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Abstract: The automatic charging of electric vehicles is an important but challenging problem.
Recently, various charging robots are proposed for electric vehicles. Most previous researches do not
pay enough attention to the robots’ load capacities. Actually, providing the charging connector with
adequate pushing and/or pulling forces is vital to guarantee a reliable electrical connection, which is
a key issue for charging robot design. In this paper, we present a novel serial-parallel robot for the
automatic charging of electric vehicles. This robot is based on the 3 universal-prismatic-universal
(3UPU) parallel mechanism and featured by high-load capacity. We firstly address the kinematic
and static models of the proposed robot, then analyze its load capacity. It is shown that the robot’s
maximum load capacity depends not only on the driving ability of the prismatic joints, but also on
the robot’s structural parameters and the robot’s configuration. Finally, optimizations are made and
results show that the robot’s load capacity along the desired trajectory has more than doubled. Results
of this paper could be useful for the development of automatic electric-vehicle-charging devices.

Keywords: serial-parallel robot; high-payload; electric vehicle charging robot; force analysis; load
capacity optimization

1. Introduction

Electric vehicles (EVs) have attracted plenty of attentions during the past decade as one of the
most promising solutions for the energy and environmental crises [1,2]. Until recently, most EV
charging devices still have to be operated manually [3,4]. Thus the charging device will be occupied
by a single vehicle during its whole parking period, regardless of whether the battery is full or not.
This is an urgent problem in many public charging stations, especially for those stations with limited
parking places. To solve this problem, automatic EV charging robots are proposed [5-8].

According to the mechanical structure, most existing EV charging robots can be classified into two
types. The first type is based on the traditional industrial robot arm, such as the VW e-smart Connect
that is based on a KUKA LBR iiwa [5]. These charging robots have a general structure consisting
of several rigid joints and links arranged in serial. This structure is simple and mature, but it is not
fully suitable for the EV charging due to flowing reasons. Traditional serial robots usually have a
low payload to self-weight ratio [9]. They have to be built clumsy to guarantee enough load capacity.
In addition, these industrial robots usually have finite degrees of freedom (DOFs), commonly 6 DOFs.
Thus the end-effector’s dexterity is limited, which is not convenient to plug in and/or pull out the
charging connector, especially in confined space with obstacles. Moreover, it is hard to design a serial
industrial robot with hollow shaft that has an enough large inner diameter to let the electric wire
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passing through. Therefore, for this type of robots, the charging wire often has to be put outside, which
brings difficulties in protecting and arranging the wire. Overall, traditional serial industrial robots
are not entirely adapt at the EV charging application due to weak dexterity, limited load capacity and
inconvenient cable arrangement, although they are simple and wildly used.

Recently, another type of charging robots is proposed based on cable-driven snake-like manipulators.
These manipulators are usually redundantly actuated [10], or even hyper redundant [11,12]. Thus, this
type of charging robots could achieve dexterous or even super-dexterous operations in the EV charging
application. This characteristic is significant for obstacle avoidance, and thus provides more possibility
to plug in the charging connector, especially in confined space. Furthermore, it is not difficult to design
a cable-driven snake-like manipulator with hollow structure along its whole arm. In this way, the
electric wire can be arranged totally inside the robot arm. However, due to the driving cable elasticity,
the stiffness of this type charging robot is low, and thus high positioning accuracy is difficult to be
guaranteed [13,14]. Furthermore, affected by the friction produced by the sliding movement of driving
cables, the actual load capacity of the charging robot could be limited [15,16]. Overall, the cable-driven
snake-like charging robots have advantages in dexterity and hollow structure, but have inherent
weakness in accuracy and load capacity.

To sum up, most existing EV charging robots have limitations in load capacity, and previous
literature lacks enough attention to the load capacity analysis. It is unknown whether these charging
robots could provide enough pushing and/or pulling forces to the charging connector. In fact, adequate
force is vital to guarantee a reliable electrical connection, and this is a key issue for charging robot
design. Until now, it is still a challenge to find practical solutions for the design and analysis of EV
charging robots.

This paper presents a novel EV charging robot based on hybrid serial-parallel manipulators.
In general, the serial-parallel manipulator combines a sequence of parallel mechanisms [17-21].
It has not only the advantages of traditional parallel manipulators such as high load capacity and
good stiffness [22-25], but also has the advantages of traditional serial manipulators such as large
workspace [23,26,27]. This kind of hybrid serial-parallel manipulators has been studied in some
precious researches [17,18,20,28-31], but it has not been used in the EV charging robot design as far as
we know.

Aiming at the EV charging application, we proposed the concept design of a hybrid serial-parallel
robot. This novel EV charging robot consists of three 3 universal-prismatic-universal (3UPU) parallel
mechanisms that are arranged in serial. Each 3UPU mechanism has 2 rotational and 1 transnational
DOFs, and is driven by 3 prismatic joints. With this design, the charging robot has totally 9 actuating
DOFs and achieves 6 DOFs movement of the charging connector that is fixed on the robot end.
This robot is redundantly actuated and has a good dexterity to better adjust the connector’s posture.
In addition, the proposed structure design has a hollow structure that can let the electric wire to
pass through.

