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Abstract: Automatic guided vehicles (AGVs) have become an important transport resources in modern job shops,
yet their deployment introduces new scheduling challenges, such as AGV assignment, power constraints, and fleet
size limitations. To address the green scheduling problem of job shops considering AGV charging requirements,
this study develops a multi-objective optimization model that minimizes makespan and energy consumption while
accounting for AGV power levels and charging behavior. An improved genetic algorithm is proposed to solve the
model. It employs dual-segment chromosome encoding for job sequencing and AGV allocation, and local search
strategies and dedicated genetic operators for each chromosome segment. A decoding mechanism considering
AGYV power and charging constraints is also designed. Through orthogonal simulation experiments using the FT06

benchmark case, the influence of AGV fleet size and battery capacity on scheduling performance are analyzed via

WFm B E:2023-10-26 M4 H AR H #3:2024-07-11

EEWE - FHEKARP ARSI A (U1904167) ;10 B4 s 0T & £ T000H (231111221200) ) ; {0 B 4 5 55 24 i R
MR H (19A460034) .
Supported by National Natural Science Foundation of China (U1904167), the Key Research and Development
Special Program of Henan Province (231111221200), and the Key Scientific Research Projects of Higher Education
of Henan Province (19A460034)

TEE BT 200 (1976—) , B @9 TRE 4, A AR S 0, 32 22 R M AR AL A 5%, (E-mail) zhengfengli@yeah.net.



18 TR K F F IR %49 %

range and variance methods. Simulation results demonstrate the effectiveness of the proposed model and
algorithm.

Keywords: job shop; green scheduling; energy consumption; automatic guided vehicle; AGV charging
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Table 2 S-level parameters for AGV quantity and power
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Table 3 Experimental results

- AGV 5t AGV i fi 56 T B[] 7t L B REAE BIVERY i
(a=1) (a=1) (a=0) (a=1)
1 5 210 65 0 12 656 0
2 5 170 67 5 12 664 5
3 5 150 73 5 12 665 5
4 5 130 74 5 12913 5
5 5 90 78 10 12 954 12
6 4 210 68 3 12 635 2
7 4 170 76 4 12 781 3
8 4 150 76 4 12 939 4
9 4 130 79 5 13 088 6
10 4 90 78 12 13174 10
11 3 210 80 3 12 788 3
12 3 170 81 3 13 228 3
13 3 150 81 5 13 235 3
14 3 130 87 6 13316 6
15 3 90 89 11 13 565 10
16 2 210 97 2 13 755 2
17 2 170 98 4 13 835 4
18 2 150 106 4 14 000 4
19 2 130 109 6 14214 6
20 2 90 116 11 14 706 10
21 1 210 176 2 16 640 3
22 1 170 182 4 16 690 4
23 1 150 184 5 16 708 4
24 1 130 190 6 16 808 6
25 1 90 211 10 17 525 11
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e 22 43 BT S 52 56 B8 00 B0 43 B, AT LAAS 30 A A D3R OGO A 4 R A S e R B L 25 4 B T DA HE R S 5
R 26 X ST 6 445 SR 1) S W, BIF AL R o S e 45 SR W KO

W 2T H A5 R B8 AGV B 4] 58 TR A R W52 0, an 3¢ 4 FIE 3 it R o 78 & PRk F 0 0.05, 7
ZEERME SR, RRTTAL,AGY st X 58 TG W F . N ERSE R AT, B AGV $U i1
T, 5 T ] /0 fi W WL, X R DR O T A A 1 AGV I ISR /0, BE T B M ) 2k TR A, T D T
A NI 8] s B AGV HL i AR N, 58 TN [R] 4B 20 A BT b, 3 02 o AGV i 22 31 58 i, 3l 1) B0 b, A
M8 T SERp i ] 8 A RS R o 2 5 AGV B A G, 3R T 4 T 38 AT 55 5k i, B2
iy BEFE R PRAE LS N, BEE AGV UL RS IN, AGV 19 5 78 F U B B =2 0 7> o
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Table 4 Range value of makespan and charge times

