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Abstract—This research article is based on the development
and kinematics analysis of a novel mobile Euclidean parallel
manipulator. The mobile manipulators and parallel manipu-
lators were investigated to improve the setbacks of each of
these manipulators. The design of the new mobile Euclidean
parallel manipulator type robot manipulator is an improved
type of both mobile platforms and parallel manipulators. The
design of the mobile manipulator is created by combining the
Euclidean platform with a mobile differential drive manipulator.
To allow the design of this type of hybrid manipulator, the
kinematics of the mobile Euclidean platform manipulator and
the kinematic analysis of the new manipulator design for non-
holonomic differential mobile manipulators were performed in
two standalone sections. Finally, a test case study is provided in
a simulation environment to validate the numerical results of the
novel manipulator.

Keywords—parallel manipulators; differential drives; au-
tonomous robot; mobile parallel manipulator; hybrid robotic system.

Ozetce—Bu aragtirma makalesi yeni bir mobil Oklid par-
alel manipiilatoriiniin gelistirilmesine ve kinematik analizine
dayanmaktadir. Mobil manipiilatorler ve paralel manipiilator-
ler, bu manipiilatérlerin her birinin aksakhiklarm iyilestirmek
icin arastirildi. Yeni mobil Oklid paralel manipiilator tipi
robot manipiilatoriin tasarmm, hem mobil platformlarin hem
de paralel manipiilatorlerin gelistirilmis bir tiiriidiir. Mobil
manipiilatoriin tasarrmi, Oklid platformunun mobil diferan-
siyel tahrikli manipiilatorle birlestirilmesiyle olusturulmustur.
Hibrit manipiilatoriin tasarimmna olanak saglamak icin, mobil
Oklid platform manipiilatoriiniin kinematigi ve holonomik ol-
mayan diferansiyel mobil manipiilatorler icin yeni manipiilator
tasariminin kinematik analizi iki bagimsiz boliimde gerceklestir-
ildi. Son olarak, yeni manipiilatoriin sayisal sonuclarim dogru-
lamak icin simiilasyon ortaminda bir test calismasi yapilmistir.

Anahtar Kelimeler—paralel manipiilatorler; diferansiyel tahrik;
otonom robot; mobil paralel manipiilatorler; hibrit robotik sistem.

I. INTRODUCTION

A mobile parallel manipulator(PM) has got high interest in
recent years. Because of their high accuracy, velocity, stiffness,
and payload capacity, the progress of parallel manipulators
is accelerated since they outperform their serial counterparts
[1]. However, the main drawback of PMs is their limited

workspace, which restricts their applications [2]. Recently,
many researchers have worked on parallel mobile robot design
mechanisms [3]-[5]. Since a mobile parallel manipulator pos-
sesses the advantages of both a mobile robot and a parallel
robot, it is a potential competitor in extensive applications
where high accuracy operation, high rigidity, and payload
capacity are required. One notable work is the Gough platform
developed for use in the tire factory [6]. Later, this platform
structure was generalized and widely used as the Stewart-
Gough platform [6]. In the next years, there has been more
interest in the analysis and synthesis of parallel manipulators
[7]. Mobile robots have been used widely in such areas
as automatic material handling in warehouses, transportation
and health care in hospitals, and exploration in hazardous
environments. Thus, as a result, there is a high interest in this
area especially differential drive(DD) robots. This type of robot
consists of 2 drive wheels mounted on a common axis, and
each wheel can be independently driven either clockwise or
counterclockwise. By varying the velocities of the two wheels,
we can control the trajectories that the robot takes [8].

In this paper, we will implement a combination of a hybrid
robot solution which is a mobile manipulator with a differential
drive system, combined with a 3-revolute-revolute-spherical
(RRS) parallel manipulator. In this research, we will utilize
the Inverse kinematic analysis of a 3-RRS PM which has been
performed by Li et al. [9] where the analysis is performed
by using a geometrical approach. Forward kinematics of 3-
PRS PM is performed by Tsai et al. [10] where he used
Bezout’s elimination method which is also applicable to our 3-
RRS PM. Similar research has also been performed on 3-RRS
parallel manipulators [11]. Then, the kinematics analysis of the
combined 6 DoF manipulator is calculated. Inverse kinematics
analysis of PM to be solved analytically. Forward kinematics
of differential drive mobile manipulator presented as using a
suggested solution by [10]. The Kinematics of the differential
drive system is widely known and we will utilize the control of
the DC motor with the kinematics of the DD platform [8], [12].
Finally, a numerical case study was performed as a validation
action of the formulations.
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II. KINEMATICS & CONSTRAINTS OF PARALLEL
MANIPULATOR