In addition to the concept design, we also make comprehensive analyses in the load capacity of
the proposed EV charging robot. For this purpose, the kinematic and static robot models are deduced,
and then validated by the commercial dynamic analysis software Adams (Adams is a widely used
multi-body dynamic simulation software by MSC Software Company.). Using the kinematic and
static models, we analyze the largest feasible external force applied to the charging connector, along a
certain trajectory in the charging procedures. As a result that this largest feasible external force can
be used as an index to evaluate the robot’s load capacity, it determines whether the robot is strong
enough to plug in and/or pull out the charging connector. We find that the largest feasible force
is associated with the manipulator configuration due to redundancy, also related to the structural
parameters such as the length and diameter of each 3UPU mechanism, and also depends on the
actuating ability of the prismatic joints. Based on these results, further optimization is made to
maximize the robot’s load capacity. It is shown that after optimization, the robot’s load capacity along
the desired trajectory could be improved by about 130%. A comparison is further made between the
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proposed EV charging robot and its counterparts in literature. Details are shown in Table 1. Results
indicate that the proposed new robot has advantages in good dexterity, hollow structure and high
load capacity. These characteristics will enable the robots with a good obstacle avoidance ability, also
facilitate the electrical wire arrangement, and finally improve the overall performances. In addition to
these advantages, the proposed charging robot has a more complex mathematical model due to the
hybrid parallel and serial structure. This paper will address the modeling problem of this new type of
charging robot to provide a reference for further study.

Table 1. Comparison between the electric vehicles (EV) charging robots in some literature and the
proposed robot in this paper.

Type of the EV Charging Robots DOF Dexterity Hollow Structure Load Capacity Modeling

Industrial robots in [5] 6 Poor No Normal Easy
Cable-driven snake robots in [10] 20 Excellent Yes Poor Normal
The proposed serial-parallel robot 9 Good Yes Good Difficult

The major contributions of this paper are as follows. Firstly, a novel concept is proposed to
solve the challenging problem of EV charging robot design. This paper, for the first time so far as we
know, introduces the 3UPU based hybrid serial-parallel manipulator to the EV charging robot design.
Secondly, the load capacity of the EV charging robot, an important issue which has not attracted enough
attentions in literature, is comprehensively analyzed and optimized. Results show 130% increment
in the robot’s load capacity after applying the proposed optimization method. The rest of this paper
is organized as follows. The concept design and the kinematic model of the EV charging robot are
presented in Section 2. Then, the static model is deduced in Section 3. Based on that, simulation
validations and load capacity optimizations are made in Section 4. Finally, conclusions are made in
Section 5.

2. Concept Design and Kinematic Model of the EV Charging Robot

This section firstly presents the concept design of the EV charging robot. Unlike precious EV
charging robots that base on the traditional serial industrial manipulator or the cable-driven serpentine
robot, this new design mainly uses the concept of hybrid serial-parallel robots. Then, the kinematic
model of the robot is deduced.

2.1. Concept Design

As shown in Figure 1a,b, the main structure of the charging robot consists of 3 serially arranged
units, and each unit is a 3UPU parallel mechanism. Thus, this robot belongs to the category of hybrid
serial-parallel robots. The first unit is fixed on the robot base, while the charging connector is attached
to the last unit. The electrical wire passes through the center of the robot.

For this charging robot, 3UPU mechanism is the key feature. More details can be found in
Figure 1c. The 3UPU mechanism is composed of a base platform, a mobile platform, and three
identical UPU chains. Each UPU chain consists of two passive universal joints and one active prismatic
joint where actuation is applied. It should be noted that the 3UPU mechanism could have different
kinds of DOFs according to its structural parameters [32,33], such as 3 rotational (3R) DOFs [34,35],
3 translational (3T) DOFs [36-38], 2 rotational and 1 translational (2R1T) DOFs [39,40]. This paper
chooses the 3UPU with 2R1T DOFs, since we think that this configuration is more suitable for the
charging application than the other configurations, considering both work space and dexterity. Thus,
the proposed charging robot is driven by 9 prismatic joints, and has a total of 9 DOFs including 6
rotations and 3 translations, and controls the 6-DOF end-effector where the charging connector is
attached. Therefore, the proposed robot is redundantly actuated and the actuating redundancy is 3.
Through redundant design, the robot can have better dexterity when placing the charging connector in
the right pose, especially in confined environment with obstacles.
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Moreover, as shown in Figure 1b, the robot base can move along the rail in the ground. When the
current EV is fully charged or meets the preset stopping condition, the robot will stop charging, pull
out the connector, and move to the next EV in the charging list. In this way, a single charging robot can
manager several EVs. This system can be used in charging stations to decrease long-term occupations
and greatly improve efficiency.

Jjoint prismatic joint
(' joint I
| “ > } mobile
a 44"1"
i 2

- platform :

Figure 1. Concept design of the EV charging robot. (a) Structure of the whole robot; (b) assumed
charging scenario; (c) schematics of the 3 universal-prismatic-universal (3UPU) mechanism.

