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Estimation of Moving Thermal Boundary Condition and Temperature

Field Reconstruction of Workpieces in Drilling Process
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Abstract: In view of the fact that it is difficult to directly and accurately measure the thermal
boundary condition of workpieces in drilling process, a model predictive control method is
established to estimate the moving thermal boundary condition of the workpiece in drilling. In the
inverse scheme, the step response coefficients are used to establish the non-parametric prediction
model of workpiece temperature. Based on the temperature measurement information, the
estimation of the moving thermal boundary condition is realized by rolling optimization. The
validity of the above method is verified by numerical simulation, and the effects of the moving
velocity of drill, the temperature measurement errors, the number of measuring points and the
number of future time steps on the inversion results are also discussed. Besides, the transient
temperature field of the workpiece is reconstructed by using the thermal boundary condition
obtained when the standard deviation is 0. 05 °C. The results show that the proposed scheme can

effectively estimate the moving thermal boundary condition, and has good anti-interference
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ability. In addition, since it is not necessary to make assumptions about the changes of moving

thermal boundary condition in the future time, the proposed inverse scheme reduces the

dependence of inversion results on the number of future time steps. This study may provide a

solution to the reconstruction of transient temperature field of the workpieces in drilling process.

Keywords: drilling; moving thermal boundary condition; inverse problem; model predictive

control; temperature field reconstruction

FL Ak F0 R AL T2 AR DL % 4 8 2k ok R AR T
U 5 A YT TS AR B Al 0 2 B RS
T, R O R A EES LA AR . TR R
JE Oy A e — W S B RS B 2
i o 3 B4R A B TR 1 M BB AR B . Bk A N S L R
PR 2 RN T AR TR A AR R AR, PR UL AT TfR AL AN
i) 3t A v T A A IR R A L A B T R i TR
P AR TR,

WE I LR AR A IR EE R T
ATERAL T AR 2B W B AS IR 3, W 2B ik A T
PR GRS ST . R TR T A 3R R A 67 o LA
LRI A B IR IR v R A
S5 % T 1 0 4 T 0 S A S S SRR A A 1 B A AR
AT 5 T T A T A R A IR B 3 e — R O B AT L
HOF27 T S

H AT R S 48R 7] R 7 2 2 A B A
A5 5 IR A AR | o e AR R I
JF bR B (SESMD T R ML 4k 5 gt AL
i, SESM I I & o — Bt i 8] P 4 0 12 38 B 5 U8
T B2 AR N 2 8, TR AR RS T R ) R A
BT ZWN . SR B B ROk — B [a]
DA A AR B 1 AR TR 3K, 3K 25 5% ) T 4 SR 1 A T
PEL S B — ) B, Wang %25 & 5 G5 1000 4%
SEARL ST T — Pl S B A R 45 i (DMO) 1 Jz
Fik LTRSS ARG 24 b &R
B, 5 SFSM M H, DMC i 5 %8 6
8 1 2V S BT R ok B [ BB ) A8 A B 5L BR AR T
1 £ P SO EE P SURIIE SRR IS U /X =
SR EEME . MR — BT B 5 %6 . DMC Sl
FL T AR B IR B 7 7R 4R A AR T T RE .

5T 3 ) R ok A AR AL A B AR R i R
MREELEMET —a R, Huang FRAHKET
BETE ROOR T HE AR Sk & . Tai %3 T 54
TRMEAR T EE ST T LR I R LB T RES 1f 7
N - R M i | o B O A = - S
FLEETH PR 52 0 . De Sousa A5 g3 T —Fi 2k
T AR oK EIORN Sl 2 0L I 2% 1 B vk IR T

http: // zkxb. xjtu. edu. cn

ARG LA A b A TR B R I B . T
VLTI 2 o 5 TR BB FLI0 T R v s B Al L 1 55
iz gl TR0 52 G0 AW K B R 3h. R gL A
(BESPAGT) 5 R Ge (O R Ab R B Z 18] 9 30 )
FWL R TTRE A AR W] AR AL . AR Bl AL S B
ARG RAPLEL IR G M TR G AR
RS WA R R N el e 1) | T TR

A SCHE TR R T 47 o S AR ST T Al L A AR
2l 01 IR B L il JEE 7 E A 1) DL AL TR A
PAASERL g BEAy A 7T T R A UL 3 B BR D L B
ORI LA T L R T A 2R 5 M) T R 0l
JEE I £ R 38 VR Bl 0 Ak 5 BT A R Bl A B il B
A 00 B e T A RS IR S AR R A . SO A
PR 05 FAR B 36 1 E 3k 5 vk B9 A7 Rk OF TR Al
PHE T B R IS R TR R I U 2 I RO X S
AR e ih A

