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ABSTRACT

Designing the self-balancing two-wheeled mobile robots and reducing undesired
vibrations are of great importance. For this purpose, the majority of researches are
focused on application of relatively complex control approaches without
improving the robot structure. Therefore, in this paper we introduce a new two-
wheeled mobile robot which, despite its relative simple structure, fulfills the
required level of self-balancing without applying any certain complex controller.
To reach this goal, the robot structure is designed in a way that its center of
gravity is located below the wheels' axle level. The attention is more paid to
obtaining a self-balancing model in which the robot’s arms and other equipment
follow relatively low oscillations when the robot is subjected to a sudden change.
After assembling the robot using the Sim-Mechanics toolbox of Matlab, several
simulations are arranged to investigate the robot ability in fulfilling the required
tasks. Further verifications are carried out by performing various experiments on
the real model. Based on the obtained results, an acceptable level of balancing,
oscillation reduction, and power supply is observed. To promote the self-
balancing two-wheeled mobile manipulator, its platform is modified to climb high
obstacles. In order to obtain this aim, some transformations are done in
mechanical aspects like wheels, arms and main body without any increase in
DOFs. The robot is supposed to follow proposed motion calculated according to
stability criteria. The kinematic equations are utilized to find a possible motion. In
a dynamic simulation, the robot ability in passing over an obstacle is verified.
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Introduction

missions or industrial applications. In all applications,
mathematical modeling, path planning, fluctuation

Promotion of the robotic world is the best evidence of
necessity of transforming human based missions to
automatic processes based on ability of robots. Most of
the peril applications are done by means of automatic
devices. Mobile manipulators are used for exploring

elimination and using of appropriate mechanisms are
necessary. Widespread researches are handled in mobile
manipulator field previously [1, 2]. Stability and
fluctuation elimination is the most important matters
which must be investigated. In some researches, the
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stability has been satisfied by mean of additional
passive rollers [3, 4]. The stability investigations used in
mobile manipulator field like moment height stability
measure (MHS) are done [5-7]. This criterion is
established on applied torques on mobile platform, the
height of CG and inertia of mobile platform. Stability
investigation of the dual arm suspended mobile robot
has been proposed by means of MHS criterion [6]. In
related researches, dynamic stability of a hybrid mobile
manipulator is illustrated in [7] by means of MHS to
enhance stability of platform. In other researches, force-
angle measure is utilized to investigate mobile
manipulator stability [8].