2.2. Kinematic Modeling

In this section, we address the kinematic model of the charging robot. Without losing generality,
the unit number of the robots presented in this section is not limited to 3, but is assumed to be n where
n is an arbitrary positive integer.

As shown in Figure 2, the ith (i = 1,2...n) 3UPU consists of a base platform O; o, a mobile platform
Oi,1, and three UPU chains Ai,l Bi,lr Ai,ZBi,Zr Ai,3Bi,3-

[*'3UPU l3”"/3UPU i-1" 3UPU "3UPU i+1"3UPU n-l”'SUPy n" 3UPU

7.
| i3 /
IL;, chain e ZiZi 10}

0, |(0: /“0)1

L;, chain

Figure 2. Schematics for the kinematic modeling of the EV charging robot consisting of n units of
3UPU mechanisms.

The kth (k = 1,2,3) chain attached the edge of the base platform on A;; and the edge of the
mobile platform on B; ;. Each UPU chain consists of one prismatic joint and two universal joints.
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Each universal joint includes two orthogonal revolute joints. For the universal joint at A;y, axis of
the 1st revolute joint is perpendicular to A;B;, axis of the the 2nd revolute joint is perpendicular
to A;xO;o and the angle between the axis and the base platform is 6. For the universal joint at B; x,
axis of the 3rd revolute joint is perpendicular to A; ;B x, that is, parallel to the axis of the 1st revolute
joint, and axis of the 4th revolute joint is perpendicular to B;;O;; and the angle between the axis
and the mobile platform is ¢, the axises of the 2nd and the 4th revolute joint intersect at point M;
as shown in Figure 3. A;1A;,A;3 and B;1B;,B, 3 are two congruent regular triangles with O,y and
O; 1 as their center, respectively. The three chains of the ith 3UPU unit are parallel with each other at
arbitrary configuration.

Figure 3. Schematics for the force analysis of the ith 3UPU unit.

To illustrate the kinematics of the robot, following coordinate systems are defined:

1. Ro{Ov, Xo, Yo, Zo} represents the global frame of the robot. Generally, the origin of the global
frame is at the center of the upper surface of the base; z-axis is defined perpendicular to the plane
of the upper surface of the base; the x-y-plane coincides with the upper surface.

2. Rip{0Oio, Xio, Yio, Zio} represents the local frame of the base platform A;1A;,A; 3. The origin
of the frame is at the center of the platform O; y; x-axis is parallel with the vector pointing from
Aj3 to A;; z-axis is perpendicular to the platform; y-axis is determined by the right-hand rule.
It should be noted that the local frame of the base platform of the 1st 3UPU coincides with the
global frame of the robot.

3. Ri1{0i1,Xi1,Yi1,Zi1} represents the local frame of the mobile platform B; ; B; »B; 3. The origin
point and axis definitions are similar to frame R; .

4. R Ay {O Aipr X Aigr Ya " Z A } represents the local frame of the kth chain of the ith unit. The origin

1

of the frame coincides with point A; ;; z-axis is parallel with z-axis of frame R; o; y-axis coincides
with the bisector of angle A; ;; x-axis is determined by the right-hand rule.

The coordinates of A; (k = 1,2,3) can be expressed in frame R, as:
, T . T T
Rio Ay = [P cos (fpi,z - 5) , = psin ((Pi,Z - E) ,0] )
. s . T T
R"OAZ-,Z = {p cos (34&2 — E) , psin (3901‘,2 — E) ,0} )

R Ay =[—peos (12— ), —psin (12— ) 0] o
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where

i
- : )
P~ 2cos (Pi1 +@i2—75)
where a;; is the length of A;A;3, a;, is the length of A;1A;3, a;3 is the length of A;1A;,,
eik (i=1,2,..,n),(k=1,2,3) is the angle of A .
Due to the fact that the three chains of the ith 3UPU unit are parallel with each other all along, the
coordinates of points B; x can be expressed in frame R 4, according to the geometrical relationship as

ikBi = [Xik, Yik Zix) where:
X = Li,k <Li,k - Li,k+1 B Li,k — Li,k+2) (5)
To2sin G\ 20500 2a; 11
Vix = Li,k (Li,k - Li,k+1 i Li,k — Li,k+2) (6)
7 2cos B\ 2k 2a; )11
12 2 2
Zik =\/Lix — Xk — Vix @)

where k= 1, 2, 3, when k= 2, Li,k+2 = Li,l/ ailk+2 = ai,lr when k = 3, Li,k+1 = Li,l/ ai,k+2 = LIZ"Q. Li,k is
the length of the kth chain of the ith 3UPU unit.
For the ith 3UPU unit, it is easy to obtain the rotation matrix:

7723] R =Rz, (1i1) (8)

%ﬂﬁ/zR =Rz, (2i1+7i2) )

