met these requirements; the controller was
also compatible with field programmable gate array (FPGA)
firmware and made from a wide variety of low-cost integrated
circuits.

Our main contributions are as follows. The first is SABER,
which features a monowheel made from two manipulators;
the use of the same structure for both manipulation and loco-
motion; a stable platform for sensors (e.g., LIDAR, GPS, and
cameras) and a payload; the capability to manipulate objects,
move on flat surfaces, climb steps no higher than the robot’s
wheel radius, traverse gaps larger than the robot’s wheel
diameter, and navigate passages narrower than the wheel
diameter. The second contribution is our proposed structure
of a mechanical transmission, the solution to an inverse Kine-
matics problem, and formulation of a motion control law for
the proposed transmission. These allow SABER to move a
carriage along a rigid polygonal roller chain against gravity.
The roller chain can be used as a reconfigurable rail, the
application of which is based on a robot kinematic scheme
that enables a speed of 10 km/h to be achieved fora 12.7-mm-
step roller chain. The third contribution is our novel concept
of a jamming safety diagram for determining controller pre-
cision requirements, which guarantees the absence of trans-
mission jamming in any configuration of SABER’s rail. The
fourth contribution is our formulation of a control law that
was implemented as FPGA firmware; it is compatible with
a wide range of low-cost reconfigurable integrated circuits.
We verified our firmware in a cycle-accurate firmware-in-
loop simulation, demonstrating that it can provide the desired
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precision when synchronous motors available on the market
are used.

The remaining parts of this paper are organized as follows.
Section II presents a review of related works. Section III
details the design of SABER. Section IV describes the mul-
tiaxis linear drive and corresponding control law, which are
key to implementing SABER. Section V presents the con-
cept underlying the control system. Section VI details the
evaluation experiments. Finally, Section VII summarizes and
concludes the study.’

Il. RELATED WORK

Robots for extraterrestrial exploration and outpost build-
ing must navigate rough terrain because they are generally
deployed to an unprepared site. Wheeled robots [17], tracked
robots [18], and walking robots [19] are the most types of
all-terrain robots developed.

Wheeled robots are similar to industrial automated guided
vehicles (AGVs) [20] or maintenance robots [8], but their
rover suspension mechanism is optimized for negotiating
regoliths [17], [21]. The highest rover speed is currently
1.8 km/h (0.5 m/s) [21]. Tracked robots adhere well with the
surface they are traveling on; however, they cannot negotiate
sandy soil well, which is found on Mars’ surface: in the Exo-
Mars project, a tracked rover was found to consume up to 65%
more power than a wheeled rover [22]. Walking robots mimic
the locomotion of animals by moving their legs. Such robots
move slower than wheeled robots but negotiate obstacles bet-
ter. For example, a six-legged walking robot proposed in [19]
has a maximum speed less than 1 km/h. A walking robot also
requires complex control algorithms that must be processed
in real time, making them more difficult to implement relative
to wheeled and tracked robots [22].

Reconfigurable robots can switch between wheeled,
tracked, and legged configurations, allowing them to pos-
sess the advantages of the three aforementioned robot types.
A self-balancing two-wheel mobile platform moving at a
speed up to 7.2 km/h was proposed in [23]. The platform
was equipped with four modules that can transform between
a wheel, leg, and track, which make it capable of negoti-
ating, for example, stairs that are no higher than 40 cm,
trenches that are no wider than 50 cm, and slopes that are
no steeper than 40°. Another robot called Scorpio [24] can
switch between a monowheel rolling configuration to reach a
speed of 1.5 km/h and a four-legged walking configuration,
but it lacks a stable platform that is suitable for transporting
payloads or for housing a sensor.

Wheel-legged robots, which combine the capabilities of
wheels and tracks but not legs, are more common than recon-
figurable robots [25]. Wheel-legged robots can reach a high
speed and can climb steps and traverse gaps smaller than
itself. For example, a wheel-legged robot in [15] can achieve

1A concise version of the research results was reported in the 2021 IEEE
17th International Conference on Automation Science and Engineering and
published in [16].
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a cruising speed of 1.08 km/h and top speed of 3.88 km/h.
Moreover, during vehicle locomotion, legs can be used as an
active suspension system [26]. A wheel-legged design was
further used to improve the cross-country capabilities of a
planetary exploration rover [12].

Some robots change their configuration by dynamically
changing their width or length, and this design has been
applied to a wheeled robot [11] and tracked robot [27].
Generally, the robot increases its length to overcome larger
gaps and increase its width to drive above obstacles instead
of overcoming them. Conversely, the robot decreases its size
to be more manoeuvrable and capable of negotiating narrow
passages.

Recent advances in multirotor unmanned aerial vehi-
cles (UAVs) have enabled novel designs of UAV's as reconfig-
urable robots [25]. Zhong et al. [28] proposed a triphibious
robot with a tilting-rotor structure; the robot is equipped with
four legs for walking and four more rotors for overcoming
obstacles much larger than itself. However, this robot cannot
function on the Moon because it can only function in an
extraterrestrial environment with a dense atmosphere.

Most existing robots have neither arms nor manipulator.
Even some parts of the robots, such as their wheels, may be
transformed into short arms, which can be used for excavation
or simple manipulation; these arms are generally unsuitable
for assembling parts or maintaining equipment. Recent stud-
ies [29]-[31] have demonstrated that robots must be equipped
with at least two 6-8 DOF manipulators to effectively replace
humans in most operations, including assembly and mainte-
nance. Notably, manipulators can be mounted on most of the
aforementioned mobile platforms at the cost of a larger and
heavier robot.

MRRs are a type of reconfigurable robot for extraterrestrial
exploration [32]-[34]. MRRs can move itself to a region of
interest and then undertake production or maintenance oper-
ations. Compared with a traditional design featuring a mobile
platform and set of manipulators, the MRR’s design offers the
following benefits: a reduction in size because hardware can
be reused, an improvement in the ability to overcome obsta-
cles, the ability for several robots to be combined into one,
and the accommodation of a larger working area. In addition,
the MRR has the unique capability of recovering itself after
failures by replacing its own faulty parts by cannibalizing
other robots or even building new kinematic structures for
locomotion that do not use faulty parts [35]. This key feature
makes the MRR more operationally robust because repairs
(which often require the delivery of spare parts) are highly
complicated in extraterrestrial missions.