In these researches, application of arm and base
actuators is the way to prevent over turning. Promotion
of the mobile manipulators stability is done not only by
means of mechanism innovation but also implementing
control algorithms such as neural-fuzzy controllers [9].
In some platforms, the center of mass is moved by
controller to satisfy stability criteria [10]. In recent few
years, development of two-wheeled mobile
manipulators has found great attention. Ha and Yuta
focused on the control of a two-wheeled robot with
inverse pendulum structure based on the robot velocity
[11]. Grasser has provided stability for a two-wheeled
mobile manipulator by means of dual state space
controller [12]. In related research, a 3-DOF model of
the two-wheeled robot is proposed [13]. In this paper,
non-holonomic locomotion on ramps is investigated
dynamically by means of dynamic approaches. In
another research, the stabilization is assumed to be done
by the LQR controller [14]. Some two-wheeled robot
dynamic investigations are based on the Newton-Euler
approach and PD controller [15]. In [16], after deriving
and linearization of the dynamic equations of motion,
stability control of the robot is performed using the pole
placement method in real time toolbox of Matlab. A
two-wheeled mobile robot with flexible links is
modeled based on the combined approach of
D’Alembert-Lagrange [17, 18]. Independent control of
each wheel in a two-wheeled robot is proposed in [19].
In other effort, stability is investigated when the load
installed on arm moves [20]. For this purpose, PD
controller is utilized beside fuzzy logic. The results of
simulation proof the stability under external load as
disturbance force. In other control based effort [21],
robust controller is utilized after extraction of dynamic
equations. Motion equations are linearized about
stability point of the robot arm. Then, they are rewritten
into state space equations. This controller is investigated
in the case of undetermined coefficient of friction. The
stability control of a two-wheeled robot in tracking a
prescribed path is investigated in [22]. In this case, the
process of arm controlling is done by means of PD
controller and optical sensors. In other paper, mobile
manipulator is controlled by means of fuzzy controller
based on the velocity and position [23].As a related
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effort, stability control of a two- wheeled mobile
manipulator is analyzed on the ramps [24]. To proof the
aim of this paper, the Lagrange approach is utilized.
Then, Lyapunov method is used to determine stability
margins. Position and velocity control process based on
the optimal controller is done to satisfy stability
margins. As the other effort related to the locomotion on
ramp, a dynamical simulation is done in [25, 26].
Extracted equations are used to simulate locomotion on
even surfaces or ramps. According to optimal control
based on the optimal gains, stability of mobile
manipulator is investigated. Juang and Lum [27]
considered the dynamic simulation of two-wheeled
robots by means of using various PID based controllers.
On an uneven surface, climbing can improve ability of
locomotion. Mobile robots that can climb obstacles, or
stairs have been investigated in order to generalize their
missions. As a solution, the wheel of mobile
manipulator can be transformed to be in [28], the body
is knitted to two parts to elevate easier [29]. In other
more complex solution, wheels are armed by active
linkages [30]. The hybrid locomotion done by complex
leg (linkage and wheel) can improve ability of climbing
besides legged locomotion. Some of climbers are armed
by passive linkages [31, 32]. In other efforts, 1-DOF
link is deformed to the half circle shape [33, 34]. Rhex
is a novel platform improved to running and climbing
[35]. Some other mobile platforms are specially
designed for climbing like Msrox [36, 37]. Msrox is a
four-wheeled rover armed by hybrid wheels to climb
stairs. The hybrid wheel composition is obtained from
installing three wheels on a triangular part. Triangular
part is located on each wheel connection point on the
main body. In other effort, a four-wheeled robot armed
by parallel mechanism is proposed to climb stair [38]. In
this research, using of linkage is considered to obtain
climber mechanism. As a powerful climber mechanism,
a rail mobile manipulator is proposed in a hybrid
structure. This mechanism is designed based on
compounded duty of mobile part and manipulator part
in climbing and locomotion missions [49], [40]. The
research reported in [39], [40] is the first inspiration for
new idea of current development to improve new
mechanism proposed at the previous part of
introduction. Hybrid locomotion using arm beside
mobile parts is a good solution to climbing.

In this paper, we first introduce a new two-wheeled
mobile robot which, despite its relative simple structure,
fulfills the required level of self-balancing without
applying any certain complex controller. To reach this
goal, the robot structure is designed in way that its
center of gravity to be located below the wheels' axle
level. In the first part of this article, a newly developed
self-balancing two-wheeled mobile manipulator was
presented. For this purpose, the robot structure was
designed in way that its center of gravity is located
below the wheels' axle level. In the final model of the
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robot, the attention was more paid to obtain a self-
balancing model in which the robot’s arms and other
equipment follow relatively low oscillations when the
robot is subjected to a sudden change.

In the next part of the paper, the self-balancing two-
wheeled manipulator will be promoted to a climber
mechanism by some changes in mechanical parts like
wheels, manipulator and main body without any
increasing in DOFs,. Besides  mechanical
transformation, stability criteria must be involved in
motion planning. A proposed motion will be planned to
climbing high obstacles in stability margins.

To obtain a proper platform, at the first stage, a primary
virtual model of new two wheeled mobile manipulator
controlled by PID controller was designed in Matlab
Simulink (Sim-Mechanic) according to the primary
experimental model. The aim of virtual model was
detection of disadvantages of new platform specially
fluctuation of locomotion. After assembling the robot
using the Sim-Mechanics toolbox of Matlab, several
simulations were arranged to investigate the robot
ability in fulfilling the required tasks. Further
verifications were carried out by performing various
experiments on the real model. At the next stage, two
experimental tests were considered to proof the abilities
of the new platform in real locomotion. In experimental
test the maximum limits of ability in obstacle crossing
and ramp climbing was investigated besides fluctuation
monitoring. Based on the obtained results, an acceptable
level of balancing, oscillation reduction, and power
supply was observed.

However, this new platform cannot continue working
against high obstacles. There are many considerations
must be applied on the new platform to be a successful
as a mobile manipulator in performing certain missions.
To eliminate the leak of ability on of climbing some
virtual tests will be done to show the power of
promotion of new platform to a climber robot.

