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Abstract. The dust particles on solar panel surface have a serious influence on
the consistency and efficiency of photovoltaic power station, a new cleaning
robot based on monorail bogie technology using for automatic cleaning of solar
panel is presented in this paper. Position and gesture of the end-effector are
critical to the quality and efficiency of work. According to the mechanical
structure and motion mechanism of the bogie, five hypotheses which simplify
the robot-rails system as a double masses-spring-damper model are proposed.
The governing motion equations of the robot during travel process are estab-
lished, and then the corresponding position and gesture of end-effector within
motion range are determined by analyzing dynamics responses of bogie under
the input of end-effector’s motion. The simulation model under this defined
function is built and curves of position and gesture are plotted based on
Simulink. A prototype is fabricated and tested by Leica laser tracker, which
shows that the position and gesture of the end-effector are related to its working
position.
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1 Introduction

Environment conflict appears particularly prominent along with mineral resource’s
gradual depletion. As a renewable sources of energy, solar power has been attached
more and more importance. Solar industry, which has become one of tendencies in the
field of new energy industry, is developing fast in many countries [1]. Solar panel is the
core component of the solar power generation system and its photoelectricity con-
version efficiency will affect the performance of system directly. At present, research
on photoelectricity conversion efficiency of solar panel has concentrated on power
generation technology [2] and application of materials [3].

Yet dust particles, in the air, on solar panel also reduce photoelectricity conversion
efficiency [4], especially in the large system of PV power station. Under these cir-
cumstances, it is necessary to clean solar panel while vibration of panels and generation
of water spots should be avoided during cleaning process. Automated cleaning system
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of the large photovoltaic array has not yet universal by far, so mechanical design and
research on clean of solar panel has great value in application.

For cleaning of large panels and special equipment, robot “Sky wash” [5], carried by
vehicle chassis, cleans different types of plane via a multi-joint manipulator, which is
used by Lufthansa Flight. Cleanbot-III, designed by City University of Hong Kong, can
crawl over the panel and cross the barrier via a chassis composed of vacuum-absorb
machines [6]. Fraunhofer Institute for Production Technology composed cleaning
technology with rail engineering technology [7] and developed auto-cleaning system
SFR I, this machine can do cleaning work while moving guide track, as shown in Fig. 1.
In China, Guan [8] designed a solar panel cleaning machine and optimized the structure
of manipulator aiming at cleaning problems of solar panel. Ecoppia, an Israeli company
that sets out to robotic solar cleaning solution, developed the robot “ECOPPIA E4” in
2014 [9]. This robot combines a powerful, soft microfiber cleaning system with con-
trolled airflow, as is shown in Fig. 2. E4 leverages Eco-Hybrid technology to recover
energy when the robot descends the solar panel, and later reuse this energy to optimize
performance.

In this paper, a robot using flexible bracket of wheels for cleaning solar panel is
designed, which can move along the rails of panel support and clean the panel one by
one. Quality and efficiency of work can be guaranteed and not affected by potholes on
the ground. However, this flexible bracket will affect the position and gesture of robot,
under these circumstances, the robot-rails system is simplified as a planar double
masses-spring-damper model based on five relative hypothesis and the motion equa-
tions of robot during walking status are established. The dynamics responses of the
bogie, under the input of end-effector’s motion, are analyzed. Then the corresponding
position and gesture of end-effector within motion range are determined. A prototype is
fabricated, then tested by Leica laser tracker, some conclusions are drawn.

2 Mechanism of Cleaning Robot

The robot using rail-tracked mechanism can guarantee reliability even under poor
working conditions. Monorail vehicle has the character of adapting to complex land
structure and it becomes the most popular transportation in mountain cities, as shown in

Fig. 1. Auto-cleaning system SFR I Fig. 2. ECOPPIA E4
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Fig. 3. The monorail bogie, different from wheeled locomotion mechanism in structure
[10], moves on the track beam via a pair of running wheels with steering wheels and
stabilizing wheels located on the bottom of vehicle body moving on the two sideways
of track, as shown in Fig. 4. This ensures the safe and stable operation of vehicle and
no risk of running out of the track.