MRRs can be homogeneous or heterogeneous. Chained
homogeneous MRRs, such as MTRAN-III, PolyBot-G3, and
Morpho [36], can form multi-DOF manipulators and move
by changing their shape into a wheeled or spider-shaped
structure. This approach results in almost no overhead on
structures, but has the disadvantage of low locomotion speed.
For example, the maximum land speed of the SMORES robot
is only 0.4 km/h (1.1 body length/s) [37], [38]. One of the
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fastest homogeneous MMRs is PolyBot-G3, which can roll
itself up to take on the shape of a thread to move at up to
5.76 km/h (1.6 m/s) [39].

However, constraints on motor power and module size
markedly limit the applications of homogeneous MRRs on
planatery surfaces. Typically, robotic manipulators are built
using motors of various sizes from larger at the beginning
effector to smaller at the end effector. This enables the oper-
ation of lighter robots that have manipulators with more
DOFs. Because the modules of a homogeneous MRR are
identical, each module can lift no more than three other
modules on Earth. For example, developers of the M-TRAN
robot assumed that one module of their robot has sufficient
torque to lift one other module in any posture [40]. Nonethe-
less, this disadvantage is less pronounced (and even nonex-
istent) in low gravity (or zero gravity) situations, making
homogeneous MRRs more attractive for solving practical
tasks [41].

By contrast, heterogeneous MRRs, which are composed
of modules of different types, can be better tailored to the
physical constraints of their environment than their homo-
geneous counterparts [36]. With regard to manipulation, this
heterogeneity allows a hierarchy of modules to be defined and
different drive sizes to be used [13].

Ill. DESIGN OF SABER

This section presents the design of our heterogeneous MRR,
SABER. It comprises a reconfigurable rail and a platform
sliding along this rail (Fig. 1). The robot can function as a
monowheel, a manipulator, or a rail trolley. The reconfig-
urable rail is formed by 2-DOF motorised modules with locks
on all joints. These locks can fix the joints in various positions
and do not consume power when locking is underway [42].
The boundary modules are equipped with genderless connec-
tors similar to the ones introduced in [13], [43]. This com-
bination renders several configurations possible, including
the monowheel [Fig. 1(a)] and two-manipulator [Fig. 1(b)]
configurations. The genderless connectors are used to equip
those manipulators with changeable tools and to lock the
rail in a closed shape. The reconfigurable rails of several
modules can be connected with each other using genderless
connectors to form a longer rail that can be used by the
modules’ platforms [Fig. 1(d)].

The reconfigurable rail stays rigid during locomotion,
which is powered by the motor installed on the platform.
In a monowheel configuration, the robot acts as hubless
monowheel [44] and executes turns using the methods in [45].
In the rail trolley configuration, the platform can position
itself on the rail, using the same drive that is used in the
monowheel configuration and using the same balancing sys-
tem, to remain on top of the rail. This rail configuration
enables the robot to traverse gaps greater than the robot’s
diameter in a monowheel configuration, to climb steps and
greatly reduce its height, and to pass underneath a low pas-
sage. Unlike the platform introduced in [24] that turns by
inclining itself at a limited angle, our design accommodates
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FIGURE 1. Overview of SABER. (a) Monowheel configuration,
(b) manipulator configuration, (c) transition from monowheel to
manipulator configuration, (d) two robots connected in a rail trolley
configuration. 1. Main platform, 2. Reconfigurable rail, 3. Genderless
connectors; 4. Extendable support leg, 5. Tools and actuators.

FIGURE 2. Reconfigurable rail structure. (a) Pair of units, forming a
crosswise joint, (b) half of the rail, connected to a base module, (c) pair of
units, forming a lengthwise joint, (d) full rail, almost closed. 1. Base unit,
2. Unit with lengthwise drive and crosswise lock, 3. Unit with crosswise
drive and lengthwise lock, 4. Large motor; 5. Medium motor, 6. Small
motor; 7. Genderless connector, 8. Lock, 9. Geared surface, forming the
opposite side of the lock.

a payload and the robot’s tools and navigation sensors, such
as cameras and LIDARs.

Fig. 2 details the placement of the drives, locks, and
genderless connectors of the reconfigurable rail. The recon-
figurable rail’s module comprises two units that form the
diagonal and lengthwise DOFs. As in the case in the manipu-
lator configuration, the central part of the reconfigurable rail
is under the platform; because the central lengthwise DOF
is not required, two reconfigurable modules jointly form the
base unit.

To illustrate the advantages of our MRR design, we con-
sider three scenarios. The first features the robot handling a
payload in the monowheel configuration. The support legs
simplify the loading process, and the wheel whose diame-
ter is comparable with the robot’s dimensions provides the
robot with a high speed and the capability to negotiate small
obstacles, such as on-floor cable channels or potholes. This
allows a single robot to transport materials not only indoors
but also outdoors between different production facilities. The
second scenario involves through gaps and steps (Fig. 3). The
third scenario involves the robot reaching out to grab a distant
object using extended manipulators, which is relevant to situ-
ations where the robot cannot be close to a piece of equipment
it is to maintain or inspect. The extended manipulator can be
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FIGURE 3. SABER traversing a gap, illustrated in (a)-(g), and a step,
illustrated in (h)—(l).

FIGURE 4. SABER reaching a distant object using an extended
manipulator.

created by moving the reconfigurable rail toward one of the
rail’s ends (Fig. 4) and equipping the other end with tool for
the relevant application.

IV. ROLLER CHAIN MECHANICAL TRANSMISSION

With regard to hardware implementation, monowheels and
robotic arms have been well investigated. This section thus
focuses on the mechanical design and control law underlying
SABER'’s transmission; these allow the platform to move
along the rail and the robot to move in both wheel and rail
configurations.

In [46], racks and spring loaded gears were used to move
along a reconfigurable rail. Unfortunately, a rack-based con-
struction does not allow for continual reconfiguration and
the use of spring loaded gears for the supporting structure is
suboptimal. To solve these problems, we propose replacing
the racks and gears with a roller chain and set of sprockets.
Fig. 5 illustrates our design featuring a roller chain fastened
along each module. Two sprocket modules, placed at the front
and back of the platform, ensure that the platform is fixed
relative to the modules. Each module comprises two sprock-
ets, one above and the other below the roller chain. Fig. 6
indicates that the whole module can rotate, providing the most
favorable angle between the roller chain and the sprockets.
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FIGURE 5. Drives on platform. 1. Platform, 2. Modules, 3. Roller chain,

4. Sprocket module, 5. Sprocket.
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FIGURE 6. Rotation of sprocket modules (a) on a straight part of the
roller chain, (b) right after passing the edge, and (c) passing the edge.

The use of an eight-cog sprocket enables positioning at angles
from 135° to 225°. To prevent bending moments, roller chains
and sprocket modules are placed on both side of the robot.

