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Abstract

Aiming at the problems of large mass, poor smoothness and deflection during operation of the
cleaning robot, firstly, the structure of the photovoltaic cleaning robot was optimized. Secondly, in
order to ensure the strength and stiffness of the robot structure, lightweight design is realized.
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With the thickness of the frame pole, the thickness of the anti-deflection frame and the thickness
of the upper and lower end plates as the design variables, and the lightest mass, minimum equiva-
lent stress and minimum deformation of the robot as the objective function, 57 sample points
were designed by Box-Behnken test method. The response surface approximate mathematical
model was constructed, and the optimal solution was obtained by multi-objective genetic algo-
rithm. The results show that the mass of the optimized photovoltaic cleaning robot is reduced to
18.35 kg, which is reduced by 30.9%), realizing the lightweight design of the robot.
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YT ARSI Qe 5 AN 0] B AR RRIR B EORTHFE A 1) 26 2 H 2 %40 [1] [2] [3] [4] [5]s mibEAE KFH
RE FELIBAR A AT A IR AN W R R AR L RAR IR BRAIG, SRR B P e N T SR R R I I, RSk B ey
B WK ERF B REUR6]. 2 R TORMRAM K T =4, BHPKE, EHEEE, I
FRHR P B RO FH 5 52 252 [ 7] [8] [9]. TR 75 B X S ARAR AT e NG U, SRFmi etk R ik
[10] [11] [12] [13]. H it b KA AR A Ha ki s A5 FRTE v LA N, i A7 A2 BT BRI e /%
7 RAEFE AL RN E 5 KA mE, FEHEEARIEER B, A 7k EREER RS, 5tk Os
RIEFNLZE NI DLRAEGRIENL S S ISR . NI ARF R, XTHLEs NS/t T R 2 b B
HOR B FE R UMAGENME

WAMNE 2 B XL NGRS T TR, RIS I &K ANSYS il ABAQUS A FR 7t
AP S, MRS ERIMUTTE, SSIULR IR R A BT [14]: 2828 AR B B T S HE
FFH) NSGA-II 1T 7 fiff ) MOEA-D £ H bRigi A% Sidons Hoag UL S D RE i) d T AL 28 N 45449 S 80 AT
THAL[15]; Shanmugasundar G 25F]F ANSYS % 5 [ i BERGHENL 28 A HEAT T S5 MRt Bahik> 7
BL#s NS B E[16]. Shihao Liu 2542 tH T —FHEZIL . SHE N it AL T — i i fife ik
Wk, HEFR T BEAESHN T BREMRITHEDIRMRTTIUR R BRI RR, T
JUINUR Je T 18R iz B as MR v, Ak 7RIS S 40[17]: Ya-Li Ma $&H 17—Fh & 4451
527 - TRRE - g5 — A g i 4 5 ROT i R AL R S 50T Tk Luthfi A S54g 7 —Flde T
A-FlowW NTEHL# NATEIZ B FHE A AR B RS A BT J7 %, Ih SRR A ] LT 3l #E L
NSRS R BRI FE 3R, WA BRIT T (FEA) S5 R AT LLSEEL A-FLoW 7 ABL#S A 1 g
SRR TT[18].
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Hio PATELFT 7R Biim2e 55 DAL bR i 7 1) B AR v it A &, i@3d Box-Behnken i35 7%
AT BT, AR T B TR AR AR A DANLER N R R S RN T s NS T f /MR H R R
B, RAHEET R 2 B AR FoR s U f, ScEALES A2 E it
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Figure 1. Photovoltaic cleaning robot 3D structure diagram
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Table 1. Main design parameters of photovoltaic cleaning robot structure

F 1 ARFENSEAGHERRITEH

SHAATR HifH LR A
FARINE R 2595 * 440 * 400 mm
LR SSY 700 mm

ZE BT R~ 20 * 20 * 3 (J&J¥) mm

AR R 400 *200 * 2.5 mm
AU 400 * 170 * 2 mm
I {4 A T R~ 70 * 30 * 2 (JBJ¥) mm

2.2. R B/BATIERE

MUK ENLEL IR, T BhIRs S, LA NIE Y RIR T #tel 58, SR BB ENL, 1§
HE AU s, EAV S B 2 (AR B 28 82, W LU iz oLt ss BRI, BRI X
Fe R A A AT IHH TAE
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3. RBENBABRITAH
3.1. BIRTEBEN KE

