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Data-mechanism hybrid driven approach to optimizing energy consuming
process parameters for helical surface machining
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Abstract : Aiming at the low energy efficiency and large profile error of helical surface machining, the optimization research of milling
process parameters is carried out considering the high precision and low consumption of helical surface. First, an energy consumption
mechanism model for helical surface machining is established based on the energy flow and dissipation mechanisms of machine tools.
Then, to achieve high-precision and low-energy-consumption machining of helical surfaces, an optimization model for helical surface
milling process parameters is established. This model targets machining energy consumption and profile error values, constrained by
machine tool performance and machining economy. The improved multi-objective black-winged kite algorithm (IPMOBKA) is employed
to solve the problem of determining optimal process parameters for helical surfaces under conditions of multiple objectives, multiple
conflicts, multiple constraints, and high dynamicity. Second, using the machining of a five-head screw rotor on the LXK300X as an
example, the uniform test method is employed to collect the baseline operational power consumption of the helical groove CNC milling
machine, thereby validating the machining power consumption mechanism model. Using an orthogonal experimental design, machining
energy consumption, profile error, and surface roughness during helical surface machining are collected to establish predictive models for
all three parameters. Finally, the optimal combination of process parameters balancing machining energy consumption and profile error is
determined using a black-winged kite algorithm enhanced with a fusion of multiple mechanisms. Case verification demonstrates that the
optimization method proposed in this paper reduces machining energy consumption by 15. 95% while decreasing profile error by 13. 22%,
validating its effectiveness and providing robust support for achieving high-precision and low-energy machining of helical surfaces.

Keywords : machine tool; helical surface; machining energy consumption; machining precision

Wik H 1.2025-08-13 Received Date; 2025-08-13
* HATH  F R A RFHF IS (52005346,52005347) 1L T4 #E TR I H (1LJ222410142011) %8l



57 3

B LR 2 9k Sl T SR it 1 REFE R M S AL T ik - 217 -

0 35l

il

WEKF G T R A% 35 32 3l RN 8l ) 1) AR 4, LAAE B
PR RS B ) R AR SRR AT LR AR
REVR S 24 S5 AN AT B AT E T B 1
BRI TN B AR 1 M e S am e e EVEH . BT
DL, A P B S IR AT T 00 TORS R s Bk, 4R,
S AR A B ORG E SEE B N T AR AR BRI
REAFBA KA Ia) R | 5 5 5 b &% 000 73 A5 ARG 1) 2 B B
MRS R RS I Ak MU i TR A TRERE, 42 T
HLIR A il VR R % 360077 b 200 fiff Dk 1) O g ) 2
TR

H AT, AUAIN T RE #EAR Y ] 43 Sk BRIS HE AL 5 B4l
B S HAR s A A 8 A U N ToRERES> A
A ARREFE S [ BEAE, W2l AT HURIZ TR
ZEEHURBE R TR S HLER BN T REFERI 20 4 5 shie e fF
PLRERE UELAREAE' ™ Sl BhRERE 5 VTN REFESE , O it mi
07 H T | [0 0 4004 25 07 i, 7 4% RERE T A5
SR, BRIG RARE p Je R B A MTALIRIZ 1T S RE R T s L BE
T ELA2 242278 9 LR 72 AT 55 FIE 25 4 A 72 R 058, 40 T fig
FERCPE S £, AR LR MR, T ECHIIS @AY A A
wn L R, B ST N BRI 9K Bl A A 5
BEBLAR AR K IR CZ P 22 0 25 75182, S BN T RERE 1Y
VERRTII ) R T ) B B2k B e A PR
BB OL T, T R 3 1 TR 3T A7 LU/IVREAR
Bt S AR IR ZS B0 TRERE U AR B A e
6 4 00 T e 9ISl - R 5T N B AT S
TS S ) B R N i TR
T REAEAR™ o TR 2 2 2 H A B 1H
541/