R R =Rz, (~133) (10)
where 171 = "4 i = T2 g5 = T

Thus, the coordinates of points B; ; can be expressed in frame R, as:
. R; R .
Rip Bix = RAO.,(R LAk Bix + Rip Aik (11)
Then the center point of the mobile platform, i.e., the origin of R, can be expressed in R as:

3
Y RioB;

Rin0;y = = (12)

3
It is easy to get the rotation matrix between R;1 and R;o, and the distance between O; and
0,1, as:

Riop;,~Ti0B; 17
Riop;,~Ti0B;
Rix ™ Ri0B;,—"i00;,
Riop—Riop;  Riop,-Rioo,
Riop;—Riop;s| "~ |RioB;,~Ri00;,

(13)

pi = [Fi00;, = R0y (14)

Due to the fact that the frame R o coincides with the frame Ry, the homogeneous transformation
matrix between R g and R can be expressed as:

Ry T = Eaxa (15)
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We assume that the local frame R;_; ; of the mobile platform of the (i — 1)th 3UPU rotates about
Z;_1,1 by 0 to get the local frame R; of the base platform of the ith 3UPU, the rotation matrix between
Ri-11and Ripis Rz, (). When i is even, the rotation is in clockwise, 6 > 0. When i is odd, the
rotation is in anticlockwise, 8 < 0.

The homogeneous transformation matrix between R; g and R;_; ¢ can be expressed as:

Ric1oqr _Ricto Ric1a
Rip T_RFMT Rip T (16)

i Ry . (8) 0
where g’*“T = Ziay (0) O3x1 1
10

O1x3 0
Then the homogeneous transformation matrix between R; o and R can be expressed as:

i
R _ Rj-10 Rio .
Ry T = <j—1 Rio T) Ry L (i =1,2..1) (17)

Ri-10 _ Ro P
where Rio T= RloT’ wheni = 1.

1 %
In this case, the position and orientation of the end-effector can be seperately expressed as:

P= Roonr1 :%O T R On1 (18)

R0B,1—"0B,
|RO Bn,l "o Bn,S |
RO Bn,2 7R0 On,l
R Ry
OBn,Z* Oon,l |
R R R,
UBn,lf OBn,S OBn,27 Oon,l
|RUBn,1 7ROBH,3| ‘ROBH,ZfROOn,ll

R= %gllR = (19)

The kinematic model structure in Equations (1)—(19) also matches the modeling results in [39,40].

3. Static Model and Validation of the EV Charging Robot

In order to analysis the load capacity of the EV charging robot, dynamic model is necessary.
However, the robot motion is usually slow for most charging operations. In this case, static model can
be used instead of dynamic model if the inertia forces and the Coriolis forces are neglected. Therefore,
this section will present the static modeling and validation of the proposed robot.

3.1. Static Model

Based on the principle of virtual work, for the ith 3UPU unit, the formula for solving the statics
can be written as:
0, -A®;+FT.AX; =0 (20)

where g; denotes the forces of the joints, A®; denotes the displacements of the joints, F; denotes the
force of the mobile platform, AX; denotes the displacement of the mobile platform, since:

AB®; =Jg; - AX; (21)

then:
oi=—(15!) F; @)
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where the 6 x 6 matrix Jg; is the Jacobian matrix of the ith 3UPU unit, which can be calculated by:

[ 1,7 (b x1p)T ]
LT (bjpx L)'
Jsi = 1i,3TT (big x 1i,3)TT (23)
dii (nj1 xdi)
dipT (mp xdip)’
| diz” (miz % dis)"

where the 3 x 1 vector 1; ; represents the unit vector pointing from A; ; to B; , 1; x can be calculated as:

RioBi g — Riv Aj
| RioBy — i Ay

1 ,(k=1,2,3) (24)

the 3 x 1 vector b; ; represents the vector pointing from O; ; to B;, b; x can be calculated as:
b, = "i0B;, —Ri00;, (25)

the 3 x 1 vector d;; represents the unit vector along the axis of the revolute joint attached to the
prismatic joint. The 3 x 1 vector n; represents the vector from Rio 0O;; to Rio M; ;, which can be
calculated as:

n; = RiOM; — Ri00;y, (k= 1,2,3) (26)

where Ri0M; ; is the intersection point of the axises of the revolute joints attached to the platforms of
the kth chain as shown in Figure 3. There is

n

T T
[ Rovn/RO!n } = Z]Ri{ Ri’ovnrRi/o!n } (27)
i=1

where the Jacobian matrix map from the end effector to the mobile platform of the ith 3UPU can be
calculated as: wheni < n,

R0 ]1,2
R; Ri
Jri = O Ry (28)
Osx3 g, R
-1
12_ n R1ip Rivio). R10 .
where Jo=— in S (RHLOR- i+ OO]_H) “Rip Rwheni=mn,
R
Ry R 0353
Jri = ’ Rig (29)
Osx3 g, R
Considering the principle of virtual work, there is:
T T
-1 R, R,
Fsi= —(Jri - J5!) [RoFa, ™0, (30)
where Fg; = [Fai1, Faio, Fais, Fein, Feio, Fci,3]T represents a six dimensional vector consists of active

and constrained forces. F,;x, (k = 1,2,3) denotes the active force of the kth prismatic joint of the ith
3UPU unit, its direction is shown in Figure 3. F.;, (k = 1,2,3) denotes the constrained force of the kth