BT RGNS NS B 28, Jext Hak T itk ab 2, fifkis g 2 fros. 8L
P 5 O\ ANSYS Workbench 4 BR JC 43 BT 4 7, 60 Fo &34 T A RHE Y, e RGP AN &304
IR RHE IR 2 i WHBHATEE R 2 IR, KR, LR TR S G R
A b3

Fr4 i i 4
Figure 2. Simplified structure diagram of photovoltaic cleaning robot

B 2. EHELREENE AGSEE

Table 2. Material properties of cleaning machine components

F 2. AN EEMT

e PR FPERLE/GPa HELVAa Jit IR 5 5 IMPa #EI(g-em )
SCHEGE 0Cr18Ni9 206 0.25~0.3 205 7850
TR/ e 42 Q235A 212 0.288 235 7860
B R 20 544 206 0.3 245 7850

TG AR H il — A AE H R 78 AR X R A iz s X, DR LA Bt 28k A e, 0 5 B2 FE T TR 3R
R EFIGRRAMAIRIIERR, FEECRRBEERIIATE, EBURIIEH R 6 HI 5K GHET 15
Ao, B ATRHENXGE K /Ny 10.8~13.8 mis.

HaIEEH, HFHXFITEARA:

F = pAV,ig (€
A (@)
p——FEE, BEKSETR, FA%EN 1.29 kg/m®;
A ——HEMb AR, m

Vying — I, mis,

BT KT AR LA A, RO G B BRI LG NATAETT A RT3, EAnEINLEs A
A U T, RS2 B0 B0 A KRB, DGRBS SN A AL TR BR A 0. 20 B ml S Ls F) O
BRI b AR, ARHE 2R (1) T A AR /N A 1.038 m?, IEBURGE K/ A 12,5 mis, $2Hf Bk 2
AR KL 209.22 No - SR JE e HLEE N HEAT 17 AT -
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v LT, B IO, A3 E AL LR AR 26550 kg, ELHLEE A K54S 2 I
] 3. SR 2 B 4 R .

BATY
BAL: mm
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Figure 3. Total deformation cloud image of robot
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Figure 4. Robot equivalent stress nephogram

B4 BAFHRNEE

R AR AT R SERTE NG NGRS AT T, 2EAT 3 Ab7 A2 (i KN /174 30.935 MPa, I
R JE AR E Y 235 MPa, %4 BRI K i KA M BLAERT 1 rhial iy &, Hig KRR 1.2696 mm.

4. BTN HERE NS BREEMRL
AR 2 A A B AR ISR B S R TR SRIUMLA AT B R
4.1. MR EE MRS

FLSERBUARRRAE 22 AR LA i R P o AR ST, 7 SRR () R RS B2 2 AR v S5t F AR, AT
FPERARCEAR; 0 R ) N T BE 5 A R R A RR o 8 ARSI AL 2R A i 32 18 (RSM)
BT, AR (RBF) M ZX AR, Kriging FEBSAE . o, o B T A A % i /b B 1 S0 76 JR) R U
V03 [ A LR A I e B G 2R, HORI TR S e B R R B R, Sl B R L, RE A R
IR R R ERABIF SR REVE LSRR, HaEHEE.

FESRI FOR O ARIE Ve 2 N T BE S AR R BE . bR o AR DA K B b 1) SR AR A A &, B
BifmZe. FF 1. FF 2 FF 3. FF 4y Lo, TR R B N E SONZEE Xo Xon Xav Xan Xsn Xen X7 HARL
WA R HUETE B 03 3 fim . HARUSEE KA Box-behnken J7VEHEATBETE, FEAERL 57 NI, Mgk
P9 i i 2 A DA 7R Ay «

m
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f(X) —— MR B
a~ a~ ay~ a;——[FIHREG
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Table 3. Design variable value
=3 WiItTENE
B E/mm X1 Xo X3 Xa Xs Xs X7
LT 3 3 3 3 3 5 3
FBR 2 15 1 1 1 2 1
IR 3 3 3 3 3 5 3
Ferpff oy SIO ke R S S EER, Ik 4 PR
Table 4. Part thickness Box-behnken experiment design
= 4. EEE Box-behnken SL3&& 3T
Bt A E/mm H b ek 4
S R
Xq Xy X X4 Xs X6 X7 FiElkg N AIMPa BEAEE/mm
1 2.5 2.25 2 2 2 3.5 2 20.33453 40.14471 1.497125
2 2.5 2.25 2 1 1 2 2 17.89413 49.46561 1.526342
3 2.5 2.25 2 3 1 2 2 21.06853 33.3739 1.484696
4 25 2.25 2 1 3 2 2 18.68773 49.18998 1.524572
5 25 2.25 2 3 3 2 2 21.86213 33.30804 1.483103
6 25 2.25 2 1 1 5 2 18.55893 49.10102 1.526191
7 25 2.25 2 3 1 5 2 21.73333 33.30775 1.484564
8 25 2.25 2 1 3 5 2 19.35253 49.10244 1.524407
57 25 3 3 2 2 5 2 24.33868 38.12256 1.281563