2. New platform

The new platform concept is illustrated in Fig. 1.

Manipulator

/

Right wheel

Left wheel

Main body of the robot
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Fig. 1. Concept of platform.

As it is illustrated, mobile manipulator includes three
main parts (main body, manipulator and wheels). The
main body located under wheel axis allows robot to be
stable permanently due to the center of gravity (CG)
place which is shown in Fig. 1. A connection part
including five revolute joints illustrated in Fig. 2 is
designed to connect the parts of robot. As it is shown,
the universal connection is a circular part that connects
wheels to the manipulator arm and main body. On the
other hand, connection part allows the main body and
manipulator to rotate about X axis besides rotating
about Y axis. This provided ability keeps robot arm
coordinates vertical in ramps. A primary experimental
model is fabricated to show real ability of the new
mobile manipulator.

Fig. 2. Central universal joint: (1) ball bearing of the front of
the robot, (2) central link to connect main body, (3)
connection of main body, (4) ball bearing of the rear of robot,
(5) left wheel connection, (6) ball bearing of the left wheel, (7)
right wheel connection, (8) ball bearing of the right wheel, (9)
connection ring of ball bearing.

As it is illustrated in Fig. 3, the first link of the
manipulator is hidden under steel cover. Properties of
the new model motors are provided in Table 1. There is
no necessity to express properties of the control devices
used in experimental model. Mechanical properties are
given in Tables 4 and 5 of Appendix.
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second equation is driven by applying the recursive
method in Eqg. 4 according to Fig. 6.

EMOl =17, —M,gC, cos(B) =

1,6, + ma,,c, sin(f) +
m,a,, ¢, CoS(5)

(4)

XM, =7, + 7, — M,gC, Cos(@) —
m,g (1, cos(p) +c, cos(B)) =
1,6, +M,a,,C, Sin(p) +m,a,,c, cos(p) +(5)

1,6, + myay, (1, sin(p) +c, sin(B)) +
Fig. 3. Primary real model. m,a,, (I, cos(¢) + ¢, cos(f3))

Table 1. The characteristic of motors

Wheel motor ~ Arm motor Properties
4watt 4watt Maximum power
9N.m 3N.m Stall torques
60rpm 180rpm Load less velocity

6V 6V Voltages
0.4H 0.4H Inductance coefficient
0.3Q 0.3Q Internal resistance
18 6 Ratio of gear box

3. Kinematics, dynamics and control

The kinematic and dynamic parameters of the 2D model
are provided in Fig. 4. At the first stage, the components
of CG acceleration are extracted in Eq. 1. The main
assumption is non-sliding condition.

a, ra —6, cos(6,) + 6?2 sin(6,)
= o |*G St L 1)
a, 6,5in(6,) + 6. cos(6,)
where C; is the center of gravity position of the main

body. Determination of the first link acceleration of
manipulator is expressed in Eqg. 2. In the same way, Eq.
3 expresses the acceleration of the second link where
p=06+6, and B=6+6,+0, .

Mm,g
_ 3¢
a r e = .2
X}:|: :|+C{ sin(p) +¢” cos( )} 2) Fig. 5. The first link of manipulator.

| 3y 0 P cos(ep) — ¢ sin(e)

_aex} _ [ra} o {{dsin(gp) +¢° cos(go)} .
1%, | [ 0] *[pcos(p)-g’sin(p)

. [ésin(ﬂ)ﬂﬂ)zcosw)}

*| Beos(B) - (B’ sin(B)

According to Fig. 5, moment balance of the second link
is driven by the Newton-Euler approach. Parameter I5 is
the mass moment of inertia of the link about CG,. The
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Fig. 6. Both of the first and second links.

Two other dynamic equations are driven by means of
the Newton second low.

fzx =m,a,, +M;a;,

f2y —m,g—m;g = mzazy + m3a3y (6)
The next step is extraction of the wheel equation. Eq. 7
shows the wheel equation. I¢ is inertia of the wheel
about point C in Fig. 4. The last step is derivation of the

equations of the main body as given in Eq. 8. Figure 7
illustrates the wheel and main body properties.

f+f, =ma=mra

()
f,-mg+N=0
SMe=7r+fr=I.a
_fx_f2x: L8,
_fy_ ny_mlg :mlaly (8)

IMg =—7—7,+(f, + f,,)c sin(6) -
(f, + f,)c cos(6)=1,6,

Fig. 7. Wheel and main body.