1 Al fL AR IR o A R i Y

L TR i Y BEAC R N 1 s . T AR 7E
I T F e, — 7 T Az B R [ RS I A S o0 EE
#oq(o), F/—Jr GBS R, X T AR
fEPGE G AW RSS2

O F T a9 xR B2 8 TR0 42 ) A
) B4 A% B o L Ak Sl — 2 A% A n)

@ A 1 X6k T A0 Sk e A, Al S 0] B B
AT T A

Q@ HEA T A By A7 far W FLAR 7 m ¥ 53 3 A s B
Fifi B[] 2 A= AR Ak

@ T A4 A4 Ak 0% A 1 45 1) ) PR HLE 22

i T B | = IRV AR 5 S o ol N e I IR - 95
O3 A B R R
LI 9T)+ ” (4 QT) (D

e o Ir dr dz dz
T(razvo) — T()(raz) (2)
_AF)T(r,z,t) _ q(t) (3)
an AB
aT(rvz,[)

= h(TGr,z,t) — T (1))

BC.CD,DE ., EO

—A

dn

4




20 W% %

e

B
B

S 553 &

Ll L A i gy 2 A

@ I
—
P T,
LT
P T,
T T

N~

_AE)T(V,Z’Z’) =0 (5)

dn 0A

a0 Hil e 050 0 AR B 5 34 20 500 EE R L A
25T Grax) A TAF B RIUG I BE 5 g () S HE A B T AF
P B o PR B 5 T (o) g BRI B2 5 e DAy X 3 4 4
A Wn R H M AELTT 1

2 AR B ) O R A S ) et

2.1 RiaEB RS
WER Ty AR (1) ~ (5) i HoA S R X 2 A B
Bl TR q (o AR TR L AR 305 15 BE I 45
SMOTERFZ] kyk+ 1, b+ R—1 (900 &t {8 K Al
T g AT RN Y AR R R, X B R O BE
AR I 8] 2B 5 ¢ g (O R I 20 1 Al T HE
AR B R T R AT D) e DL B b ek iR
AN N
min/ (@) = Y —D"Y—T) +0"Q (6)
A Y =LY Y Y e YRR T S R
R Y =Y, Y Y e Y LY (G =
0.1, . R— 1) 53 m 78 & 45 I 20 Y i B2 ) 5
(s T=[T T, T 7, e TRV hy 00 3 1 46
M, 1 =[T, T5 T8 e T T T8 S il
Kom TE kI 20 0I5 RE TR s« 5 q (o) X 0 Y
IEMAE SR,
2.2 FARE
SR FH B SR 07 R 5 g S T R ) 0 A AR
R Al A oA fe ) ] ) 51) A A 32 A 4% 1 72 e 3 T 4%k
R AN Z0W 55 m AR EE T
MR 2 s 3, N kB 20 L 7R F Bl i B RO
q(OMPERTT 5 m AR E 55 F3%A ¢ (O
W b+ 2R B R TL Y S50 g (OfE RT3
A P00 A e IR R Y &, B

i m(m=1,2,

http: // zkxb. xjtu. edu. cn

Tk'J:TkU_’_AgS'/qk
A¢71%<1+A¢;2H?+ _'_ASZSO ktj (7)

,7J¢’” I (8)
gt —ghs 40
Y gl Gn=1,2.+, M) Ky k+j B %I 5 m ab
() A T B X ¢ 1 3l 25 R ) 7 3R 5K
B L3R 7 B AR R T R
T =T+ AQ €D
T=I[T.T", - T" "
THj — [’Tf*’,- .’ngj]”l‘
A’ 0 0 - 0
AR
A¢R—1 A(PR—Z A(I)R—s ... A¢o

¢j — [A¢j Agsjéa"'sﬁsﬁ] 1750 =10,0,---,0]"
S ST A A% RS R B [ R Wi 7 oA £
X(riyz,t) = 9T (r,2,1)/3¢" (10)
Xz O BET ¢ SHRES T (ro2,t) B2
PR KT A (1) ~ )X ¢ RS WA L
Loy JIFTEIBEN X (2 0) 7 35 2 R 510 649 B9 8K D 37
TR

X _ 19 aX d [, 9X
o0 T F)r(/\r 9r> 92( 92) an
X(?",Zat/ﬁl) =0 (12)
_AHX(r,z,t) —1 (13)
dn AB
—AM‘ = X (rozan) (10)
an BC.CD.DE,EO
SR CGIL TN — (15)
an 0A