To implement the sprocket module, we propose a cheese-
burger drive (CB drive; Fig. 7). The entire module is rotated
by a drive, as depicted in Fig. 7(a). A geared ring transmits
the rotation from the outer gear on the second drive to an
inner gear on the sprocket axis at any module rotation angle,
as illustrated in Fig. 7(b). As illustrated in Fig. 7(c), equal
gears on the sprocket axis synchronize the sprockets’ rotation.
The opposite bevel of the sprockets’ cogs allows the sprockets
to overlap with each other.

FIGURE 7. CB drive construction by layers. (a) Rear half of case with
module-rotating drive, (b) Sprocket-rotating drive and gear transmission
up to the sprocket axis, (c) Sprocket axis with gears, (d) Entire assembly
with sprockets.

Our robot, based on the aforementioned design, possesses
the following features.
1) The platform can move along the roller chains in all
configurations when the angles of all modules are
between 135° and 225°.
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FIGURE 8. Symbols associated with parts of roller chain.

2) When the platform carries the weight of the rail, the
support and transmission are provided by the lower
sprockets. When the rail carries the weight of the plat-
form, the support and transmission are provided by the
upper sprockets.

3) The transmission of roller chains and sprockets pro-
duces high force;

4) A straight-linear module configuration leads to
straight-linear roller chains.

Fig. 8 summarizes our notation that we adopt in the fol-
lowing discussion. SABER’s characteristics are described by
the following parameters: the number of modules N, where
N = 8; the length of each module /,,, which is equal to the
distance between two crosswise axis in Fig. 2; the distance
[, between the front and rear CB drives; the CB drive inner
gear ratio U; and the roller chain step /.. The robot’s entire
state can be described by an array containing 1) the modules’
angles «;, where i represents the module ID, and 2) the posi-
tion gy containing the front sprocket module on the g-axis,
where the g-axis is defined as a polyline starting at the initial
position of the first module (whose index is i = 0) and passing
along the roller chain. In this study, the index i of a given
module is determined by its position on the g-axis and the
length of each module /,;:

i(q) = LEJ . (1)

The positions of all modules are expressed in Cartesian
coordinates. The ith module in its local coordinates can be
described by the initial point 5;, midpoint 772;, and endpoint ¢;:

¢ = m; + 7([%] ) 04), 2)
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where the rotation function 7 is defined as

FG.a) = |:cos(oz) — sin(oz)} B?)x} _ 3)

sin(a) cos() y

The initial point, midpoint, and endpoint in global coor-
dinates are denoted S;, M; and Ej, respectively. When the
modules are connected in a chain, the endpoint of the next
module coincides with the initial point of the subsequent
module, and the rotation angle is cumulative from module
to module as the global rotation angle §;. Thus, the global
coordinates can be determined after i iterations from 0 to N by

= 7Gi, Bim1) + Eio
= 70, Bi—1) + Ei_1
= 7(é, Bim1) + Ei_1
i = Bi-1 + i, “4)

where f_; = 0 and E_; = (0, 0).

As indicated in Fig. 6, the CB drive must stay perpendicular
to the roller chain most of the time. To provide smooth
continuous rotation, the CB drive must start rotating before
reaching the center of the module. To determine the CB drive
rotation, we must know the index of the module i at its given
location, the relative coordinate of this module ¢, (from the
module’s initial point) and the coordinate of the drive relative
to the center of the module g.; the latter two are defined as

> Ko

qr(q) = g mod I,

I
qc(q) = ar(q) = = &)

If the rotation begins at an offset of g, from the center, the
transition angle y (g) can be calculated as

0, if 1g:(@)| > qo
aj(g)(cos( ch(oq)n) +1) .
v(g) = 1 o ifge@) <0 (6)
ai(q)(cos(q;()q)n) +1) .
— 4‘ , otherwise.

The CB drive global orientation angle 7(g) can be
expressed as

_ (@) =27, ifnu(q) > 7
n@) = {nn(q), otherwise, @
where
_ B(i(g)), if ge(q) <0

(@) = (@) + {ﬁ(i(c]) + 1), otherwise. ®)

The sprocket angle is defined as

_ 2ngq
§(q) = N )

where g represents the position of the chain, and /. represents
the roller chain step.

The global coordinates of the point on the chain can be
evaluated from the known global coordinates of the nearest
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rgodule points described in (4). The nearest points ﬁo(q) and
P1(g) can be expressed as

- Siars  ifge(q) <0
i(q)» otherwise
- My, if <0
Pilg) = | w1 acl@) (10)
Ejq), otherwise.
The interpolation coefficient a(g) can be evaluated as
21D it g) < 0
a(g) = (¢ (11)
2 qi(Q) , otherwise.
m

From (10) and (11), the global coordinates of the point on
the chain P(g) can be evaluated as

P(g) = Po(q) + a(q)(P1(g) — Po(q)). (12)

Given the position on the chain of the front CB drive gy,
the position of the back CB drive g, must satisfy

0’ 9
e {[ qr)

lgr —luN, qr),
|Pap)—Pian| =1y

if the reconfigurable rail is opened
otherwise

13)

After the rear CB drive position gy, is determined, the global
orientation of the platform B, can be evaluated as

By(qr) = arctan 2(P(qs) — P(qp(gp))). (14)

The front CB drive rotation ¢, and rear CB drive rotation
¢c, at gr can be calculated as

b (qr) = n(gqr) — Bp(qr)
be, (qr) = n(qp(gr)) — Bp(qr)- (15)

The rotation of the entire module causes the rotation of the
sprockets. The required rotation of the CB drive geared ring
¢s depends on the CB drive rotation ¢, the sprocket angle &,
and the CB drive inner gear ratio U as follow:

¢s(q) = ¢c(q) — E(@U. (16)

The functions in (13)—(16) constitute an ideal control law
for the mechanical transmission. This law takes the posi-
tion of the front CB drive on the g-axis as an input. In the
monowheel configuration, the g-axis lies along an N-gon.
Thus, for any finite N, a uniform change in g results in
a nonuniform change in the monowheel rotation angle «,.
Due to the reconfigurable rail’s high mass, the nonuniform
rotation of the wheel necessarily entails redundant accelera-
tions and deceleration and should thus be avoided. To achieve
uniform rotation, we first express the position of the front
CB drive gf as a function of the wheel’s rotation angle a,.
This requires the introduction of auxiliary values. The angle
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of the wheel’s rotation while passing one module ¢, can be
evaluated as
2

an = (17)

From (17), the angle of the wheel relative to the initial
point of the currently passing module’s initial ¢, can be
evaluated as

o = o, mod (o). (18)

The radius R; of the circle inscribed in the roller chain in
the N-gon R; can be evaluated as

lm
= —. 19
2 tan(3) (19
From (17), (18), and (19), the relative position of the front
CB drive g7, on the current module as a function of the
wheel’s rotation angle «,, can be expressed as

Am

Ly, — Ritan(ay, — o), ifa, > 3

R; tan(w; ), 20)

otherwise.

qf, (o) = {

From (20), the absolute position of the front CB drive gy
on the current module as a function of the wheel’s rotation
angle «,, can be expressed as

G (o) = I BTWJ + g, (o). @1

With (21), we can use a uniform change of «,, as the
input to obtain the required gy values to, in turn, obtain the
corresponding control law.