R SR BT BRI A S AR Xon Xov Xav Xav Xon Xen Xg AHSGHUHCFARAL ;2 by~ H40 S A i S 1]
R PR BOCE AL — R 2, T AR Y FR B R? X [ T (RS P HEAT R, BRI 1, o T

MG R . RP OSSN 5 R, A 5 Bis.

I 5 AT, = L DL B R ) HE RO 1, IREAET 0.2%; HHiE 5 TR AL
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Table 5. The fitting coefficient R?
#5 MAERHR

M 8 ] R?
[5iss 1
AT 0.99972
SN 1

T

FYE

Figure 5. Photovoltaic panel installation diagram
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Figure 6. Robot response surface diagram. (a) Quality response surface diagram; (b) Equivalent stress response surface dia-
gram; (c) Deformation response surface diagram

E 6 H/ANNEEE. () REMNEE; (b) REMALEE; () RN EE

4.2. BT ZAREEMULEEZNTHEESBRRL

XOCRTEFNL S NG OLAL I B T 2R SeBURR AL H B0, RIE DR B A R I SO fRAIE 5 R FY
SREEEDR . R DL REEAT RS B B A B PR R AR, DML A E s/ RN
1/ NANAE T e/ IME N BAR BB BT fiR oy

min f (X)= f(X1:X21X31X41X5’X6’X7)
o <235 MPa
s<2mm

X=(X1,X2,X3,X4,X5,X6,X7)

®)

Hrp A (3)H,

f——H bRk 24

o IR YN8 FN 3 IR

s—— 2RI

x—— R BT AR .

FIFH 2 B bridt A (MOGA) B2 i b7 [ AR RS BEAT AR Ak, WIAEREAR s 0Ch 7000, fo K Ao vrif &
FEE N 70%, 25t 13 BRI, M3k Pareto el fif . B IAL T AR LG, HbLE
BRI PR R AT BR O 5, 1SRRG S I SR T SN =, s 7 FE 8 B A
LA NG ALRT TG S HE 6 Fin. R4ER 6 sPilas NIRRT S Mgs BTk, Rt EMLes A&
4 18.35 kg, SALETHIE EAH LR T 30.9%; [FR AL S BB R AR 24 1.6686 mm, AL G S5k
N 1A 38.177 MPa, SUALETAIELIE N T 7.242 MPa, {HA3SR/NT- L8 IR AR PR, SEELXH B RGN A
HUEZS =g g
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Figure 7. Optimized total deformation cloud image

E7 MHE2ERaE

35V
Hifi: MPa

39. 177 - />
34.824

30. 471

26.118

21.765

17. 412

13. 059

8. 706

4. 353
1.6528x10-12 /)b

Figure 8. The optimized equivalent stress nephogram

Bl 8. MEMFUNNEE

Table 6. Comparison of robot parameters before and after optimization

7 6. B AMURIFSHILE

BB BOREH

~ AR E- i =
AR x/mm xJ/mm  x/mm  xJmm  xg/mm  x/mm  x/mm  Jfi&/kg J/mm 5 /7/MPa
AT 3 3 3 3 3 5 3 26.5559 1.2696 30.935
G 2 1.9 1 2.7 1 2 1 18.35 1.6686 38.177
5. &i

EEXDERIE AN NBCRECR, 5 SBOUERE AR T AL WIBSF R, e HLas NS5 BEAT LA B
ihe HSE, MOCRIFANES NG HRIT J s Bk, IS 7. Bifw2e Bl & R imii 1 1
JEREAE N BEH AR, DL AR SR i MR T f /M HARBR #3834 Box-Behnken 75
VEBEVE T 57 AMABRREAR s, ELA R AR 0 T P B 1 PUE R B RO IR 1, R R AL
WIS ER s oa, FEORIENLS NS I SR BEMNIEZ G BL R, SR 2 BARIEAL 5L, XL T 1 OE,
733 Pareto S LM, PUALE OGRS AL A 5T & PR F] 18.35 kg, Ik FIEF] 30.9%, LI T XEH

L AR AL BT
E&WH

1) SPNE R HRITE (B 5 50 #£[2020] 2Y058 5);
2) SERHRHSTHRIT E (3R R [2022] 5-38).
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