The cleaning robot for running on the
solar panel support, which can be seen in Fig. 5, consists of groups of wheels, bogie

and end-effector.
The end-effector is the cleaning device of robot. The movable water tank can

supply the end-effector with cleaning liquid and a trio of solar panels is fixed on the
panel support. Running wheel and clamping wheels are fitted on the bracket using
flexible structure. The close-up which is marked with red circle is shown in Fig. 5.
Under work condition, the two-sides clamping wheels contact reliably with metal rails
of panel support to guarantee that robot can move directly with running wheels. When
the interval of two panel supports is detected, double groups of wheels in front can be

Fig. 3. Monorail transportation Fig. 4. Structure of monorail bogie

Fig. 5. Assembly of cleaning robot (Color figure online)
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stuck out by the extensive rods to stride over the interval. The end-effector, driven by
screw which is located on the bogie, reciprocates on the linear guide of bogie according
to working requirements and cleans the surface of solar panel.

To realize the optimum performance of the cleaning robot, the horizontal of bogie
need to keep parallel to the surface of solar panel approximately. The solar panel to be
cleaned is large and travel range of end-effector is long, so the size of load carried by
each wheel of bogie will vary with movement of end-effector while tires’ contact with
metal rail is guaranteed by the spring between each wheel and bogie, which has
inevitable consequences for the position and gesture of bogie, and these of end-effector
will also be affected. Therefore, these positions and gestures should be analyzed.

3 Kinematic Model of Cleaning Robot

In the field of robot control, parallel manipulators analysis and vehicle dynamics,
mechanical system is simplified as a multi-body connected with spring and damper [11]
to analyze its characteristic based on spring-damper unit [12]. Position and gesture of
end-effector are closely related to its working condition and structural parameters of
robot. The robot-rails system is simplified as a mass-spring-damper model and equa-
tions of motion for cleaning robot are established to analyze the motion of bogie, then
the corresponding position and gesture of end-effector are determined.

3.1 Model Simplification

The cleaning robot for solar panel is a complex mechanical system, five hypotheses are
proposed to simplify model as following.

(1) Bogie, screw and linear guide are described as a mass, and masses of wheels are
negligible.

(2) End-effector is simplified as a mass, moves on the bogie, and frictional resistance
is negligible.

(3) Each wheel contacts with rails all the time, and no slippage of tire happens.
(4) Yaw angle of bogie is small.

(5) Horizontal and vertical movements of bogie are decoupled [13].

Fig. 6. Robot-rails system
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The angle, between panel of most PV power station and ground, is small so the panels
can be considered parallel to the ground. During working process of the cleaning robot,
the bogie travels at a smooth and low speed. Bogie and rails of panel supports remain
relatively constant and static without considering that bogie strides over the interval of
panel supports. Ignoring the tire dynamics performance [14], the wheel contacts with
rails by the spring, this can be described as a point contact. Then the connection between
the point and bogie is represented by a spring-damper unit [15], which is a linear
conceptual model. Based on the five hypotheses above, the robot-rails system is sim-
plified as a planar double masses-spring-damper model, as shown in Fig. 6.

In this model, the bogie has three freedoms of translation along Y, translation along
Z and rotation about X and the end-effector has only one freedom of translation Y on the
linear guide of bogie. M is mass of bogie, J is rotary inertia of bogie about its center of
mass, m is mass of end-effector, 2b is length of linear guide, k1 is equivalent stiffness of
running wheel, c1 is equivalent damping of running wheel, k2 is equivalent stiffness
of clamp wheel, c2 is equivalent damping of running wheel. Furthermore, motion of
end-effector on the bogie is the main factor affecting position and gesture of bogie. The
corresponding position and gesture of end-effector can be determined by calculating
dynamics responses of bogie under the input of end-effector’s motion based on the
equations of motion for robot.

3.2 Equations of Motion for Robot

Relative displacement of end-effector to bogie can be expressed as

ym � y ¼ SðtÞ ð1Þ

Where S(t) can be described as the motion excitation of the robot-rails system.
According to Newton’s laws of motion, the differential equations of motion for

robot can be determined as follows.

Horizontal Motion of Robot
As shown in Fig. 7, the static equilibrium position is chosen to be the initial

position. By letting y be the displacement of M, ym be the displacement of m from the
static equilibrium, then

M€yþm€ym¼f1L þ f1R ð2Þ

Fig. 7. Robot model under horizontal force
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Where f1L and f1R are the horizontal equivalent spring-damper force carried by bogie,
and

f1L ¼ f1R ¼ �2c1 _y� 2k1y ð3Þ

Substituting Eq. (1) into Eq. (2), then Eq. (2) can be written as

ðMþmÞ€yþ 4c1 _yþ 4k1y ¼ �m€SðtÞ ð4Þ

According to Duhamel’s principle [16], the response of the system for the zero
initial condition is

yðtÞ ¼ 1
ðMþmÞxd1

Z t

0
�m€SðtÞ� �

e�f1xn1 t�sð Þ sinxd1 t � sð Þds ð5Þ

Where xn1 ¼
ffiffiffiffiffiffiffiffiffiffi
4k1

Mþm

q
, f1 ¼ 4c1

2 Mþmð Þxn1
and xd1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f21

q
xn1.