Because the transition angle in (6) entails high-valued sec-
ond derivatives, we require high motor acceleration followed
by immediate motor deceleration, which increase power con-
sumption. For practical implementation, we propose remov-
ing the high frequency part of the motion control law by
applying a T-point discrete Fourier transform and retaining
the K lowest harmonics. The motion control law thus has the
following form:

¢>0 De iy

P = Z(d), o —

q?,=—2q>ker’k'+¢ L% ¢°. (22)

k=0

The set of all points can be denoted 51-,; where i remains
identical to the index of the module from O to N — 1 and ¢
remains identical to the index of the point within a module
fromOto 7T — 1.

Because the motion control low is periodic for the
monowheel configuration and the Fourier transform results
in a periodic function, the values at the first and last point are
equal. However, although the ideal control law is described
using a continuous function, the application of the Fourier
transform to its parts, which represents the corresponding
individual modules, causes discontinuities in SABER’s con-
figurations that are not the monowheel one. To solve this
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problem, we incorporate the control law from (22) into a
piecewise linear function that is tangent to the ideal control
law function at the initial point and endpoint of each mod-
ule; this results in a smooth connection between the curves.
Using (1), we can evaluate the coordinates of the initial point
gp and endpoint g, along g and the drive angle ¢ and its
derivative ¢’ that correspond to these two points as follows:

CIb(Q) = i(Q)lm
q¢(q) = qp(q) + I

®(q) = P(qn(q))
Pe(q) = P(qe(q))
9'5(9) = ¢'(qp(9))
¢'o() = ¢'(qe(q)) (23)
Therefore, the picewise linear function A(q) is
Mq) = dn(q) + ¢:b(q)q,(q), if qc(q). <0 24)
De(@) — ¢ (DU — qr(q)), otherwise.

The blending function is defined by four points: the begin-
ning of the fade in g1, the end of the fade in ¢, the beginning
of the fade out in ¢3 and the end of the fade out in g4 at an
interval from O to /,,,. With this notation, the blending function

u(q) is defined as
0, ifq,(q) < q1
1 — cos(r D=9 ar(@—q1 )
5 L ifg(g) < @2
u(g) =31, ifg,(q9) <q3 (25)
1 + cos(w —q’(f) q3q3) .
> , ifg(g) <qa
0, otherwise.

Because the motion control law 5 from (22) is described
in terms of a set of discrete values, the functions from (24)
and (25) must also be represented in this form. For the
ith module, the T points of the required functions can be
evaluated as follows:

hio = Ml + %))

pis = i + %)) 26)

From (22) and (26), the motion control law with flattened
edges ¢ can be evaluated as follows:

Git = biaptivn + Mig(1 = i) 27)

A general overview of the edge flattering for the control
law is illustrated in Fig. 9. The plot corresponds to the front
CB drive moving along two modules: one bent at an angle
of 135°, and the other bent at an angle of 225°. Illustrating
the solution to the discontinuity problem, Fig. 10 presents the
control law function at the point where the modules connect
with each other. Without edge flattening, the filtered control
law gap at the point where the modules connect with each
other is approximately 1°, and the edge flattening makes the
transition completely smooth.
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FIGURE 10. Filtered control law without and with edge flattening in the
region where modules connect with each other.

V. CONTROL SYSTEM

To control SABER, we propose a two-level control system
inspired by the hardware architecture in [47], [48]. A lower
level (Fig. 11) comprises several FPGA-based control mod-
ules: one for each manipulator joint, one for each CB drive,
one for controlling balancing mechanism, and one for con-
trolling the extendable support legs. Generally, each FPGA
controls two motors and the corresponding mechanical brakes
and power distribution between modules [49]. The only
exception is the FPGA module installed on the platform,
which controls both the balancing mechanism and the four
support legs. In addition, this FPGA performs additional tasks
related to wired or wireless communication. Because a single

147816

Cameras, LIDARs, etc. |

x86 embedded computer
(Linux, ROS)

A
Y

FPGA
module

Ethernet POWERLINK

A
Y

Wireless
module

Y Y

L | FPGA FPGA
module module

FPGA
module

FPGA
module

FIGURE 11. General structure of control system.

FPGA can control robots with as many as six axes [50], such
a division of labor between FPGAs is primarily defined by
the location of the motors they control and motivated by the
desire to simplify the wiring.

All FPGA-based modules are connected with each other
using an Ethernet POWERLINK real-time network and act as
controlled nodes, and an x86-based computer installed on the
platform is running on the Robot Operating System (ROS)
and used as a managing node [51], [52]. This computer
implements a higher level control (Fig. 11) that covers func-
tions such as path planning and computer vision and LIDAR
processing.

Because our solution is based on the MRR control sys-
tem architecture proposed in [47], several SABERSs can be
integrated to form one robot by connecting the genderless
connectors in their manipulators. In this case, the x86-based
computer of one of the SABERs becomes the active manag-
ing node and gains control of all FPGA-based modules that
are connected to the joint Ethernet POWERLINK while the
other SABERSs remain passive until they are separated from
each other. This design allows multiple SABERS to overcome
large obstacles and reach distant objects by combining their
rails and manipulators [Fig. 1(d)]. To communicate with other
SABERs, each SABER is equipped with a synchronized
Wi-Fi channel that is implemented in part on an x86 computer
and in part on an FPGA; specifically, the computer generates
data frames and the FPGA provides sufficient precise hard-
ware synchronization using the method proposed in [53].

Control algorithms for robotic arm drives, monowheel bal-
ancing systems, linear support-leg drives, and power manage-
ment systems have been extensively researched (e.g., in [45],
[50], [54], and [49]). Thus, the rest of this section focuses on
the implementation of the CB-drive control law introduced
in Section IV.

Each CB drive includes two separate motors: one rotates
the CB-drive module itself, and the other rotates the geared
ring of the CB drive making platform move along the
rail. To prevent the transmission from jamming, both of
those motors should move synchronously following a set
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of predetermined points generated according to (27). This
partially explains why both motors are controlled from one
FPGA.