The system equations including Eqgs. 4-8 consist of 10
equations which must be solved simultaneously with

Egs. 1-3. Undefined parameters are éz‘és‘fx‘fy‘ f,,

f,,« fa.6and N.
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Control low used in this paper is expressed in Eqg. 9.
According to Eq. 9, y is feedback parameter, r is control
signal input, G is control signal output, N is noise
elimination coefficient, and b and c are weight gains set
on one. The equation is driven from [41]. The control
low will be utilized for the manipulator and wheel. Fig.
8 shows the algorithm of control including Eq. 9.

N

1+E
S

Cr-y) (9

G(s) = P(br—y)+|§(r—y)+D

4. Simulation and experimental efforts

This section is based on three main efforts. The first
case is simulation of the robot on flat surface using
Matlab Simulink (Sim-Mechanic) and its control by
means of Eq. 9. The control panel of Simulink is
provided in Fig. 25 of Appendix. In the second test, it is
simulated in the dynamic simulation part of SolidWorks
to show the ability of robot in ramp climbing. The last
effort is done experimentally. In these stages, two parts
are provided. The first is obstacle crossing and the
second is ramp climbing. At the first stage, robot starts
to move by initial condition (v = 0, a = constant and x =
0) for 8 seconds, see Fig. 9. The aim is monitoring the
fluctuation of main body with respect to the fixed
coordinate. Manipulator motors are supposed to be
fixed. The results of angular displacement are illustrated
in Fig. 10-a, for various damping coefficient of the
wheel joint (B = 0.6, 1.2, 2). By choosing B = 2
according to Fig. 10-a, Fig. 10-b illustrates fluctuation
of the main body with respect to the fixed coordinate
system for various linear accelerations of the wheel (a =
1, 3,5 m/s?).

Joystick input in Matlab

G(s)

Velocity saturation

Velocity

|
G(s)

Torque saturation

[
Mechanical model in Matlab

Y

A 4

Fig. 8. Control algorithm.
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v=0,a=0.051m/s? x=0
Fig. 9. Constant acceleration movement.
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Fig. 10. Angular displacement of the main body.

Another simulation is performed in SolidWorks. In this
simulation, ramp climbing will be investigated in
various ramp angles (¢, =0, 15, 25, 35 deg) . Fig. 11

shows typical ramp climbing. The friction coefficient of
surface is 0.4. In gentle ramps, robot climbs up
properly. By increasing the value of 6, climbing
becomes slower and in 35 degree, robot goes down in
spite of climbing mission. The torque of motor is
limited between 0 to 9 N.m. The results of robot
displacement and also the motor torques are provided in
Fig. 12.

Fig. 11. Ramp climbing.
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Fig. 12. Ramp climbing result

The experimental test is arranged for ramp climbing to
validate the simulation results. In this test, robot is
supposed to climb ramps in various slops and various
friction coefficients. Table 2 expresses the result of
experimental model. S means successful locomotion and
N is failed test.

In other experimental test, the robot is supposed to cross
obstacles (Fig. 13). The test is managed in various
heights of obstacle (0.05, 0.1, 0.12, 0.16 m).
Furthermore, in another effort, new flexible belt with
pretension is used in manipulator links to reduce the
effect of gravity and fluctuations on the arm motors as
illustrated in Fig. 14.

Table 2. Slop climbing result

Slop=10 Slop=15 Slop=20 Slop=25 Friction
coefficient
S S N N 0.1
S S S N 0.2
S S S S 0.4

L ow initial velocity

Height of obstacle

Fig. 13. Obstacle crossing.
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Connectionto
the main body

Fig. 14. Flexible belt with pretension.

According to the results of Table 3, robot cannot pass
the 0.16m obstacle without flexible belt, which in the
case of using the flexible belt, it can pass the obstacle.