KT 5¢ T A] FrHL IR L
7 N2
AGV ¥ AGV L AGV ¥ AGV HL &
1 71.4 97.2 5.0 2.0
2 75.4 100.8 5.6 4.0
3 83.6 104.0 5.4 4.6
4 105.2 107.8 5.4 5.6
5 188.6 114.4 5.4 5.5
e 2 117.2 17.2 0.6 3.6
33 1 2 2 1
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Fig.3 Makespan range value
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Table 5 Variance of makespan
Sl i 25 °F- 5 F ER:N:S Fb Fllfs A1 M
AGV % 47 259.760 4 5.842 2.780 e
AGV i1 877.760 4 0.108 2.480
2= 48 541.560 24
AGV B R HL 1 1 56 P 41 4% 5 76 4 7 201 oy
NLAGV B i E R EH L AGV Bl i £, 58 2000 C
N N N 182
T A A AR B LT L AGV - il £, 180 176
S T A % _ 160 —— AGV¥i#s
= hva
24 &b | J—
3.3 ZEERESH E 140 — AGVi2
3 1o o A HE I8 A 52 5 1 W% 22 43 7 AT LA o} 116 ——Rek
109
th, AGV KU e AGV L Bt ELAT 5K (0 560, ol 1ol L s o
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KoMK 5 Fran . fE i FE MK 0.05 1, J5 22 sl S YR -
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FERE W E VR . BEEH AGV B 193, fig
I /D B WY 3R TR Ol 32 AT 55 S 1 AGV I
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Correlation between AGV quantity and power in makespan
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TR IR i) s 20, B2 19 25 BREAE I /L s B AGV HL B BYBE AN, REFEARLE D AT T2, 3302 Xl AGV i B 31 58 v il
BRI A, TS D T TAF SR (] o S8 R OB SR R SEHLCORCE 255 AGV LA G
x6 ERERMENE

Table 6 Range value of energy consumption

SLREFE BL=RYG
K
AGV ¥ AGV i AGV ¥R AGV i
1 12770.4 13 694.8 5.4 2.0
2 12923.4 13 839.6 5.0 3.8
3 13 226.4 13 909.4 5.0 4.0
4 14 102.0 14 067.8 5.2 5.8
5 16 874.2 14 384.8 5.6 5.6
% 2% 4103.8 690.0 0.6 3.8
G 1 2 2 1
RT BEERAEBE
Table 7 Variance of energy consumption
K= i 2 ¥ J5 Al FI b Flb Flifs 548 B FENE
AGV Hi 57 693 618.640 4 5.820 2.780 E
AGV i & 1388 024.240 4 0.140 2.780
R 59 475 506.660 24
AGVHE
1 2 3 4 5
18 000 T T T 1
17000 £ 168742 ~  ccceee BEFE-AGVERE —— RBFE-AGVEE
16 000
15 000
® . 1438438
2 000 B0 138396 136948
13 000 |-
13 226.4 129234 12 770.4
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90 130 150 170 210

AGVHLE
Es5 gEMREENE

Fig. 5 Energy consumption range value
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Fig. 6 Correlation between AGV quantity and power in energy consumption
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MRS T LUE A i B bR & o8 TR R GEFE  AGV B A2 FE MmN E . T
AGV HL I KN 210 B, 38 2 5256 #F — 25 43 Hr AGV $ii 19 52 ) B R ), e A B B 3% B @=0, 0=0.5, a=1 "}
HAE 1 58 T ) R RERE LR & 25 INRERE \AGV 25 INBERE SR H8 AR AT 400, 45 R 2 47 10 IRl 5L
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W, XREFCHBES AGV W £, T A9 K i iz i 20 T4, 35 2 SRR I [l /b, 1% £ 25 B Re RE I /D
1M AGV %5 4R 5055 Ff B [RZ WS I, AGV 25 ZRBAE IS I, (A2 th T AGV 25 8RR AE U R 45 25 2B FE 1 1/10,
SBEFE TR, M T AGV 25 #UREAE AR XS 1% 25 25 2R #E (5 Lo/, B LS BEFE 5 B0 45 25 BB AE T BRIl e A — 3
JyANAT LU B E AGV BRI IS, 58 L ) A REAE DL T R 3 — 8 R B, MR A8 22 .
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Table 8 Results of green job shop scheduling with different AGV quantities