HAFBEAD~UDAUER . X2, 0O EE
WA AB R shim & A A4k . BRI, Al RUAR 4 A FR




81

BV 45 Bl LTRSS AR A I R R S E 21

AR B SRR R B ATE AR B — I 20K A LR
By SR o 17 5 A 2 A5 1) [ R o 7 R R S RO L 2
2 T 2R A 5 I A o Kb A Y R R 17 2R KK
5= X(ryszpsti;)s j = 0,1, ,R—1
(16)
2.3 FEthik
AR TN F2 8 vk i 3k SR FH VR sh Al Ak 3 A5 i B
Haim e Q=11q" ¢" gt T,
¥ OXF QKT IF4A dT(Q)/dQ=0. 155
B 171 AR 1 ) S5 A T THE
Q= (ATA+oE) 'AT[Y — T] an
X E S R B i 5076
TE ST 20 ko ORI 20 CL7) i BB #R
gt B 2R F AR AR AL sk A ¢ L RITR
SR
F 2 CL7) A5 B s A3 it 1) S5 A T H A
¢ = d(ATA+oE)'ATLY — T (18)
d=1[1,0,,0]1

3 D5 FAXER 45 R Mt

3.1 FERREHS
XFTE 1 R AL TG IR 58, H g5/
YIERSHON HNEAE 7 =2 em, N4 1 =0.5 cm,
E R H="5 cm; TAFRYR R R ATST 1018 9, 3 74
FHA=51.9 Wem '« K ', % p=7 870 kg -
m L A =486 ] - kg '« K',
BT AR Ty (ry2) =20 °C, X i e 31 &
B h=30W.m*?« K ' ERET (1)=207C,
Fie 20 (19) R (20) 45 5 15 41 AS [] A2 £k 1 3K i) 44
¢ (1) =6+20sin(xz/24)e (MW « m ?) (19)

q, (1) =
JGMW-mfZ, 1<T7s
(—0.4(t/s)+14.8) MW « m %, 7 s<t<17 s
\l7MW'm2, t>17 s

(20)
A5 O A% TG G Pk 56 Tk 45 R A DX 38 2 R B s
A K Ar=Az=0.5 mm, A K Ar=0.5 s,
Py ELAA g i R B IR s A R T
PR o Fe i, BARALE LK 1.
1 BEMNELE

DS T, T, T, T, Ts

(r/cm,z/cm) (2,4.5) (2,3.5) (2,2.5) (2,1.5) (2,0.5)

http: // zkxb. xjtu. edu. cn

G 8B 2 B Yk B 0 5 2R A ol O M A7 A

1R 2 ERUEAT B0 P, 3 2R 45 AL AY S BR
) i
YE = (TY) o + wo 21

Ko HXEL—2.576,2. 576 ] P4 it A 1E 2543 A3 1)
— A BEHLEL s 0 A 0 ) 2 358 22 (AR E 255 (T e N
I A L EE PR ORG B AE L A O BRI B L AR R 45 2
() S BR FGH S A G o SR i FR 2 (1D ~ (O B A2

N T PEAG R D7 TR LA AR R 2
S, BAF-BIME xR 2%

K
Si= A3~ @
Kk*l
1< 1<
_ L 3 kN2 S k 2
”\/K;((q ) e (”/\/K;“q ) )

(23)

b KR S 18 B G Y IR 8] 28 B80S 8 (0D e M
PR q(OTE k B 200 H S H .
3.2 BHIRBRAZFHRRE

BORK M8 R=3. 8 R/ EE o=
0.002 m/s, M+ B 22 B AR E 22 o= 0. F T A3 T,
T, A IR B2 AR B RCBOR MR A g ()
K2 FE 3 3ol g T I AR g0 (OF g (O B2
i 45

25

B2 #H q (OB R S

— A%
—<— R fE

0 5 10 15 20 25
tls

3 B g (O WY RIS




22 [ . ]

Ko

R

Eird i 53 4

M 2 FE 3 Al XA [ AR AR X RS B
R q(0) A STy B ] LLARAS R4 1Y ST 45
F R 1A SR 7 A Rk
3.3 HAERENZN

KRS T, # T, iR EFEE £ R=3.0=0
BT .4 BB v=0.001,0. 002,0. 003 m/s k%
Fh Lk 2 SR X R T 45 R 1 SZ e, an & 4 A S
JIT 7 o 07 ) Bz 1 1 2 DL 2.,

— M
—%— v=0.001 m/s

- & — y=0.002 m/s
—o-- y=0.003 m/s

0 10 20 30 40 50
tls

— HE%HE

—¥— v=0.001 m/s
-a - y=0.002m/s
—o-- v=0.003 m/s

¢y/MW-m™?