A. Kinematics of Mobile Parallel Manipulator

A manipulator or mechanism’s displacement and variation in
displacement can be investigated using a variety of techniques.
While using a computer graphical approach is simple, it is
not practical when the complete motion of the manipulator
is taken into account. Therefore, the analytical approach is
convenient to explain the whole motion of the manipulator.
But, in parallel manipulators’ forward kinematics case, it’s
very hard to compute analytically. Therefore, we will utilize
Bezout’s elimination method to compute forward kinematics
which was used by Tsai et al [10]. The Kinematics diagram
of the PM body is given in Fig. 1 and the first dyad is given
in Fig. 2.

Ous

Op1 >~ _
Figure 1: Kinematics model of 3-RRS Parallel Manipulator

The body of PM consists of a base which is a mobile
platform but will be regarded as fixed to solve PM equations,
three identical dyads, and a moveable platform. The dyads are
a combination of 2 R joints with a link length of ¢; and /5.
Between link /5 and moveable, there is a S joint. The origin
of base frame is given as Op,, and each connection point
in base platform stated as Op,, Op, and Op,. The distance
from base origin to revolute connection points is chosen as an
equal b distance. The X axis is along the vector b; and the
Zy axis is perpendicular to the base plane. The top moveable
platforms frame is located at the center of the platform and
the origin of the frame is shown as Ojs,. The distance to
moveable platform spherical connection points are given as an
equal distance of r. The X axis is along n7; vector and Z; axis
is perpendicular to platform. . In all of the dyads, the axes of
the active and passive revolute joints are parallel to each other.

1"

Figure 2: Kinematics model of 3-RRS Parallel Manipulator

To have an equal offset from the base frames, the connection
points are positioned at the vertices of an equilateral triangle.
This means that the angle between X axes of coordinate
frames and each connection vector are equal to 120°. This
results, oy = Z)(()OB1 = 0° ay = ZXV()OB2 = 120°,
oz = LXoOp, = 240°. The manipulator is actuated by
angle of rotations variables 01, 63 and A3 and the passive
joint variables are given as ¢, ¢, and ¢3. Mobile platform
kinematics will be investigated in a separate section.

B. Position Analysis of Parallel Manipulator

Each dyad is constrained to move in a plane. Constraint
equations due to this planar motion are derived by Tsai et al.
[1] for 3-PRS PM and these equations are valid for this type
of 3-RRS PM as it’s stated. To generate the rotation matrix
R between B and M frames, X-Y-Z Euler rotation sequence is
used. This means first a rotation around Z axis with an angle
of 1., then a rotation around Y axis with an angle of v,, and
finally a rotation around X axis with an angle of 1,. Then we
found the matrix R as:

CyCz

SzSyCz + C2 Sz
—CzSyCy + SzS»

—CyS; Sy
CxCy — SzpSyS; —SzCy (1)
SzCy F C4SySz  CxCy

R =

where s and c stand for sin and cos and subscripts x,y,z stand
for rotation angles 1., 1y, 1. respectively. Only two elements
of R are independent. In the workspace of the 3-RRS PM,
the independent parameters are 1, and v, and O),,. Position
vector of the origin of the moveable platform coordinate frame
represented by the base frame:

Omy = [Onr, Om, Onr]” @)
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O is constrained on xz plane:

Owm, +reyc.
Onr, + 7(525yC. + C252) 3)
Owm, +r(—czpsyc, + 5452)

Om1 =

O\ is constrained on y = tan(120)z plane:

Oz =
Om, + g(—CyCz - \/gcySZ)
On, + g(—szswz — C082) + V3(caC: — 525y52) @
Ow, + g(cxsycz — 5052) + V3(520: + cosys:)
O3 is constrained on y = tan(240)z plane:
Onrs =
O, + g(—cycz +/3¢ys2)
On, + g(—szsg;cz — c082) = V3(caCs — 525y52) ®
From equations (3)-(5):
O, = —7(525yC. + C252) (©6)
O, = g(swsycz + €282 + 3cysz)
+ ‘/73(—201\41 —TCyCy +TCyCs + TS25yS) "
On, = g(sxSyCZ + Ca52 + 3cys:)

V3 (8

+ 5 (20, + 1CpC, — reyCs — 1SpSyS,)

Since equations (6) and (7) equal to each other, we can solve
for the unknown ), parameter. When we do the mathematical
operations 1, results in:

Y, = arctan(ﬂ) 9

CzCy

Then we can find the values of Oy, and Oy, when we register
known manipulator parameters to the equations(6) and (7).

C. Inverse Kinematics of Parallel Manipulator

In this chapter, the input angles 6;, 65 and 03 are to be
found for given independent pose parameters 1,1, and Oy,
of the moveable platform. For the first dyad, the loop closure
equation is:

Oyt = by + 61 + £ (10)

The locations of O,,1,0,,2 and O,,3 are calculated from

the equations (3)—(5). Then using (10), the right side of the
equation becomes:

x:lachpicay =

y:locoisay =

z . 628(7251 =

OMlz — cal(b+€1001)) (11)
OMly — sal(b+€1001)) (12)
O, — bichr (13)
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By multiplying equation(11) with ca;, then taking the square
of it and adding up with the equation(13) we can eliminate ¢,
from the equation. Thus, we can solve the simplified equation
to find ;. This requires the usage of inverse functions to find
values for cf; and sf;. Once the input variable 6; is found,
the passive joint angle of the dyad can be solved by inserting
values to equations(11)and (13). First we find c¢, and s¢s,
then using atan2 for ¢;:

OMlz — cop (b + 61091»

cp1 = 7 (14)
2C(1

shy = _—OMlzzgzlsel (15)

¢1 = atan2(co1,sé1) (16)

The equations found are valid for all of the dyads.

To prove the inverse kinematics solution, a numerical ex-
ample is to be given here. Pose parameters inputs are chosen
as Oy, = 0.25m, ¢, = —10°, 9, = 15° for the body
parameters ¢; = 0.147m, ¢ = 0.194m, b = 0.25m,
r = 0.216m. The formulation is then implemented into
educational mathematical computation software, and an inverse
kinematics solution is found. First, the task space parameters
are found as = [On, Own, Om. o Wy wz]T =
[-0.002 0.005 Op, —10° 15° 1.32°]T. Then active
joint variables found as 6; = (—168.91°,-36.39°),0, =
(—147.99°,—45.33°),03 = (—125.60°,—71.11°). The
passive joint variables are the obtained as ¢; =
(—58.73°,—146.57°), o = (—60.39°,—-132.93°), ¢35 =
(—78.06°, —118.65°). As our geometry constraints restrict the
dyads facing outwards, the preferred set of solutions where the
dyads are facing inwards is plotted in Fig. 3.

Figure 3: Inverse Kinematics Result

There are a total of 8 inverse kinematics solutions for
different configurations of the dyads. Because of geometry
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constraints reasons, we only used the first set of configurations
for the inverse kinematics analysis.

D. Forward Kinematics of Parallel Manipulator

In this section, the pose parameters 1,1, and Oy, of
the moveable platform are to be found for given input joint
variables 61, 0> and 3. To satisfy this, the locations of Oy,
Oz and Oy will be computed in terms of active and passive
joint variables by using equation(10).