T
prismatic joint of the ith 3UPU unit, its direction is shown in Figure 3. { RoF,, 0T, | denotes the
force of the end effector expressed in Ry.
The static model structure in Equations (20)—(30) also matches the modeling results in [17,41].
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3.2. Simulation Validation

In this section, we first validate the statics model presented in the previous section in Adams.
In order to verify the correctness of the statics model, a 3D assembly mechanism with parameters in
Table 2 is generated in SolidWorks 2016. It is then imported into Adams and set the motion trajectory
of the end-effector of the robot as follows:

a=-Z
2
Orientation : { B=0 , t=0~10s (31)
7=0
X=0
Position : { Y =158 + 3¢ , t=0~10s (32)
Z =200

In order to verify the correctness of the statics model presented in the previous section, apply
an external force expressed in R as Fex = [0,100,0,0,0, O]T (N) to the end-effector of the robot at the
center of the mobile platform of the nth 3UPU unit. Coding in Matlab based on the statics model
and import the parameters and motion trajectory above into the program, then the active force and
constrained force for each chain can be computed. Import the same data into Adams and measure the
active force and constrained force of each chain which keep the statics equilibrium. Import the data
measured in Adams into Matlab to compare with the computed by the statics model. The results are
shown in Figure 4.

It can be seen clearly that the results obtained from Adams measurement and Matlab computation
are in good agreement. The maximal value of the absolute force error is 0.001 N, thus the correctness
of the statics model is verified. Then the statics model can be used in the following study.

200

DDDDDAANNNNANNNAAAAAAAAMAAAN

NN — © —A-1-AF
oo \Aaaaasa, — + —A-2-AF
— % —A-3-AF
L |[— ~ —A-1-CF
— % — A-2-CF
— 8 —A-3-CF
M-1-AF
M-2-AF
- M-3-AF
M-1-CF
M-2-CF
M-3-CF

100

VVVVVV 1 e

Force/N

0
Force/N

-100

(=]
(=]

Tin?e/s Timse/s Tin?e/s
(a) Force for the 1% unit (b) Force for the 2"d unit (c) Force for the 3xd unit
x107* . x107* %107
t ~ 0,

AV B>O

— ©& —E-1-AF
+-+ E-2-AF
E-3-AF
—-8-—E-1-CF
5 .5 10 | = E-2-CF

TimSe/s Time/s Tinte/s % E-3-CF
(d) Absolute force error for the 1 St unit (e) Absolute force error for the ond

unit  (f) Absolute force error for the 3 unit

Figure 4. Comparisons between Adams measurement and Matlab calculation (‘A’ stands for “Adams
measurement’, ‘M’ for “‘Matlab statics model’, ‘E’ for “absolute force error’ between results obtained
from two ways for the same force, ‘AF’ for ‘active force’, ‘CF’ for ‘constrained force’, the number
1,2,3 for the sequence number of the chain. For example, ‘A-1-AF’ stands for the active force of 1st
chain obtained from Adams measurement, and ‘M-3-CF’ stands for the constrained force of 3rd chain
obtained from Matlab calculation.)
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Table 2. Robot parameters used in the simulation validation (i denotes the sequence number of the
3UPU unit 1 < i < 3, k denotes the sequence number of the chain 1 < k < 3).

Parameters Value Parameters Value

6 (rad) z 5 (rad) z
aix (mm)  60v/3  Ljx (mm)  70-140

T

@ik (rad) z - -

4. Load Capacity Analyses and Optimizations

The load capacity of the EV charging robot is an important characteristic to evaluate the
performance of the robot, since the charging connector need enough force to be plugged into the
charging port. General, the plugging operation is along the horizontal direction considering the
position of the charging port in most EVs. Therefore, in this section we use the horizontal force along a
certain trajectory as an index to evaluate the load capacity of the robot.

The trajectory for plugging in and pulling out the charging connector is the same as the one
expressed in Section 3.2 (Equations (31) and (32)). The basic structural parameters of the robot are
listed in Table 2.

4.1. Analysis in Term of the Manipulator Configuration

As a result that the charging robot is redundantly actuated, there exist infinite solutions for a
given end-effector pose. Each solution corresponds to a manipulator configuration. This section will
analyze the effect of manipulator configuration to the maximum load capacity of the charging robot.

Firstly, two groups of manipulator configurations are calculated using the kinematic model, for
the same trajectory of the end-effector given by Equations (31) and (32). Results are shown in Figure 5,
where Figure 5a—c represent the manipulator’s configurations for all the 30 poses along the trajectory,
and Figure 5d—f represent the corresponding lengths of the 9 actuating prismatic joints. It is clear to
see that the manipulator configurations are different even for the same end-effector trajectory, which
can be explained by the actuating redundancy.