Table 3. Obstacle climbing

Obstacle height 005 01 012 0.16
Crossing without S S S N
flexible belt
Crossing with flexible S S S S
belt

5. Promotion to the climber model

The newly developed platform can further be modified
to be a climber mobile manipulator. The main body
shape and manipulator are modified as shown in Fig.
15. The wheels are reconstructed by adding jagged
surface. Fig.15 (a-1) is the primary new platform and (a-
2) is the modified platform armed by jagged wheels.
Fig. 15 (b-1) shows the primary form of the main body
where (b-2) shows modified shape of the main body.
Figs. 15 (c-1) and (c-2) present the primary and the
modified manipulators, respectively. The ability of
climbing will be investigated.

(a-1)
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(c-1) (c-2)

Fig. 15. Modified platform.

The main contact points by ground are illustrated in Fig.
16 as C, the contact point of tail, C, the contact point of

wheel and C,the contact point of the manipulator end-

point. The aim of improvement of manipulator structure
is to obtain collision ability against ground. The tail is
added to platform to provide collision ability against
environment. Indeed, in motion planning, tail and end-
point are the essential points for climbing.

Fig. 16. Main points of climbing.

The main idea is that when the end-point of the
manipulator is locked by ground collision and friction
force, the main body starts to rotate instead of
manipulator. In this way, by engaging both the end-
point and tail of the robot in climbing, the robot can
perform the required task.

6. Stability margins

The essential constraint of climbing is to be stable
permanently. Many types of stability criterion have been
proposed. In this paper, the criterion is horizontal
distance between center of gravity (CG) point and
ground contact points. In fact, CG point must be located
between two contact points during motion, as shown in
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Fig. 17. This criterion demonstrates stability and
overturning prevention. A special stability point is when
the robot CG is located under wheel axis. Mobile
manipulator is permanently stable due to the results of
self-balancing part. A typical position is shown in Fig.

17 to illustrate stability margins. In this figure, D, and

D.,are stability margins. If they became less than zero, First link

the platform starts to overturn. So, all the motion

planning tasks must adopt positive amount of stability Step 1
margins.

Collision

point

Fig. 17. Stability margins.

7. Motion planning

The goal of platform modification presented is that the
robot can pass over the obstacles with height more than
wheel radius. In the case of obstacles with height less
than the wheel radius, no further modification addition
to the already developed robot platform is needed. After
modification, a motion planning must be done in
stability margins mentioned previously. The required
steps of the obstacle climbing are illustrated in Fig. 18.
In steps 1 and 2, the first link rotates until it collides the
ground. In step 3, the second link contact with ground
remains due to ground friction. In this step, the main
body rotates as illustrated in Fig. 18. This step is
continued until the tail collides the obstacle as shown in
Fig. 18. In step 5, the collision between wheel and
obstacle occurs by rotating the second link. Now, the
robot is ready to rotate its wheel to climb finally. In step
6, the wheel rotates and the robot climbs obstacle. In
step 6, the tail starts sliding on the top of obstacle and
center of wheel starts to move toward horizontal axis. In
this stage, the end-effector of the manipulator leaves the
ground.
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Collision

i ’ 1
7 Rotatiomof .
point
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S
Vo |
’ 1
iy De1} satistiea
CCG ;,,u : stability margins
p .
N |
/ [ 1
H ! Movement
] 1
N |
[
i
1 [} I
P Sliding
/Rota.tion of
G, wheel
Step 6

Fig. 18. Required steps of obstacle climbing.

8. Kinematic and stability equations

The kinematic parameters are identified in Fig. 19. In
this figure, 6,,0,and 6, are angles of the main body
with respect to the fixed coordinate, angle of the first
link with respect to the main body, and angle of the
second link with respect to the first link, respectively.

Fig. 19. Kinematic parameters.

30

Variables X and Yy express the position coordinates of

the wheel’s gravity center, and w is the distance
between wheel center and CG. Eqgs. 10-12 describe the

position of contact pointsC, and C, , and robot center of

gravityC. .
x+bcos(z+6,)
T i (10)
y+bsin(z +6,)
| x+a(cos(d, +6,) +cos(g, +6,+6,)) (11)
2| y+a(sin(g, +6,) +sin(g, + 6, +6,))
| x+wcos(37/2+6,) (12)
| y+wsinBz/2+86,)

The stability margins D, and D, introduced in Fig. 18

can now be expressed by Eq. 13. The motion planning
criteria must satisfy Eq. 13 which explains the stability
condition.