-COél(b + 61601 + éQC¢1)-
saq (b4 licly + Lackdr) | (1T)
—61391 — €28¢1

_COéQ(b + f1c0y + €2C¢2)-
SOLQ(Z) + 61002 + EQCQSQ) (18)
—(1892 — fQS(bQ

-Cag(b + 61003 + éQCQSg)-
Sag(b + l1c03 + fgcqﬁg) (19)
761593 - 625(]53

Since the moveable platform has an equilateral triangle
shape with a side length of |Op1O0n2| = |Onm20m3| =
|Oa3001] = 7V/3:
cag(b+ €10z + lachy — caq (b + l1chy + lachy))?
+sag(b+ l1cly + Locds — say (b + l1chy + chqﬁl))z (20)
(41803 — lospy — (—L1501 — Lasgy))? = 3r?
caz(b+ £1cls + Lacds — cas(b+ l1cs + lacos)
+sas(b+ l1c03 + lochs — san(b + £1cbs + Lacgs)
+(—1805 — losty — (—0180 — laso))? = 312
cay (b + L1y + lacgy — cas(b+ £icl3 + lochs))?
+say (b + licby + lachr — saz(b -+ lichs + lacgs))? (22)
(01501 — losdy — (—£1503 — Las¢3))* = 3r?

By using equations(20)—(22), we rewrite them by collecting
passive joint variables ¢1,02,03:

hio + hiicor + higcda + higepicda + hiasor

Omi = bi+0+10=

Orz = by+0ls+05=

Ons = by+ L5+ 0

)2
> 21

+hisspa + higsp1spa = 0 23)
hag + haicdr + haacoz + hazchicha + hagspy 24)
+hasspa + hogsp1spa =0
hso + hsico1 + haacpa + haschrcoa + haaspy 25)

+h355¢2 + hagsprsp2 =0

The three trigonometric equations(23)—(25) are nonlinear and
coupled. Thus, they must be solved simultaneously to find the
values of ¢1,¢2, and ¢3 for given input variables. We will use
Bezout’s elimination method in this paper as Tsai et al. [10]
did it for 3-PRS PM. Bezout’s elimination method is used for
reducing a set of polynomials of multiple variables into a poly-
nomial of only one variable. To be able to apply this method,
equations(23)—(25)must be transformed into polynomials. This
can be done by using tangent half-angle substitution for each
dyad:

42
cospy = T 2] 261 (26)

—, sing, =
‘|‘7f127 2 1+t12

13

where tl = tan(¢>1/2),t2 = tan(ng/Q),tg = tan(¢>3/2). This
transformation is valid for all dyads. Then we can get the
following equations:

g10 + grita + giata® + t1(g13 + grat2 + 913t22)

+t1%(g16 + gu1ta + gista?) = 0 @7
920 + g1t + gaots® + ta(gas + goats + gasts®) 28)
+t2%(g26 + go1ts + gasts®) = 0
930 + gsats + gaets® + t1(gs1 + gsats + gats®) (29)

+t1%(g32 + g3sts + gasts®) = 0

We can further eliminate ¢; by using same method for equa-
tions (27)—(28):
[Ax| [ Azl

Ag]  |A]| =0 30)

where [*| denotes the determinant of a matrix. Where
Aq,A5,A3,A, as follows:

g1 + gi1ta + g1t

A g16 + gi1ta + g15t3
g30 + gasts + gaets

g32 + gasts + gast3

G13 + Grats + g13t3

A, = |91 T gaats + gait3
916 + guita + gist3

g32 + gasts + gast3

g10 + grita + giat3

Ay = |93 gratz + gi3ts
930 + g33ts + g36t3

g31 + gaats + ga1t3

g10 + grits + giat3

A, g16 + g11te + 915t
930 + gasts + gaets|’

g32 + gasts + gasts

After expanding and simplifying equation(30) transforms to:
Jo + Jita + jats + jats + jaty =0 (31

To further eliminate ¢5 from equations (28) and (31),
equation(28) written as:

ko + kito + kot2 =0 (32)

Finally, elimination method is applied again to (28) and (31)
so that we can eliminate ¢5:

Jako — jak1 Jaka — jako Jika Joka
Joko — jako  Jok1 — jsko + jik2  Jik1 + jok2  joki| _ 0
ko kq ko 0|
0 ko k1 ko
(33)

Expanding equation (33) results in a 16th-order polynomial
with only one variable ¢3. The solutions of ¢3 can be obtained
by solving this equation numerically. The solutions of t;
and to can be determined by substituting the found solutions
of t3 into equations (28) and (29). Although the number
of the solutions is considerably large, we will show that
only some solutions are feasible and the preferred solution
can be determined by examining the physical constraints of
the mechanism. Passive joint variables can be found from
@1 = 2arctan(t1), ¢ = 2arctan(ts), ¢3 = 2arctan(ts).