To achieve the desired precision, we propose a three-level
cascade P+P+-PI controller with feed-forward channels for
speed and current (Fig. 12). The current controller can be
implemented as a regular PI controller in cases where DC
motors are used or as part of field oriented control in cases
where a permanent magnet synchronous motor (PMSM) [55]
is used.

The predetermined position, speed, and current of the CB
drive are calculated using (28) in relation to the desired
platform acceleration o]/ :

Yec = ac(an

we = ay, - (ay)

Ie = (o) - Bl + (@) - P ()
05 = (o)

ws = ay, - Pglon)

Iy = (o) - Gylern) + (@), - G ()=,

where ¢, and ¢; are the predetermined angular positions of
the CB drive and its geared ring, respectively; w. and w;
are the predetermined angular positions of the CB drive and
its geared ring, respectively; /. and I are the predetermined
values of the currents of the CB drive and its geared ring
motors, respectively; J. and J; are the moments of inertia
of connections to the motor rotating the CB drive and the
motor rotating the geared ring, respectively; and K, and K;,
are torque constants for the motor rotating the CB drive and
the motor rotating the geared ring, respectively.

(28)

To achieve real-time performance ac(otw), av(aw), aé(otw),
?q)\;(aw), aé/ (ayy) and q/SZ’ (o) nonlinearities can be imple-
mented using lookup tables. When ac(aw) and ZES(&W) can be
created directly from values calculated using (27), evaluating
the rest of lookup tables requires numerical differentiation.
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The full set of equations proposed for lookup table generation
are listed below:

~
fci,/ = ¢C[.t

T
C/i,t = (fCi,t _fCi.t—l)l_’ r= IT’ fC/zO = !
m

Cil

"o en
¢i,0 Ci,1

" T

cit (fc,-,, _fCi.t—l)l_7 t=1.T,
m

f:Y[J = ¢Si,1

T
fs/w = (fo,r _f:Vi,t—l)I_’
m

(29)

t=1.T.f, =f

Si,1

"o
Si0 — Usin?

t=1..T,

vo_ o r
f:&‘,'vr - (f;‘i.t f‘;‘i,t—l)l ’
m

where fc, f/, and f are lookup tables used to generate pre-
determined points for the motor rotating the CB drive and f;,
f{ and f" are lookup tables used to generate predetermined
points for the motor rotating the geared ring.

Notably, if T and N are chosen as the powers of two
indexes of lookup tables, the lookup tables automatically
switch between the last and first ones at the end of each full
turn of the monowheel, enabling the robot to cover distances
longer than its rail length without additional effort.

The amount of memory required to store all lookup tables
for one CB drive can be calculated using

6-N-T-b
1000 °

where M, is the size (in Kb) of all lookup tables required
to control one CB drive and b is the size of one entry in the
lookup table (in bits).

Using (30), we can easily show that the proposed con-
troller can be implemented using a wide range of FPGAs.
For example, for the parameters N = 8, T = 256, and
b = 16 (which were used in our experiments), M;_ does not
exceed 200 Kb, which means that the controller can easily
fit in low-cost Intel FPGAs from the Cyclone IV E (any
part) or MAX10 (any part but 10M02 and 10M04) families.
Meanwhile, the controller’s lookup tables are large and are
to be transferred on each cycle of communications through
the Ethernet POWERLINK. However, in practice, doing so
is unnecessary because the contents of these tables changes
only when SABER reconfigures its rail. Thus, the contents of
the lookup table can be reloaded either in the asynchronous
part of the Ethernet POWERLINK communication cycle by
using Service Data Objects (SDO) or even by using the
full FPGA reconfiguration executed by the robot’s integrated
computer [56].

The simulation results obtained using OpenModelica [57]
when the controller was tuned indicated that our design can
provide high precision in positioning the CB drive; however,
the motor dedicated to rotating the geared ring exhibited a
large displacement, which is undesirable, during the acceler-
ation phase (Fig. 13). This displacement was present because
the geared ring motor did not accelerate the much heavier
robot to a similar extent as it did to parts of the CB drive.
Consequently, when the robot reaches a constant speed, most

Msz = (30)
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FIGURE 13. Positioning error of CB drive itself and the geared ring of the
CB drive.

of the torque provided by the motor is used to move the CB
drive’s sprockets to prevent jamming; this made the robot’s
inertia much less influential on errors in the geared ring’s
positioning. To compensate for the error during the accelera-
tion phase, we introduced an additional feed-forward channel
to the input of current controller. The final design of the
controller for the CB drive’s motor is illustrated in Fig. 14.

With respect to the motor rotating the CB drive, this current
boost channel can be disabled by setting its coefficient K}
to 0, and the coefficient for the motor connected to the geared
ring K} is calculated using

K - L)
b A

(€29)
where J,, is the robot’s moment of inertia with respect to the
axis of the motor rotating the geared ring.

As evident in Fig. 15, our enhancement significantly
improves positioning precision in the acceleration; the error
is much lower than the error for the position of the CB drive’s
geared ring illustrated in Fig. 13.

Finally, and notably, even J,, can be difficult to calculate for
a real-world robot with its complex mechanical interactions
and variable payload. By contrast, K; can be manually tuned
with ease because it is the only parameter in the generation
of set points that may introduce difficulties in calculations of
its value.

VI. EXPERIMENTAL RESULTS
Our evaluation experiments proceeded in several parts:

A. Geometrical simulation.
B. Simulation of the generation of predetermined points
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C. CB drive simulation.
D. FPGA firmware synthesis.
E. Firmware-in-loop FPGA simulation.

The geometrical simulation (Fig. 16) was conducted in
purpose-built software that we created and to verify SABER’s
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ability to climb steps and traverse gaps. The remaining parts
of the experiments were used to evaluate the CB drive and
corresponding control law, which are our most novel contri-
butions. Specifically, in the second part of the experiment,
we determined which set of fast fourier transform (FFT)
parameters yielded the best trade-off between precision and
computational cost. In the third part, we conducted a dynamic
simulation to demonstrate that the control law and controller
design satisfied the precision requirements and did not cause
the transmission to jam. In the last two parts of the experi-
ment, we synthesized the FPGA firmware for the CB drive
controller and tested its performance in a cycle-accurate
firmware-in-loop simulation.

A. GEOMETRICAL SIMULATION

Table 1 presents the characteristics of the robot used in our
experiments. The reconfigurable rail was positioned such that
the platform can move along it for the robot to traverse a gap
with a width of 1.8 m, which is greater than the diameter of the
robot in the monowheel configuration, or climb a step with a
height of 48 cm, which is greater than the radius of the robot’s
wheel.