After the manipulator configuration is determined, force analysis can be made. For a hybrid
serial-parallel robot with 7 units, there are 6n + 1 unknowns including 3n actuating forces F;x, 3n
constrained forces F,; ; and the horizontal external force F,. We can also obtain 6n equations according
to the static model expressed by Equation (30). The number of unknowns are more than that of the
equations, thus there are infinite solutions that all satisfy the static equilibrium. Optimization can
be used to calculate the maximum horizontal external force. Mathematically, this problem can be
described as follows.

Objective: Maximize (|F,|)

Variables: F, Fy; i, Feix

Equality Constraints: Static Equations (20)-(30)
Boundaries: |F, x| < 1000 N, |F,;x| < 1000N, F, <ON
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Figure 5. Configurations and prismatic joint lengths of the robot. (a—c) represent robot configurations
along a given end-effector trajectory, and (d—f) represent the actuating prismatic joint lengths
corresponding to configurations (a—c), where (a,d) show the results for a random configuration, (b,e) for
another random configuration, (c,f) for the optimized configuration.

In this paper, the Matlab (Matlab is a software by Mathworks company.) function ‘fmincon’
is used to solve the above optimization problem. Results for the two groups of manipulator
configurations are shown in Figure 6 by red plus sign and black cross. It is shown that the maximum
horizontal forces are different for these two groups of manipulator configurations. In fact, these two
groups of configurations are just random ones from the infinite kinematic solutions. Therefore, our
objective in this section is to find a best group of manipulator configurations that could maximize the
horizontal external force. Mathematically, this problem can be described as follows.

Objective: Maximize (|F,|)
Variables: Fy, Fyx, Feik, Lik

Equality Constraints: Kinematic Equations (1)-(19) and static Equations (20)—-(30)

Boundaries: |Fy;x| < 1000 N, |Fx| <1000N, F, <ON, 70 < L;; < 140 mm

_
—

Configuration optimized
Random configuration 1
Random configuration 2

Horizontal Force/N
560 580 600 620 640 660 680

v

Time/s

Figure 6. Comparison of the maximum reachable horizontal forces obtained by different configurations

along the same given trajectory.
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Compared with previous optimization problem, there are 3n more unknowns L;, but only 6
equations are added according to the kinematic model. In total, there are 9n + 1 unknowns and 61 + 6
equations. For a charging robot with 3 units, the number of unknowns is 28, while the number of
equations is 24. Similar as precious optimization, fmincon function is also used to solve this problem.
Results are shown in Figure 6 by cyan square. As we can see, the maximum horizontal forces are
enlarged for all the end-effector poses in the trajectory after configuration optimization. Compared
to other random configurations, the maximum increment is 70.55 N, and the average increment is
36.60 N. To sum up, the manipulator configuration has obvious effect on the load capacity of the EV
charging robot. The maximum horizontal force applied to the end-effector could be obviously enlarged
by optimize the manipulator configuration.

4.2. Analysis in Term of the Unit Length

In previous Section 4.1, each unit of the proposed EV charging robot has the same initial length.
To answer the question whether unit length would affect the robot load capacity, this section will
analyze the effect of unit length on the maximum horizontal force applied to the end-effector.

Firstly, different groups of unit lengths are used to calculate the maximum horizontal force.
In order to make the comparison reasonable, the total initial length of the robot keeps constant when
varying the initial length of each unit. Specifically, the initial length of the first unit is 70 + AL mm, and
the second unit is 70 mm, and the third unit is 70— AL mm. In addition, the boundaries of these three
units are 70 + AL-140 + 2AL mm, 70-140 mm, and 70—AL-140—2AL mm. Five groups of initial unit
lengths can be obtained when AL is respectively —20, —10, 0, 10, and 20 mm. Results are shown in
Figure 7. It is obvious that the maximum horizontal forces are quite different for robot with 5 groups
of initial unit lengths. In addition, the maximum horizontal forces along the whole trajectory will
be enlarged as AL increases. This means that it is effective to improve the load capacity by choosing
longer prismatic joint for the base unit in the robot parameter design.

—S—L-50-70-90 L-70-70-70 L-90-70-50
—*— L-60-70-80 —+— L-80-70-60 —— Optimized

Horizontal Force/N
600 650 700 750 800

550

500

Time/s

Figure 7. Comparison of the maximum reachable horizontal forces obtained by different distributions
of the unit lengths along the same given trajectory. (‘" denotes ‘length’, and the numbers after L
represent the initial lengths of each unit. For example, ‘L-50-70-90" represents that the initial length of
the 1st, 2nd, and 3rd units are respectively 50, 70, and 90 mm.)

Secondly, optimization is made in order to choose the best value of AL. The objective of this
optimization is to maximize the horizontal force applied to the end-effector. The variables are the
horizontal force Fy, the actuating lengths of each prismaticjoint L; , the variation of the initial prismatic
joint lengths AL, the actuating forces F; x, and the constrained forces F; ;. The constraints are the
kinematic and static equations. Mathematically, this optimization problem can be described as follows.
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Objective: Maximize (|Fy|)

Variables: Fy, L;x, AL, Fyix, Feix

Equality Constraints: Kinematic Equations (1)-(19) and static Equations (20)-(30)

Boundaries: |F;x| < 1000 N, |F;x| < 1000N, F, < 0N, 70 < L;; < 140 mm, [AL| < 50 mm.