Journal of Intelligent Systems with Applications 2023; 6(2): 10-20

After finding passive joint variables, we can use the equations
(11)—(13)for each dyad to find Oyy,,Onr,,Onr, parameters.
Finally, with all the known parameters, we can calculate the
pose parameters psi,,psi,, and psi, by using equations (3)-
(5). The forward kinematics solution claimed in this chapter
was proved by implementing it in educational mathematical
computation software. To check both solutions of inverse and
forward kinematics, the same active joint parameters and body
parameters are used in the numerical calculation. The reference
values of active joints are:f; = —168.91°, 6, = —147.99°,
fs = —125.6°. As stated before, there exists a maximum
of 16 solutions of the polynomial given. In the numerical
example, it is observed that 10 of the solutions are imaginary,
hence there are 6 real solutions found. And for the values
of t3 = —0.81,t;, = —0.58,t; = —0.56, we managed to
match with the inverse kinematics solutions(Ojys, = 0.25m,
e = —10°, 1, = 15°) we have found which is shown in Fig.
4.

Figure 4: Forward Kinematics Result

Our design of mobile parallel manipulators simplified ver-
sion is exported to Matlab Simscape environment. Then,
both solutions of inverse and forward kinematics are inserted
into the parameters of the mobile parallel manipulator. The
Simulink model for this operation is given in Fig. 5. Fig. 3
and Fig. 4 are direct exports of this visualization model from
Simscape.

III. KINEMATICS, CONSTRAINTS & CONTROL OF
MOBILE DIFFERENTIAL DRIVE MANIPULATOR

In this chapter, we will investigate the mechanical con-
straints and kinematics of the mobile platform. Mobile plat-
forms are frequently used for autonomous, guided, or auto-
matic repetitive operations such as warehouse pick and place,
cleaning robots, or humanoid robots with wheels. Having a
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mobile platform eliminates the setbacks of parallel manipula-
tors such as workspace and mobility. Thus, we chose to use a
differential drive system which is a simple and effective way of
having a drive system with zero turn radius and only requires 2
motors. Our design has constraints of having 2 wheels with an
axle being located at the center of the body. Then a caster to
be used to balance the car and avoiding topple of whole body.
We will investigate the kinematics of this system and then a
control system for the manipulator with a DC drive motor to
be implemented.

A. Kinematics of Mobile Manipulator

Mathematical modeling is to be generated for the DD drive
mobile manipulator, and the control system is to be based on
a DC motor. The primary function of the study is to give
kinematics for the mobile system and do control simulations
based on these formulations. As a first step, we can see the
position graph of the mobile platform in Fig. 6.

B. Kinematics Modelling

First, we will investigate the mechanical behavior of the
mobile system. The position of a deferentially derived mobile
robot can be described by two coordinate systems, base frame
and mobile platform origin frame. As it can be seen in Fig.
6, the base frame is the global frame which is the reference
fixed coordinate system where the mobile platform travels. The
mobile platform origin frame is the frame in motion at the
center of the mobile platform. The initial location is shown as
X0,Yo, and the mobile platform coordinate system is shown
as X,,Y,. The origin is at the center of the wheel axle which
is located at the center of the platform. These two coordinate
systems can be described by using transformation matrices.

) ) cd —s6 0 )
Xy = R(O)X, = [39 ch 01 [jjT Uy 9r] T (34
0 0 1

The mobile platform will travel straight if both wheels rotate
at the same rate. If one of the wheels rotates faster than the
other one, turning will happen. The mobile platform will turn
to the left if the right wheel rotates faster and it will turn to
the right if the left wheel rotates faster. If both wheels rotate
in opposite directions at the same speed, the mobile platform
will turn with zero radius at the spot. To formulate the linear
speed(V) of each wheel, we will need the radius of the wheels
which is denoted as r,,. We can describe the linear speed with
the relation to each wheel angular speed given as w,.(right),
w; (left):

Ve = WrTw, Vi =wiry (35)

Then, we can calculate the velocity of the whole mobile
platform by:
Tw
Vmp:‘/tr"i_‘/z:?(wr'i_wl) (36)

We can state that
e If the rotation speeds of the wheels are equal and the
rotation directions are opposite, the mobile platform is
stationary and spins in place V=0.
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Figure 5: Simulink-Simscape model of PM
Xp 4 We can describe the mobile platform speed in the mobile

Figure 6: Position of the mobile platform

e If the rotation speeds of the wheels are equal and the
rotation directions are the same, the mobile platform will
travel in a straight line along +z, axis.

e If no lateral slip is assumed, then the linear velocity

along y, axis is zero.