D, = CCG_y -C

1y
Dc, :_CCG_y +Czy (13)

Dc1 = _CCGiy +C1y
Dcz = CCGiy -C

if C,, <C,, —>{

if C,, <C,, »{

2y
A proposed motion satisfying stability margins is
numerically identified and illustrated in Fig. 20.
Variations of the corresponding stability margins
required for a stable obstacle climbing are shown in Fig.
21. The important matter is that the value of D, is

negative until t = 2s as illustrated with a vertical line.
The required stability condition is that all stability
margins must be positive. Until this time, CG height is
lower than the wheel axis. It was mentioned previously
that the stability margins are not required in this
condition and the robot is self-stable. In this condition,

the wheel has contact by ground. When tail point C, is

out of the stability margin, the wheel contact point
keeps the platform in stable condition (between t=0 and
t = 3.7 s). This matter is obvious in Fig. 18, steps 2, 3
and 4. After t=3.7 s, the wheel leaves the ground and tail
collides the obstacle. After this time, the tail roles to
keep stable condition according to the stability
conditions of Eq. 13.

9. Dynamic simulation

Simulation of the climbing obstacle in the modified
robot platform is carried out. Fig. 22 shows the climbing
steps. At the end of Fig. 22, the path created by the
robot wheel center is shown. The modified mobile
manipulator can overcome the obstacle according to
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Fig. 22. The motion utilized in simulation is the motion
planned in Figs. 20 and 21.

g

§ First Link

5 ® Second Link

2

E 200-

S \

./ \

A 100~ /

k] / \
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g

Z
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2

<<

0 5 . 10 15

Time (s)
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Fig. 20. Proposed steps of climbing angels,(a): angles of the
manipulator links, (b): wheel angle.

Stability Margin (m)

——From the rear point
——From the front point
-1 I I I
0 5 ) 10 15
Time (s)

Fig. 21. Stability margins.

Dynamic simulation is done in dynamic simulation part
of the SolidWorks. Dynamic and geometric properties
are provided in Tables 4 and 5 of Appendix. The results
of dynamic simulation proof the ability of climbing.
Figure 23 shows displacement of the wheel center,
which clearly states that the mobile robot finally climbs
the obstacle and elevates about 30 cm.

Furthermore, Fig. 24 shows variation of the motor
torques. According to this figure, the range of absolute
torques is between -40 and 70 N.m. The first link uses
the most torque between all motors. Indeed, powerful
motors are required in this modified platform.
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T=3s

Y Displacement (m)

The path

Obstacle

Fig.22. Obstacle climbing.
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Fig. 23. Y displacement of the center of manipulator.
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Fig. 24. Torque of motors.

10. Conclusion

The steps of mechanical designing, primary
experimental model fabrication, and derivation of the
dynamic equations and simulations of the virtual and
real models were the main efforts done in this paper. To
obtain a proper platform, at the first step, a primary
virtual model of the new two-wheeled mobile
manipulator controlled by PID controller was designed
in Matlab Simulink (Sim-Mechanic) according to the
primary experimental model. The aim of virtual model
was detection of disadvantages of the new platform
specially fluctuation of locomotion. At the last step, two
experimental tests were carried out to proof the abilities
of the new platform in real model. In experimental test,
the maximum limits of ability in obstacle crossing and
ramp climbing was investigated besides fluctuation
monitoring. Then, the newly developed self-balancing
two-wheeled mobile manipulator of Part | of this article
was modified to climb high obstacles. The new idea is
inspired from the study results of [12] and also Part | of
this paper. According to the results, a motion was
planned satisfying stability margins during climbing
mission. The motion was applied on a virtual dynamic
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model. According to the obtained results, the virtual
model followed the prescribed motion and reached top
of the obstacle. The results proof the ability of the
newly modified robot in climbing. An important matter
is that the new platform needs powerful motors to
handle missions of climbing.
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Fig. 25. Matlab Simulink diagram.
Table 4. Mechanical properties
Part Property Value
Manipulator link length 0.2m
Manipulator link mass 0.3 kg
Main body mass 20 kg
Wheel radius 0.275m
Wheel mass 0.2 kg
Wheel width 0.03m
Axis length 0.3 m

Table 5. Self-stable robot properties

Property Value
a 0.2m
b 04m
w 0.255m
r 0.275m
Link mass 0.3 kg
Wheel mass 1kg
Main body mass 20 kg
Friction coefficient 0.45