Similar to previous optimizations, the Matlab function fimicon is also used to solve the above
problem. Results show that the optimized value of AL is 47.5 mm when the horizontal forces are
maximized. Detail value of the force is shown in Figure 7 by the black line. Compared to the robot
with equal unit lengths, the load capacity of the EV charging robot is improved by about 22.02% after
optimizing the unit length.

4.3. Analysis in Term of the Unit Diameter

This section will address the effect of unit diameter to the load capacity of the charging robot.
Similar to the method used in Section 4.2, 5 groups of diameters are firstly employed in the calculation
of the maximum horizontal force applied to the end-effector. Then, optimization is made to determine
the best unit diameter that can maximize the robot load capacity.

Supposing that the second unit of the robot has a basic diameter of 120 mm, the first unit’s
diameter is 120 + AD mm, and the third unit is 120—AD mm. With this arrangement, the average
diameter of the robot keeps unchanged, thus making the comparison more reasonable. Five different
groups of unit diameters are obtained when AD is respectively —20, —10, 0, 10, 20 mm. For each
group of unit diameters, the maximum horizontal forces along the trajectory are calculated. Results are
shown in Figure 8. On one hand, the load capacity varies with the unit diameter. On the other hand,
there is a obvious trend that the load capacity could be improved by enlarge the diameter of the first
unit which closes to the robot base, and vice versa. Therefore, it is efficient to increase the first unit’s
diameter to improve robot load capacity in the robot design.

—©&— D-100-120-140 D-120-120-120 D-140-120-100
—*—D-110-120-130 —+—— D-130-120-110 —— Optimized

Horizontal Force/N
400 500 600 700 800 900 1000 1100 1200

Time/s

Figure 8. Comparison of the maximum reachable horizontal forces obtained by different distributions
of the unit diameters along the same given trajectory. ('D’ denotes ‘diameter’, and the numbers after D
represent the diameters of each unit. For example, ‘D-100-120-140" represents that the diameters of the
1st, 2nd, and 3rd units are respectively 100, 120, and 140 mm.)

Then, optimization is made to find the best value of AD with the objective of maximizing
the horizontal force applied to the end-effector. Mathematically, this optimization problem can be
described as follows.
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Objective: Maximize (|Fy|)

Variables: Fy, L, AD, Fj;x, Fei

Equality Constraints: Kinematic Equations (1)—(19) and static Equations (20)-(30)
Boundaries: |F,; x| < 1000 N, |F.;x| < 1000N, F, < 0,70 < L;; < 140 mm, |[AD| < 120 mm.

This optimization problem is also solved by the Matlab function fmincon. Results show that the
horizontal force reaches to the peak when AD is 91.42 mm. Further details can be also find in Figure 8.
It is shown that the load capacity increases by about 78.77% after optimization, compared to the robot
with constant unit length.

4.4. Analysis in Term of the Unit Actuating Force

This section will analyze the effect of actuating force to the robot load capacity. The analysis
procedures are quit similar with the above two sections. The variables are the boundaries of the
actuating forces of each unit.

Firstly, a variable AF is defined to vary the actuating force boundaries. This boundary is
—1000—AF N- +1000 + AF N for the first unit, and —1000 N — +1000 N for the second unit, and
—(1000—AF) N — +(1000—AF) N for the third unit. We can also obtain 5 groups of boundaries
by assigning —200, —100, 0, 100, 200 to AF, respectively. For each group of force boundaries, the
maximum horizontal forces applied to the end-effector are calculated along the whole trajectory.
Results are shown in Figure 9, where we can see obvious variation in the objective force for different
actuating force boundaries. Moreover, the robot load capacity trends to be enlarged as the actuating
force boundary of the first unit increases. Further optimization can be made to determine the most
suitable value for AF. Mathematically, this optimization problem can be described as follows.

Objective: Maximize (|Fy|)

Variables: Fy, L;x, AF, Fyix, Feix

Equality Constraints: Kinematic Equations (1)—(19) and static Equations (20)-(30)
Boundaries: |F,; x| < 1000 N, |F.;x| < 1000N, F, < 0,70 < L;; < 140 mm, |AF| < 1000 N.

Solving this optimization problem using the Matlab function fmincon, results show that the
optimized AF is 500 N. Compared to the robot with constant actuating force boundaries, the objective
horizontal forces increase by about 49.95% after optimization, which can be see in Figure 9.
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—6—F-1200-1000-800 F-1000-1000-1000 F-800-1000-1200
—*—F-1100-1000-900 —+——F-900-1000-1100 —%— Optimized

1000

Force/N
70 800 900

600

500

400

Time/s
Figure 9. Comparison of the maximum reachable horizontal forces obtained by different distributions
of the unit actuating forces along the same given trajectory. (‘F’ denotes ‘actuating forces’, and the
numbers after F represent the force constraints of each unit. For example, “F-1200-1000-800" represents

that the actuating force ranges of the 1st, 2nd, and 3rd units are respectively —1200~1200, —1000~1000,
and —800~800 N.)