AT 3B S E f T 4 0 T AR A 38 L b
S5EARE A I, dEAr RO A B I T IR T
TR AR AR RS T N T RERE UM AR I R 5 W
P EEBA BT T s, 85T T2 2 BOnt i ie i e i T BE
SEMRAILEE S AN T RBAE 50 RS BE R H AR pR 2L, DA
ML RE S5 48 B > 24 o 44 A e it T o T i
DALY Rkt 5 i e e X0 SR i ik e B8 it rT
RAE B ARBEAEIN T 05 EE T2 3500, S BB i i 1 4% (6,

il
1 B SR i TRE FE T AR EY
SR o 1 AT B VLR SR 2 s 1. M

AT A A 2, T 7 T I I 44 AR TR IR | 432 R ) ¥
TFEA 22 2 M OEHT BRI A, S A% B8R i SIS £ 2 A

By B KA 35 2y e f R T ot T EL A A2 A 0 M AR AR
WEHE FA SRR A

Tl Oz A 4B R TIRBEM M P B2 H L2
— R T BT ) 0] T AT T A — 2 A b L
Fras (AL 4%, TN T T A R R i T B 8 25 () 4 2%
BREE R B 2 S IR L A2, T BT AR LY
il A 2 o B B AR AR R, B L
e Ry a3 (A4 5 BE IR 5% 7 n Tad &, 0-XYZ Sy TAF
WA R, o-vyz WITJE AR, H LI, g RTJE
Tt ff1

NC program
N100X-0.088Y-0.63 IF600

N120X-0.688Y-0.753F550
N130X-0.921Y-0.733F525

N220X-1.336Y-0.459F300
N230X-1.003Y-0.580F320

1 B i T o 1R B

Fig. 1 Principle of helical surface machining
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F1 XHHELERFEHERGEE
Table 1 Feed system power test data

X/ VIE v Kiown” IE Y4
(mm + min™") w (mm+-min~") w

50 3217 50 1 047

60 3493 60 1 331

70 3 946 70 1 694

190 6 629 190 3276

200 8 009 200 3943

x2 C.ZHMFEBRFANRIXWEE
Table 2 C and Z Feed system power test data

¢/ i/ z/ DIES
(mm * min™") W (mm - min™") /W
50 4 588.5 200 6 584.5
100 5079.5 250 8799.5
150 5612 300 10 900
450 10 116 550 19 650
500 10 921 600 20 870

*3 FEFIRFHEXBEE

Table 3 Main drive train power test data

n/(r-min”") Y%/ W
100 41 360
110 41 690
120 42 470
190 56 270
200 60 450

i X IE SRS BEHLHE P AT 3 UIHBRFELIR 25 5
R GUIRIEN IR 4 2R 0 R, ik — A ORI I A 3 e v
Bl Al IR AT R ISR 4 PR

x4 R RER

Table 4 Experimental design and results

F% n/(remin”') f/mm  P/% E/kWh
1 160 3 10 1.3671 4213.48 4.725

Ra/pm Ke/pm

2 170 3 15 1.4947 2865.52 6.975
3 180 3 20 1.5822 2365 6.450
4 190 3 25 1.6294 1906.64 7.300
5 200 3 30 1.636 5 1660.25 7.500
22 170 5 10 1.6217 2654.12 6.725
23 180 5 15 1.779 0 1945.38 8.625
24 190 5 20 1.976 4 1453.52 10.225
25 200 5 25 1.9872 1217.84 11.850

FHRTE T ESHO T3 RS B2 B0 1% 22 5 i T.6g
FEREMHET S BhR i T2 S8 A

15 M LU AT BT 5 A W LU AR R Al I BRI B S 8K
FHACVTAG 55 ) Jo et A AT S 1, DAOR AR AN 2 e pE 153
Hbr, fRME AR BN E 3 Fhorde, AT g
FE R TTAURE B2 | BT 12 25 349 R /N (i e L33 25
W 5~7 Fin A5M o FRU A i 12~ 14 FoR

R5 MIBERFBRILSTER

Table 5 Machining energy consumption SN analysis results

K n/(r-min”") f/mm P/%
1 2133 2 602 3 360
2 2073 2948 2 306
3 2020 1974 1 836
4 2725 1 874 1 448
5 2112 1 665 2073