We used the software developed in [58], which was written
in Python and implemented using the numpy package, to sim-
ulate the behavior of SABER and its mechanical transmis-
sion. See the simulation results video in the media on IEEE
Xplore; refer to [58] for the source codes. All modules were
positioned at 135°, which required the CB drives to rotate
most actively; the robot was set to move at 10 km/h, faster
than competing MRRs proposed in [14], [15], [24], [38], [59]
and sufficient for exploration and outpost building in extrater-
restrial environments.

B. SIMULATION OF THE GENERATION OF
PREDETERMINED POINTS

Per (22), the output of the proposed point generator depends
on two parameters: the number of FFT points 7 and the
number of left lower-frequency harmonics K. A larger T
results in more precise estimates, made by using (22), that
better match the ideal trajectory described in (15) and (16),
but it entails greater memory requirements, according to (30).
The value of T also depends on the number of roller chain
joints per module N,; this is because the output of the point
generator should be sufficiently precise for the CB drives’
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TABLE 1. Robot parameters.

Parameter Value
Number of modules 8

Roller chain step 12.7 mm
Roller chain joints per module (/N...) 27
Module’s outer radius 478.02 mm
Distance between front and rear CB drives 400 mm
Distance along crosswise joint axis 342.9 mm
Wheel diameter 956.04 mm

Motor type Permanent magnet syn-

chronous motors

Motor positioning sensor type Resolver

sprockets to be correctly aligned relative to the chain rollers.
Finally, T should be equal to some power of 2 to simplify
lookup table switching during continuous movement in the
monowheel configuration. Thus, a reasonable value for 7' can
be obtained as follows:

l
Nrc = f
T = 2|_]()g2(]0-Nm)-| (32)

In essence, T is equal to the power of 2 that is closest to
a value higher than N,. by one decimal order. Substituting
the parameters for the robot (Table 1) into equation (32),
we obtain 7 = 256.

Because an FFT with a finite number of harmonics intro-
duces additional error (i.e., results in predetermined points
that are farther from their values in the ideal control law),
a lower K value entails a lower tolerance to error in the
positioning of the CB drive. Conversely, a higher K results in
a higher acceleration, which is difficult to reach using motors
available on the market.

One of the key parameters limiting the ability of an engi-
neer to tune the drive regulator to the required accuracy is the
deviations of sensor measurements from the true value. For
the resolver sensors used in the simulated robot (Table 1),
this deviation was usually within 6-10 arcmin. Generally,
this means that precision requirements determined by the
choice of K must be greater than 10 arcmin. Practically, it is
almost impossible to tune the controller to reach a dynamical
positioning error that is comparable with the sensor precision.
In our experiments, we set a minimum required threshold for
the positioning accuracy of 70 arcmin (7 times higher than
the sensor’s capabilities). Thus, any K value that demanded
better precision was considered to be too small and ineligible.

To determine the positioning accuracy requirements for
each K value, we introduced a CB drive jamming safety
diagram, which is created as follows. Each position of the
CB drive along the chain was defined by the rotation of the
sprocket geared ring and corresponded to an allowable range
of the CB drive’s rotation that caused no collision between
the sprockets’ cogs and the chain’s rollers. The critical values
of the CB drive rotation were calculated for each point of
the chain. An example of critical CB drive rotation angles
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FIGURE 17. Critical values of rotation of the front CB drive for a module
bent by 135°.

for a module bent by 135° is illustrated in Fig. 17. The
error of the geared ring drive is defined as the distance
between the position of the CB drive on the chain and its
expected position. Thus, the safe range of the CB drive angles
should be considered for the actual position of the CB drive
(i.e., with the error). This error is calculated using (16). Corre-
spondingly, we can define a set of deviation pairs containing
the deviations of the geared ring drive and CB drive from
the control law that are large enough for a collision to occur.
We can then visualize a safe zone by plotting this set of points
on a plane. The size of the safe zone varies depending on
the angles of the modules. It is smallest and largest when
the module is the most (135° or 225°) and least bent (0°),
respectively. The safe zone for our experiment is illustrated
in Fig. 18. A control system keeping the errors within the
intersection of the smallest safe zones for the front and rear
CB drives results in no collision in any configuration.

Notably, the jamming safety diagram gives us a set of
sufficient but not necessary conditions (pertaining to the posi-
tioning error of the CB-drive motors) that, if met, results in no
jams. This does not mean that a jam occurs if these conditions
are violated.

Two jamming safety diagrams can be constructed for each
K value: one for the front and the other for the rear CB
drive. Using these diagrams, one can verify whether the min-
imum accuracy requirement exceeds the minimum thresh-
old of 70 arcmin. The minimum K value, whose accuracy
requirement is above the threshold, should be chosen as the
parameter for the point generator. In our experiments, we used
K = 6 per the aforementioned procedure.

Table 2 presents the numerical simulation results of
SABER’s movement at parameters K = 6 and T = 256
relative to the predefined points for an ideal CB drive motor
defined in (15) and (16); Figs. 19-21 illustrate the transient
response in terms of the position, speed, and acceleration at
different parts of the transmission during SABER’s motion
along one module.

The results indicated that to reach a top speed of 10 km/h,
the robot (with the proposed point generator and 7 and K
parameters) requires drives with approximately 2 times less
angular speed and at least 10 times less angular acceleration
than an ideal CB drive motor [defined in (15) and (16)].
The requisite angular velocity of 683 rpm and acceleration
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TABLE 2. Numerical Simulation Results for SABER’s Movement.

Parameter Value
Number of harmonics K 6

Number of FFT points T' 256
Maximum angular speed (ideal control law) 1364.8 rpm
Maximum angular acceleration (ideal control law) 91971.9 rad/s2
Maximum angular speed (six lower harmonics) 683.0 rpm
Maximum angular acceleration (six lower harmonics) 8835.9 rad/s2
Angular oscillation +3.7°
Linear oscillation +11.4 mm

of 8836 rad/s> of the transmission motors can be easily
reached by a wide range of modern, industrial synchronous
motors.
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FIGURE 19. Drive angles in degrees over time t: front-CB-drive angle ¢c;,
rear-CB-drive angle ¢, front-CB-drive geared-ring angle ¢s,, and
rear-CB-drive geared-ring angle ¢s,.

0.00 0.02 0.04 0.06 0.08 0.10 0.12

t(s)

FIGURE 20. Drive speed over time : front-CB-drive speed d¢c; /dt,
rear-CB-drive speed d ¢, /dt, front-CB-drive geared-ring speed d¢s, /dt,
and rear-CB-drive geareg-ring speed d¢s,, /dt.