When the right wheel rotates forward and the left wheel rests,
the mobile platform rotates counterclockwise around point O

with a radius of L w; = %wr. When the left wheel rotates

forward and the right wheel rests, the mobile platform rotates
clockwise around point O with a radius of L wy = f%“wl.

Which results angular velocity of the mobile platform as:

r
Wmp = W1 +wy = ?w(wr —wp)

37

platform frame in terms of origin point O.

x'g = %”(wr +w)
yp =0
. Tw
G:w:f(wr—wl) (38)
B [ o]
i=le| =13 5[
w 2 2
The mobile platform speed in the base frame is:
J;IZ’O = VcosO
b, = Vsin (39)
0 =uw

Inserting values of V and w from equations(36)—(37) and
putting in matrix form:

b T oSO T oSO
. o 2 2 w
b — b _ | rwsind T 81N0 r (40)
7= yO - 2 w
Tw —Tw l
w 2 2

Equation(40) is the kinematic model of the mobile platform.
The inputs of the controller are V. and V;.

C. DC Motor Modelling

In many industrial applications, DC motors are used as
the actuators for mobile robots and smart devices. In our
application, we will use a permanent magnet-brushed DC
motor(PMBDC). Control of the whole system can be based
on control of the DC motor. Electrically, a PMBDC motor can
be modeled with a combination of three electrical parameters
such as resistor(R Ohms), inductor(L. mH), and an input of
voltage source(V). Output will be multiplied by the torque
constant(K;). Mechanically, it can be modeled with a rotating
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body inertia(J kg/m?) and a linear viscous damping compo-
nent(B N/m/s). Then, an error will be inserted to the block
with a negative sum of the back EMF constant(K}). We will
utilize Laplace transformation to get the transfer function of
the PMBDC motor as illustrated in Fig. 7. The output of the
block will be angular velocity(w).

1 1
; L-s+Ra J-s+b

Torque constant

kb|<

Back EMF constant

v

Figure 7: DC motor block diagram

We can get the linear velocity(Vmp) output by using
equation(36) and output angle # by multiplying the angular
velocity output with % transformation. The angular velocity of
the mobile platform will be calculated by using equation(37).

D. Control System of Mobile Platform with PID Controller

Proportional-Integral-Derivative(PID) controller is an algo-
rithm that is used to manipulate the angular velocity of
DC motor in a closed loop system, with the constant gains
K, Kp, K;. K, is the constant that depends on the difference
between the set point and the present variable which is called
the Error signal. It is the ratio that determines the ratio of
output response. K is the constant of the integral component
that sums the error signal over time. It will continuously
increase over time unless it converges to zero error. Kp is
the constant of the derivative component that tries to get an
ideal response from the control system with an estimation of
future error. This estimation requires a certain filter otherwise
sensitive noises will affect the response of the system. The
constant values can be found by trial and error or some of the
control software such as Matlab offers tuning capabilities. The
table I gives the effect and response of the system.

Constants Rise Time Overshoot Settling Time Steady-state error
K, Lower Higher Slightly higher Lower
Kr Slightly lower Higher Higher Greatly lower
Kp Slightly lower Lower Lower Minor effect

Table I: Effects of increasing PID parameters

Modeling block diagram of PID controller given in Fig. 8.

E. Simulink Model for Mobile Platform Actuated by DC Motor
with PID Control System

The Simulink model has been prepared for the DC motor
with PID controller and it is given in Fig. 9. The Feedback
sensor is the encoder mounted to each DC motor which
is the input for the PID controller. The constant values of
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P K
=

Proportional gain

»@ »(Ki/s

Integral gain

rry
v

X

ds

»

\

Derivative gain

Figure 8: PID controller diagram

K,,K;,Kp is tuned in the Simulink environment to reach
the desired linear velocity.