Delta 705 1283 1872

Rank 3 2 1

3.2 HBERSH
R R X S N S P 8 €T3 i B[R

®6 REMABERRIEAITER

Table 6 Surface roughness SN analysis results

K n/(r-min”") Jf/mm P/ %
1 1.437 1.215 1.073
2 1. 409 1. 296 1. 399
3 1.420 1.397 1.474
4 1.353 1.448 1.486
5 1. 350 1.614 1.537

Delta 0. 087 0.399 0. 464

Rank 3 2 1

xT BREREGFRILSNER

Table 7 profile errors SN analysis results

7K n/(remin”") f/mm P/%
1 0.316 2 0.253 2 0.222 4
2 0.313 0 0.291 2 0.287 8
3 0. 306 4 0.316 4 0.340 0
4 0.317 4 0.3372 0.368 0
5 0.328 6 0.383 6 0.363 4
Delta 0.022 2 0. 130 4 0.145 6
Rank 3 2 1
1) {5 W b 4B 25 21

I 5~7 AT ALAL A I T REFESFE DAL H bR, 4%
TEBBRE AN P>f >n,

TENLARBER] ALK B0 T REAE 12 2 G F5 DI HI Ak
I ERERE . BRI TSR P Skt f H4k P E R
FERBCRIAAE ST, X EWRE |, LB [ E R R4
B AUR I B9 28 DT 0] 2 5 40, b T I E REFE R
BURAS B R DR A P85, 446 S 0 T s 18] A9 P4 Dk
A TIXERS Y FEHLRERE” o AL, I T RERE RO R AR 32 %



57 3

P8 AR () 45 R A5 [ A8 R AR e L 3]
MR RE BRI B R B B ARBE RS DAk, Y 3
W S AT U ALK I Tk b ) EAL B RGEREFE S V)
HIRERE , (HI2 5T A P 5k g5 £ AR L, HRE i i
FEABR, BT Lhohn T RE #E 1Y 45 T 20 2 50 5% e AL
P>f>n,

HURYIHI i # vh T2 280 5 LKA E PR A
T SRS B R e E MEVE T . Jo PR b e i A
R P ik BRI, 2 B — RV T
ZRRE ., P 5 R R S EOIH ) B Hgm, X
REOR TR S (WUR-JTB-T0F) 4R R 2
FERC B RIMER 22 M T 00T o RIZUIRSh 2l 3 TRk
T AN B, JF TR Bk T G DA R, T
HIAPRE S R A TR R AL I ] 77 A TE Z R DD HI A, B
SRIGT P 5 f PTRE IR 48 B a] of ik Z0 e 4 ™= B {HL I
R 285 B AN TR W BE 25 T i, AT R 7T 2 A 1
E R A SR AR T | 4 T B A A, I R e
TR SRS S Rl X TR LR S
TAFEIE R 2Z 25 L2 SEI AR N P>f >n,

2) ERBL B

H P& 12 TR B Al 2 A B AT, I T RE AR AR R
FEIMEA WG I, 7 32 B sl O R AR, T 2 1L 3h ik
FE UIHIBEREREAR, SEOUN TREFERIID . BEE P 5 F 1Y
R 50 LE (S S BAR P I N2 5 Tt
TRk e S R AL S R REFE TN E A Y
IBATRS )2y B E D T LRERE S R G S 20U TRERE S
P f R,

n f )

/

160 180 200
BN

30 40 50 10 20 30

Bl 12 Jin T RERE AL ST
Fig. 12 Main effect analysis of

machining energy consumption
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Fig. 13 Main effect analysis of surface quality
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Fig. 16  X-axis negative feed energy model
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Table 9 machining accuracy fitting accuracy ( %) :
$8h5 Rs VA5 Rs e /,
Ke 98. 57 97.85 96. 35 >
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Fig.22 HV schematic diagram
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Fig.20 IGD schematic diagram
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Fig.23  Spacing schematic diagram
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Table 10 Comparison of optimization results

Ak w/(remin™') f/mm  P/%  Ke/pm E/kWh
E 160 5 30 10.517 1043.6
Ke 180 3 10 4. 479 4224.7

Ke& E 176 3 30 7.399 1 630.6

2L 180 5 15 8.527 1 940.0

E/kWh

Kl 32 Pareto I fLfit5E

Fig. 32 Pareto optimal solution set
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