Vertical Motion of Robot
As shown in Fig. 8, the position that the robot statically contacts the rails of panel

support is chosen to be the initial position. By letting z be the displacement and φ be the
rotation of bogie from the initial position. sinφ ≈ φ and cosφ ≈ 1 due to the small yaw
angle of bogie, then

Equation of vertical motion for robot can be written as

Mþmð Þ€z ¼ 2f2L þ 2f2R þ Mþmð Þg ð6Þ

Where f2L and f2R are the vertical equivalent spring-damper force carried by bogie, and

f2L ¼ �2k2 zþ b/ð Þ � 2c2 _zþ b _/
� �

f2R ¼ �2k2 z� b/ð Þ � 2c2 _z� b _/
� �

8><
>: ð7Þ

Fig. 8. Robot model under vertical force

Modeling and Analysis on Position and Gesture of End-Effector of Cleaning Robot 127



Then Eq. (6) can be written as

Mþmð Þ€zþ 8c2 _zþ 8k2z ¼ Mþmð Þg ð8Þ

The general solution is given by the equation

zðtÞ ¼ A1es1t þA2es2t þ Mþmð Þg
8k2

ð9Þ

Where A1 and A2 are the coefficients to be determined, and

s1;2 ¼ � 8c2
2 Mþmð Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8c2

2 Mþmð Þ
� �2

� 8k2
Mþm

s
:

Equation of rotation for robot can be written as

J€/ ¼ 2f2Lb� 2f2Rb� mg ym � yð Þ ð10Þ

Substituting Eqs. (1) and (7) into Eq. (11), then

J€/þ 8c2b _/þ 8k2b2/ ¼ �mgSðtÞ ð11Þ

The response can be written as

/ðtÞ ¼ 1
Jxd2

Z t

0
�mSðtÞð Þe�f2xn2 t�sð Þ sinxd2 t � sð Þds ð12Þ

Where xn2 ¼
ffiffiffiffiffiffiffiffi
8k2b2
J

q
, f2 ¼ 8c2b

2Jxn2
and xd2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f22

q
xn2.

3.3 Position and Gesture Modeling for End-Effector

Position and gesture of bogie will affect these of end-effector. Based on the proposed
model above, the position and gesture of end-effector can be expressed as

ym
zm
/m

2
4

3
5 ¼

1
1 �SðtÞ

1

2
4

3
5 y

z

/

2
64

3
75þ

SðtÞ
0
0

2
4

3
5 ð13Þ

For the end-effector, horizontal displacement ym, vertical displacement zm and yaw
angle φm are the corresponding position and gesture of it within motion range, which
can be determined in Eq. (13) by substituting the initial conditions and prosperities.
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4 Simulation

4.1 Input of End-Effector’s Motion

Relative displacement of end-effector to bogie is the main factor of translation and
motion of bogie. The end-effector reciprocates on the linear guide located on the bogie
and process of one motion trip is divided into three stages: accelerated motion, uniform
motion and decelerated motion, which can be described via a piecewise function. So
the mathematic function of one motion trip can be expressed as

SðtÞ ¼
�bþ 1

2 at
2 t1 � t\t2

vðt � 6Þ t2 � t\t3
b� 1

2 aðt � 12Þ2 t3 � t� t4

8<
: ð14Þ

Where a is relative acceleration of end-effector to bogie and a = 0.1 m/s2, v is relative
velocity of end-effector to bogie and v = 0.1 m/s, b is one-second of length of linear
guide and b = 0.55 m. t1, t2, t3 and t4 are chosen to be 0 s, 1 s, 11 s and 12 s. The
curve of function is plotted as shown in Fig. 9.

4.2 Simulink Model

Simulink in MATLAB is usually applied in the dynamics modeling and simulation.
Based on Eqs. (4), (8) and (11), the simulation model is established in the Simulink.
The simulation parameters: M = 75 kg, J = 100 kg�m2, m = 25 kg, k1 = 1200 N/m,
c1 = 200 Ns/m, k2 = 3000 N/m, c2 = 300 Ns/m. The duration of simulation is 12 s,
position and gesture of bogie and end-effector, are determined with ODE 45 algorithm
and curves of simulation are plotted, as shown in Fig. 10.