AGV % iw
A PR IR
6 5 4 3 2 1
5¢ .15} a] 65.00 66.43 67.71 70.79 79.07 140.21
e A 12843.80 1283550  12848.57 1293249 1331493  15615.00
e B 7S N REAE 1 605.00 1 646.71 1710.71 1849.28 2281.21 4617.79
AGV =5 [H g #E 285.80 235.79 184.79 130.93 80.71 4421
5E T} [a] 65.50 66.59 68.47 71.25 79.60 138.53
fiE#E 12752.40 1275659  12799.67  12898.58  13180.13  15139.33
0 B 23 INREAE 1523.70 1567.71 1 663.80 1815.17 2152.00 4143.80
AGV %5 [H g 275.70 235.88 182.87 130.42 77.73 42.53
5 T I ] 68.50 69.47 72.93 76.00 88.20 142.40
fE#E 12721.20 1268547 1271040  12780.07  13119.47  15013.07
- W =S N R HE 1 496.00 1506.93 1578.67 1701.67 2 088.00 4013.67

AGV 75 [H ik 272.00 227.33 178.73 125.40 78.47 46.40
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3.5 EEmBARMERIE

Ry T UE BT B AR R K SR A AL AT O R BT B O B A R IGA 5 4 I GA L AT IR, RS
AGV Ui 4, B0 170,80 R 5 a 4358 1.0,0.5 F10, 2% H FT06 1 LAOT 5451 7 56 4F , Pt £k &5 S an 5% 9 it
NLIGA AL T4 GAF LR . I T IE iGA Bk stk B 745 T FT06 FH 1 1Y iGA B3k fi
B GA B S B M £ LRI DL R 10 R WS A R SR RE T, iIGA B A A 2 0 GA #A BT AR =
[ BF, ASCEE Sk 1.0 B, 4SO 58 1 ) 1E AT O Ak, A Ak ak R e 52 TSR] B R e 2D | T RERE AT UK 8h s AL Ol O B
i AUKT S REFE HEAT AL , U0 Ak s B v BB BRI D820 | T 52 T B ) AT 38 8 s AR S 0.5 B i T] B X S8 TR (] R

PEATALAL , M Ak ask A2 v 52 T [ A0 A AE 0 2 R L

F9 IGATIGABIFT06F1 LAO1 B4 B XTEE
Table 9 Comparision results of iGA and GA in FT06 and LAO1

iGA GA
F ) A E : - - -
5E TR 1] AefE 56 T[] feFE
1.0 76 13 146 82 13374
FT06 0.5 78 13 021 84 13 091
0 93 12 823 101 13 058
1.0 671 157 932 684 159 287
LAO1L 0.5 671 156 245 684 157 419
0 671 155973 695 156 243
120 - = - iGVZELATE = = GASELAE] 15000 140 r = - iGVSELHATE = = GASELAFE] 15000
——iGARE®E ~ —— GAREFE 14 500 130 —iGARERE  —— GARERE 14 500
110 414 000 120 414 000
100 413500 413500
2 N 713 000 g2 = 110 13 000 3¢
'5 90 Lo e =~ — _ {12500 & = 100 12 500 2
I i W X ) 12 000 %
80 — . — . —111500 80 11 500
70 411000 11 000
410500 70 10 500
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1 51 101 151 1 51 101 151
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Pl 100 r—
= ] = 13 000 §
HooF e 4 _ _ _ a o
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70 411 000
60 ! : : 10 000
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(¢ ) BEN0.50CA S CAL AL AR L8

7 FT06HiGA #1 GA H ik W & E
Fig.7 Convergenc curve of iGA and GA in FT06
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Fig. 8 Gantt chart with AGVs charging
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