Finally, we analyzed the oscillations of the robot in the
monowheel configuration (Table 2). The maximum ampli-
tude was £3.7° for pitch and +11.4 mm for vertical linear
movement. These values are acceptable for most payloads
and for movement in rough terrain. Although the oscillations
can affect quality of vision systems, we can use stabilization
algorithms to compensate for the effects of oscillation within
this amplitude range, as demonstrated in by [60].

C. CB DRIVE SIMULATION
To analyze the dynamic behavior of the CB drive,
its model and proposed controller were implemented in
OpenModelica software [57]. The motor was simulated
using the same parameters as those of actual PMSMs:
B&R 8LVA23.R00150000-0 was used to rotate the CB drive
and B&R 8LVA33.R00150000-0 was used to rotate its geared
ring. The same motors were previously used for size and
weight estimations in geometric simulations and for the
mechanical design of the CB drive (Fig. 7). The maximum
voltage provided by the power supply was 80 V.

Fig. 23 illustrates the positioning error of the proposed
controller during the transition from acceleration to motion at
10 km/h in the monowheel configuration (Fig. 22a) at a speed
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FIGURE 22. Simulated SABER rail configuration: (a) monowheel and
(b) rail, including extreme module angles of 135° and 225°.

of 10 km/h. Fig. 24 illustrates the same but for the configura-
tion where the robot platform moves along the rail in the most
extreme configuration (module angles of 135° and 225° in
Fig. 22b). In our simulations, we assumed that the rail was
infinitely long and we did not consider the situation where
the platform reaches the end of the rail. We assumed these to
evaluate the controller’s performance under the most extreme
working conditions; specifically, a normal rail reconfigured
from manipulators of a single SABER is insufficiently long
to allow for motion at such high speeds (of 10 km/h) to be
practicable.

The results demonstrated that our proposed controller
achieved high dynamic precision on both drives in both
simulated configurations. As expected, the maximum posi-
tioning error was reached when the acceleration was largest
during the movement phase. Furthermore, and as mentioned,
no error range was defined for a single CB-drive motor,
which guaranteed no transmission jamming—which is real-
ized when the positioning error of the motors are within the
safe zone in the jamming safety diagram.

Figs. 25 and 26 present safety jamming diagrams for the
positioning errors of SABER’s CB drives for movement at
10 km/h in the monowheel (Fig. 22a) and rail (Fig. 22b)
configurations.” The simulation results demonstrated that the
proposed controller provides sufficient precision for guaran-
teeing no transmission jamming even in the most extreme rail
configurations when SABER is moving at maximum speed.

2 As evident in from Fig. 18, none of the critical points, corresponding
to modules bent by 225°, lie within £1°. Thus none of these points are
presented in Fig. 25 and the following figures.
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motion at 10 km/h in a rail configuration for front CB drive geared ring,
front CB drive, rear CB drive geared ring and rear CB drive motor control.

D. FPGA FIRMWARE SYNTHESIS

The controller introduced in Section IV was implemented in
the Verilog hardware description language and synthesized
for an Intel Cyclone IV EP4CE22 FPGA. To reduce both
area consumption and latencies, all signals were represented
in terms of a 50-MHz sigma-delta modulation, which was
directly processed without demodulation using approaches
described in [61] and [62]. Finally, the point generator’s non-
linearities were implement in the form of content-addressed
memory [63].

Table 3 illustrates the synthesis results. Its abbreviations
are as follows: Qty, quantity; LE, Intel Cyclone IV E logic
element; and MEM, size of utilized memory blocks. Notably
due to our use of direct sigma-delta bitstream processing, our
design requires no hardware multipliers or any other type of
vendor-specific digital signal processing block, which makes
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FIGURE 25. Jamming safety diagram (OpenModelica simulation) for the
monowheel configuration for (a) front CB drive and (b) rear CB drive.

it compatible with a wide range of FPGAs available on the
market, including those not manufactured by Intel.

Finally, the experimental results (Table 3) unequivocally
demonstrate that our design can easily fit not only in chosen
low-cost FPGAs but also in any FPGA from the Cyclone IV
E device family (except for EPACESG, the smallest one).

E. FIRMWARE-IN-LOOP FPGA SIMULATION

To verify the utility of the FPGA firmware that we developed,
we generated a cycle-accurate blackbox model in Vmodel
toolbox software [67] and co-simulated the model with the
SABER transmission model. Our simulations in this exper-
iment were identical to those in Subsection VI-C except
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FIGURE 26. Jamming safety diagram (OpenModelica simulation) for the
rail configuration for (a) front CB drive and (b) rear CB drive.

TABLE 3. FPGA Firmware Synthesis Results.

IP core Qty LE |MEM, | LE, |MEM,
bit % %

Proposed CB drive motor controller 2 571 | 98304 |2.55 | 16.16

FOC current controller [64] 2 1231 |0 5.52 |0

Resolver processing core based on a |2 1549 | 0 694 |0

Kalman filter [65]

Ethernet POWERLINK controlled node | 1 1506 | 32792 | 6.75 |5.39

core [66]

Four-port Ethernet POWERLINK Intelli- | 1 391 | 128 1.75 |0.02

gent hub [47]

Overall design - 8599 | 229528| 38.52| 37.73

for additional simulations that accounted for limited sensor
precision and output rate, dead times of the power stage

transistors, and delays in the analogue-to-digital converter.
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FIGURE 27. Jamming safety diagrams representing the FPGA
firmware-in-loop simulation (monowheel configuration) for (a) front CB
drive and (b) rear CB drive.

The resulting jamming safety diagrams are presented in
Figs. 27 and 28, where parts a and b of these figures are for
the monowheel and rail configurations, respectively.

According to the results, the firmware-in-the-loop simula-
tion had worse precision relative to the pure OpenModelica
simulation except for the front CB drive in the rail config-
uration (Fig.28a). This result could not be explained by the
limited simulation time. Nonetheless, because the front and
rear CB drives operate under the same conditions, it can be
assumed that in the worst case scenario, the jamming safety
diagrams of the front and rear CB drives are similar.
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FIGURE 28. Jamming safety diagrams representing the FPGA
firmware-in-loop simulation (rail configuration) for (a) front CB drive and
(b) rear CB drive.