Then, we can conclude the model of a wheel. This is given
in Fig. 10.

Based on the wheel model, we can design the control model
of the whole mobile platform system in Simulink. This is given
in Fig. 11.

We can also track the position and velocity of the mobile
platform in the X and Y axes. The Simulink model was
adjusted to give these results in a graph, shown in Fig. 12.
In these graphs, we can track the position, angular velocity,
and linear velocity of the mobile platform and wheels, which
can be seen separately for X-Y axes.

F. Test and Simulation Result on Mobile Robot

To test the Simulink model provided, we need the specifi-
cation of the DC motor. The motor used in this application is
a 12V PMBDC with a gear head ratio of n = 3 and encoder
feedback constant K f = 1.8. The other parameters are shown
in table II.

Parameters Unit Coefficient
ki Nm/A 0.062
ky, v/rad/s 0.062
T kg/m? 0.0551
b N m/s 0.188
R, Ohms 0.56
L, mH 0.97

Table II: 12V DC Motor parameters

The desired linear velocity(V,,,,,) of the mobile platform is
0.333 m/s. The desired angular velocity of the wheels for the
wheel radius of » = 0.05m is:

Vinp  0.333m/s
r 0.05m

The voltage corresponding to desired w is V = 12V. Then,
the next step is the tuning of the PID parameters. First, the
test of the simulation model for the mobile platform is done
with K, = 1, K7 = 0, Kp = 0 values. The result is found as
0.08473 m/s and the plot is given in Fig. 13.

Then, we tune the PID parameters to get the desired linear
velocity of mobile platform V;,,,, = 0.333m/s. This is done by

= 1.6946rad/s 41)

UJmp =
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using Simulink PID tuning. For the values of K, = 6, K1 =
3, Kp = 1.5 we get following result plot in Fig. 14:

We can find the velocity of the mobile platform along the
x and y axes for the case V; = V,. as shown in Fig. 15. The
Turning radius of the robot is zero.

We can find the position of the mobile platform along the
x and y axes for the case V; = V,. as shown in Fig. 16.

For the case of velocity, wheels are not equal V.
12V, V, = 3V, we can find the velocity of the mobile platform
along the x and y axes as shown in Fig. 17.

For the case of velocity, wheels are not equal V.
12V, V; = 3V, we can find the position of the mobile platform
along the x and y axes as shown in Fig. 18.

Then finally, we can plot the motion parameters of the
mobile platform concerning initial X and Y coordinate origins.

The linear velocity plot based on origin X-Y parameters for
V. =3V, V; = 12V can be seen in Fig. 19. The position plot
based on origin X-Y parameters for V. = 3V, V; = 12V can
be seen in Fig. 20.

IV. CONCLUSION

A hybrid manipulator consists of a mobile platform and a
3-RRS parallel manipulator analyzed in detail. We divided the
kinematics of the whole system into 2 sections which dealt
with the kinematics problem of the 3-RRS parallel manipulator
and the kinematics of the differential drive mobile platform.
We provided a formulation for forward and inverse kinematics
of PM. and we proved it with a numerical case study done
in educational software and the final pose of the PM plotted
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Figure 17: Simulink results of velocity along x and y direction

Figure 13: Simulink results of system for K, = 1,K; =
0,Kp=0

Pt g ot s

Figure 18: Simulink results of position along x and y direction

Figure 14: Simulink results of system for K, = 6, K; =
3, Kp=15

Figure 19: Simulink results of velocity based on origin(X-Y)

Figure 15: Simulink results of velocity along x and y direction
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Figure 16: Simulink results of position along x and y direction Figure 20: Simulink results of position based on origin(X-Y)
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in the Matlab Simscape environment. Then, we described the
kinematics formulation of a non-holonomic differential drive
mobile platform. Together with DC motor control theory, we
implemented a PID controller to improve the system response
of the mobile platform. Simulink results are shown in graphs
as shown in Fig. 19 and Fig. 20. Based on these results,
we conclude that the system-based model of differential drive
mobile can be solved and a mobile platform can be combined
with a parallel manipulator to solve industrial or daily life tasks
and improve the abilities of a single robot. The outputs of this
research paper will be used in developing a hybrid mobile
parallel manipulator system.
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