Under the defined working function of end-effector, the simulation results show
that small change of Y displacement of bogie takes place when end-effector accelerates
and decelerates. The change of Z displacement of bogie is unrelated to the motion of
end-effector. Yaw angle of end-effector varies with rotation of bogie and the maximum
of angel appears when end-effector locates on both ends of the linear guide of bogie.
The corresponding position and gesture of end-effector is related to its working
position.

Fig. 9. Input of end-effector’s motion
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5 Experiment

A prototype of cleaning robot for solar panel is built based on the structural parameters,
as is shown in Fig. 11(a), and details of the group of wheels can be seen in Fig. 11(b).
After debugging PLC control system based on the working function of end-effector
above, the prototype of cleaning robot can stride over the interval between panel
supports without interference and end-effector washes up the surface of solar panels
automatically according to the design requirements.

To test operation parameters of the prototype of cleaning robot and compare with
the theory value to make further analysis, the Leica laser tracker is used to measure the
yaw angle of end-effector, as is shown in Fig. 12. In addition, the reflector, as is show
in Fig. 13, is the “probe” of the tracker. In the course of the experiment, the reflector is
put on three different points of bogie, respectively. The coordinates of them are
measured followed. Then the plane of bogie, when the end-effector moves on the linear
guide of it, can be determined by the following equation:

Fig. 10. Curves of simulation in MATLAB/Simulink
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y2 � y1 y3 � y1
z2 � z1 z3 � z1

				
				 � x� x1ð Þþ z2 � z1 z3 � z1

x2 � x1 x3 � x1

				
				 � y� y1ð Þ

þ x2 � x1 x3 � x1
y2 � y1 y3 � y1

				
				 � z� z1ð Þ ¼ 0

ð15Þ

Where (x1, y1, z1), (x2, y2, z2) and (x3, y3, z3) are the coordinates of these three different
points.

The three planes of bogie when end-effector is on the beginning position, the
middle position and the end position of linear guide are measured. The measurement
data is shown in Table 1. The rotation angle of bogie can be calculated as follows

h ¼ arccos
AiAj þBiBj þCiCj

		 		ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
i þB2

i þC2
i

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2
j þB2

j þC2
j

q
0
B@

1
CA; 0� � h� 180� ð16Þ

Where (Ai, Bi, Ci) and (Aj, Bj, Cj) are the normal vectors of the plane πi and πj, which
are determined by Eq. (16). Moreover, this angle is also the yaw angle of end-effector
according to analysis in Part 3.

Fig. 11. Prototype of cleaning robot

Fig. 12. Robot measurement system in working
condition

Fig. 13. Close-up of the group of
wheels
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After substituting these data above into Eqs. (15) and (16), the yaw angles of
end-effector on the beginning position and the end position are 0.17° and 0.24°,
respectively, which are smaller than the results obtained in Part 4. The reason for this
situation is that the springs which have bigger stiffness coefficients are assembled to
prevent the bogie from turning out of metal rails of panel support. The yaw angle of
end-effector becomes smaller, consequently. Through experiments with a series of
springs, the stiffness and damping coefficients of springs affect the position and gesture
of end-effector. Intuitively, the conclusion that gesture of end-effector changes as its
working position changes can be obtained.

6 Conclusions

(1) As the solution to automatic cleaning of solar panel, a cleaning robot based on
monorail bogie is described and its operational principle is presented.

(2) Five hypotheses are proposed based on the mechanical structure and working
condition of bogie, then the robot-rails system is simplified as a double
masses-spring-damper model and equations of motion for cleaning robot are
established.

(3) The general solutions of differential equations of motion for robot are given,
position and gesture of end-effector are determined.

(4) The simulation model under the defined working function of end-effector is built
using Simulink. The results show that motion of end-effector has a minimal effect
on the position of bogie and the position and gesture of end-effector are related to
its working position.

(5) A prototype is fabricated, and then tested using the Leica laser tracker. As a
consequence, the results of experiment have proved that the design of this
cleaning robot and the analysis model are correct and practical.

Table 1. Experimental data

Position Point x/mm y/mm z/mm

Beginning 1st 2629.49 1652.31 −565.69
2nd 2414.81 1698.09 −563.50
3rd 2161.88 480.73 −660.74

Middle 1st 2629.96 1653.76 −569.12
2nd 2415.01 1699.58 −566.90
3rd 2164.62 484.25 −658.84

End 1st 2630.78 1654.59 −571.56
2nd 2417.63 1699.91 −569.42
3rd 2165.17 486.25 −657.59
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