Generally, a higher positioning error can be represented by
both a lower precision in direct sigma-delta bitstream pro-
cessing relative to that in the floating-point arithmetic used in
OpenModelica and more realistic simulations (including sim-
ulations that account for limitations in sensor precision or rate
and the behavior of the power stage transistor). Notably, the
positioning error of the FPGA-based controller in firmware-
in-the-loop simulations did not exceed the limits in the jam-
ming safety diagrams. The current and velocity of the motors
during the experiments were also within their respective spec-
ifications. Therefore, our implementation of the FPGA-based
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Abbriviation | Description

SABER Step, Assembler, Bridge, Explorer Robot
FPGA Field Programmable Gate Array

MRR Modular Reconfigurable Robot

DOF Degree of Freedom

LIDAR Light Detection and Ranging

GPS Global Positioning System

AGV Automated Guided Vehicles

UAV Unmanned Aerial Vehicle

CB drive Cheese-Burger drive

1D Identifier

DC motor Direct Current Motor

FOC Field Oriented Control

PMSM Permanent Magnet Synchronous Motor
SDO Service Data Object

FFT Fast Fourier Transform

Qty Quantity

LE Intel Cyclone IV E logic element
MEM Size of utilized memory blocks

TABLE 5. Symbols. Part I.

Symbol Description

N Number of modules

Im Module length (in m)

lp Distance between the front and rear CB drives (in m)

U CB drive inner gear ratio

le Roller chain step (in m)

a; ith module angle (in rad)

% Module ID

q g-axis, a polyline starting at the initial position of the first
module(with ID ¢ = 0) and passing along the roller chain

q5 Position of the front sprocket module on the g-axis (in m)

I Vector rotation function

§i Initial point of the ith module in its local coordinates

m; Midpoint of the ith module in its local coordinates

€; Endpoint of the ith module in its local coordinates

S Start point of the ith module in global coordinates

M; Middle point of the ith module in global coordinates

E; End point of the ith module in global coordinates

Bi ith module global rotation angle

ar(q) Coordinate on the corresponding module, relative to the
module’s start point (in m)

qc(q) Coordinate on the corresponding module, relative to the
module’s middle point (in m)

qo Offset distance from module’s midpoint, which is where
the CB drive starts rotating (in m)

~(q) Auxiliary transition angle, used to calculate the CB drive
rotation around the module’s midpoint (in rad)

n(q) Global orientation angle of the CB drive (in rad)

Nn(q) Auxiliary non-normalized value of global orientation an-
gle of CB drive 7(q) (in rad)

£(q) Sprocket angle (in rad)

controller allows SABER to move at a top speed of 10 km/h in
all configurations, providing sufficient positioning precision
to prevent the transmission from jamming.
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TABLE 6. Symbols. Part II.

Symbol Description

130(‘1) Initial point, midpoint, and endpoint of the nearest mod-
ule to the left from ¢

P (q) Initial point, midpoint, and endpoint of the nearest mod-
ule to the right from ¢

a(q) Interpolation coefficient between Py(q) and P (q)

P(q) Global coordinates of the point on the chain

qf Position of the front CB drive on the chain (in m)

qb Position of the rear CB drive on the chain (in m)

Bp Global orientation of the platform (in rad)

be CB drive rotation (in general) (in rad)

be ; Front CB drive rotation (in rad)

Pey, Back CB drive rotation (in rad)

bs CB drive geared ring rotation (in rad)

Quw Wheel rotation angle in the monowheel configuration
(in rad)

am Wheel rotation while passing one module (in rad)

ar Angle of wheel relative to the initial point of the currently
passing module (in rad)

R; Radius of the circle inscribed in the roller chain N-gon
(in m)

qf, (aw) Relative position of the front CB drive on the current
module as a function of the wheel’s rotation angle vy
(in m)

qr(aw) Absolute position of the front CB drive on the current
module as a function of the wheel’s rotation angle o,
(in m)

T Number of points in discrete Fourier transform

K Number of lowest kept harmonics from discrete Fourier
transform

¢Ti,t Set of points, describing the motion control law after
filtering

b Coordinates of initial point of the corresponding module
(in m)

Qe Coordinates of endpoint of the corresponding module
(in m)

1) Drive angle (in rad)

Aq) Picewise linear function, describing the drive angle’s
derivative at modules’ initial points and endpoints (in rad)

w(q) Blending function used to incorporate the piecewise lin-
ear function into the filtered control law

it Set of discrete values of A(g) (in rad)

it Set of discrete values of p(q)

@,t Set of discrete values of the filtered motion control law
with flattened edges (in rad)

Pe Predetermined points of CB drive angular position
(in rad)

©s Predetermined points of CB drive geared ring angular
position (in rad)

wWe Predetermined points of CB drive angular velocity
(in rpm)

ws Predetermined points of CB drive geared ring angular
velocity (in rpm)

I Predetermined points of CB drive motor current (in A)

I Predetermined points of CB drive geared ring motor
current (in A)

VII. CONCLUSION

This study proposed a heterogeneous modular reconfigurable
robot that is suitable for future autonomous extraterrestrial
missions. The design comprises a platform and a chain
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TABLE 7. Symbols. Part Il

Symbol Description

Je Moment of inertia of connections to the motor rotating
the CB drive (in kg - m?)

Js Moment of inertia of connections to the motor rotating
the CB drive geared ring (in kg - m?)

Ky, Torque constant of the motor rotating the CB drive
(in N-m/A)

Ky, Torque constant of the motor rotating the CB drive geared
ring (in N-m/A)

fe £L 1Y Lookup tables used to generate predetermined points for
motor rotating CB drive

fso foo £V Lookup tables used to generate predetermined points for
motor rotating the geared ring

Ms. Size (in Kb) of all lookup tables required to control one
CB drive (in bits)

b Size of one lookup table entry (in bits)

Ky Boost channel coefficient (in A-S2/rad)

Juw Robot’s moment of inertia with respect to the axis of
motor rotating the geared ring (in kg - m?)

Nye Number of roller chain joints on one module

with 2-DOF modules. SABER functions in monowheel, rail
trolley, and manipulator configurations. Our novel design
of SABER’s mechanical transmission enables the platform
to move along the reconfigurable rail in both monowheel
and rail trolley configurations; it also enables the hanging
reconfigurable rail to move when the platform is fixed on
support legs.

For robust and collision-free transmission, we formulated
a novel jamming safety diagram, which is used to deter-
mine controller precision requirements. A new positioning
controller was designed to meet those requirements and was
implemented in FPGA firmware that is compatible with a
wide range of low-cost integrated circuits.

SABER has several advantages relative to its counterparts:
1) high speed locomotion in the monowheel configuration,
2) the ability to traverse gaps whose length is longer, 3) the
ability to climb steps whose height is no taller than its wheel
radius, 4) the ability to pass through passages narrower than
its wheel diameter, 5) the ability to manipulate objects using
two robotic arms with changeable tools, and 6) an improved
working area. All of these can be achieved by combining
several robots into one, if necessary.

APPENDIX

ABBREVIATIONS AND SYMBOLS

Herein, the abbreviations (Table 4) and symbols (Tables 5-7)
used in the paper are outlined.
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