4.5. Multi-Variable Optimization

According to the above sections, we find that the manipulator configuration and the robot
structural parameters such as the unit length, unit diameter and the actuating force boundary, all
have obvious effect to the robot load capacity. This section will consider these variables in the same
time, and propose a comprehensive optimization algorithm to maximize the objective forces as much
as possible.

The multi-variable optimization algorithm can be described as follows.

Objective: Maximize (|F,|)

Variables: Fy, L;x, Faix, Feix, AL, AD, AF

Equality Constraints: Kinematic Equations (1)-(19) and static Equations (20)—(30)

Boundaries: |F;x| < 1000 N, |F,x| < 1000N, F, < 0, 70 < L;; < 140 mm, |AL| < 50 mm,
|AD| < 120 mm, |AF| < 1000 N.

Multi-variable optimization results show that the robot load capacity reaches the peak when
AL is 47.5 mm, AD is 45.43 mm, and AF is 499.47 N. Moreover, as shown in Figure 10, the maximum
horizontal forces can be enlarged by about 124.32% compared to the result obtained by only
configuration optimization, and be enlarged by about 130.91% compared to the result obtained by a
random configuration without any optimization.
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—©O©— Arandom configuration
Configuration optimized
—*— Diameter & configuration optimized
—+— Length & configuration optimized
Actuating force & configuration optimized
—>— Multiple optimized

1500

3
9[’
*
*
*
*
*
*
*
*
*
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*
*
*
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*

Horizontal Force/N
1000

0 1 2 3 .5
Time/s

500

Figure 10. Comparison of the maximum reachable horizontal forces obtained by different optimization
solvers along the same given trajectory.

5. Conclusions

This paper presented the concept design of a novel hybrid serial-parallel robot for EV charging.
The proposed robot mainly contains 3 units of 3UPU parallel mechanisms that are arranged in serial.
We focused on the load capacity analyses of the charging robot, which is important but often neglected
in previous researches. For this purpose, the kinematic and static models of the robot were deduced
and validated by simulation. Then, we used the maximum reachable horizontal force applied to the
end-effector as an index to evaluate and analyze the load capacity of the proposed charging robot.

Results showed that the load capacity is not only associated with the manipulator configuration,
but also related to the structural parameters such as the length and diameter of each 3UPU unit, and
also limited by the actuating ability of each unit. Moreover, the load capacity exhibits an obvious
increasing trend when augmenting the length, and/or the diameter, and/or the actuating force of the
robot’s first unit, i.e., the unit closed to the base. Further multi-variable optimization manifested that
the robot load capacity could be improved by about 131%, compared to the result of a random chosen
configuration without any optimization.

The results of this paper could be helpful for the design of hybrid serial-parallel EV charging
robot. Future work includes the prototype manufacture and experimental validations.
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Abbreviations

The following abbreviations are used in this manuscript:

DOF  degrees of freedom
UPU  a chain consists of a universal joint on each side of a prismatic joint
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Nomenclature

the number of 3UPU the robot consists
the sequence number of 3UPU unit

k the sequence number of UPU chain

Ro the global frame of the robot

Rio the local frame of the base platform of the ith 3UPU

Ri1 the local frame of the mobile platform of the ith 3UPU

Ra;, the local frame of the kth chain of the ith 3UPU

0 the rotation angle between R g and R;_1

ZZ T the homogeneous transformation matrix from R to R,

pi the distance between O; ; and O; o

Rio O;1  the coordinate of O; ; expressed in R;

Ak attached point of the kth chain with the base platform in the ith 3UPU

Bk attached point of the kth chain with the mobile platform in the ith 3UPU

aix the length of the edge of the triangle on the opposite side of the point A; ;

D; the diameter of the ith 3UPU

1 the angle between the axises of the revolute joints attached to the platform and the plane of the platform
Pik the angle of A;

Lik the length of the kth chain of the ith 3UPU

P the position of the end-effector

R the orientation of the end-effector

Rioy,; the instantaneous velocity of the mobile platform of the ith 3UPU expressed in R;
Rioy; the angular velocity of the mobile platform of the ith 3UPU expressed in R,

Tsi the Jacobian matrix of the ith 3UPU

Lix the unit vector from A; to B; ;

bk the vector from O; ;. to B;

d; the unit vector along the axis of the revolute joint attached to the prismatic joint
Rio M; ) the intersection point of the axises of the revolute joints attached to the platforms on the kth chain
o; the force of the joint

A®; the displacement of the joint

F; the force of the mobile platform

AX; the displacement of the mobile platform

Jii the Jacobian matrix from the end-effector to the mobile platform of the ith 3UPU
Faik the active force of the kth prismatic of the ith 3UPU

Fei the constrained force of the kth prismatic of the ith SUPU

RoF, the force of the end effector expressed in Rg

Rot, the torque of the end effector expressed in Rg
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