30 40 50
t/s

K5 RRBESBET g, (08 RIE S

2 RE AT 6 RRRE

7/ Yo S,/W +m?
v/mes !
q1 qz q1 q>
0. 001 0.01 0.02 1. 04X 10° 1.77X10°
0.002 0. 38 0. 50 3.14 10" 4. 08X 10*
0.003 3.23 6. 23 2.92X10° 5.35X10°

A 4L 5 K 2 ml A Bl 2 el Lk 4 R Y
R B o AR LM R AE B — 2 g, 2 R
— 7 B X R ) P A A BT RS A BT R AL L ARLTE
15 EAR 6 A e 1 F 4 B S RN L AT 4R T L3k AR
B R R,

3.4 MERENFM

SR & T, f1 T, (IR EF R fE R=3.v=

0.002 m/s [ 5544 T, 43 ) B 0= 0. 01,0.03,0.05

http: // zkxb. xjtu. edu. cn

oK 75 3 JRE N 15 2 o B 9 45 SR S L A 1A 6
K7 7 R IV A S 8 R 25 WL 3 3

12

g —

—¥— 0=0.01

25

6 ARMERET ¢ (O REE

141

25

K7 A ERZE T . (0 B R4S

3 FRMEBRETHRIKRE

7/ % S;/W e m?
o
1 qz q1 qz

0. 01 2.27 5.59 1. 86X 10° 4.58X10°

0.03 6. 00 8.03 4.92X10° 6.59X10°

0. 05 9.97 12. 94 8.18X10° 1. 06X 10°

FRAE 6=0. 05 Z5 4T 1Y S i 45 R g0 (o) AT A
FR AL BASERY A T P AY BES TR E S 1B 8 BT R .
ERXTEE B9 45 il T 25 [E) 4 1¢0.5 em, 4.5 cm) |
2(0.5 cm,3.5 cm) ,3(0. 5 cm, 2.5 cm) ,4(0. 5 cm,
1.5 em) A1 5¢0. 5 em,0. 5 em) &b T4 1 B 1) 3 A4 {5
AR 8 52 B FA SR RS B RO B4 2R .

P LA 25 R R AR B RE U R 2 Y Y
R 8l 11 AR SRS BE AT BT AR ABATS 98 AT LA
ARAF RIS 1) B 5 2R+ 3 B AR SC Y A 1 0 Sz 9 5
RAEA—EWMLTIRE
3.5 S BHIF 0

£ R=3.6=0.01,0v=0.002 m/s B & .5
S S M=1,2,5 JE47BUE IR K, % 42 I A5k
X PG B RO A R s e Ho, 2 M= 11,




51 B 45 LT AR RS B Bl A R Al T Bl B 3 T 23

5 N
i B/ C
620
520
4 420
— 320
220
3
- 120
2
L
1
Ll
20
0 1 2 0 1 2 0 1 2 0 1 2 0 1 2

r/em r/cm r/cm r/em r/em
(a)t=2 s (b)t=7s (0)t=12s (d)t=17 s (e)t=22s
8 T bR IR i M 4

z/em

0 5 10 15 20 25
t/s

11 AR 5 o () 1) I T 45

B9 o= 0. 05 1T P 0506 FE T 5 & 1 8 e (oo 0 2 i

24 REMNEHKTHEIRIREL

Tk B B B T 52 M=2 B 3B S R T, A T

0 M=5 LB AR T, ~ T . R 45 5 WL M % Su/W e m
10 11 fligE 4, Q q: Q q>
Ry N 1 61.85  41.38  5.07X10°  3.40X10°
nr TR 2 2.27  5.59 1.86X10°  4.58X10°
8 AT 5 3.44  6.06 2.82X10°  4.97X10°
Ty 9 i N
Sl 3.6 5 Rt BRI
T s AW T, T 0938 E (78 48 0= 0. 01,
sk ,‘ :é"’ g’“rah v=0.002 m/s 5N, /3 B R=3.6,9 K ifit
P S S . P A o V) 25 301 e BRORT 2 Y 45 R 1 5% W), X 7 1) 4
0 5 10 e 15 20 25 %m[z] 12‘@ 13 &%50
K10 AR SET q (0BRSS A5 AREAKE T KT RIERE
M M=1 [, I A5 07 E B ) AR N4 Y A R /% S;/W s m"*
AT L X L 9 BRI N 2R R /N o A A A LR 1R @ % @ @
BRNZE B iy P B A R AR 25 . AR AN HI ) b 3 3 2.27 5.59 1.86X10°  4.58X10°
o g I S, AT DA S e AR Y SR T A R . X 6 3.91 6. 07 3.26X10°  5.03X10°
TR TR BB E T & M=2,5 B9 2 45 9 2.79 6.03 2.37X10°  5.05X10°
RMHEAK,

http: // zkxb. xjtu. edu. cn




24 o% oZom koo R 553 &
step-by-step and continuous dry drilling [J]. Materials
and Design, 2006, 27(6): 446-454,
[2] KUZU A T, BERENJI K R, BAKKAL M. Thermal
and force modeling of CGI drilling [J]. International
Journal of Advanced Manufacturing Technology,
2016, 82: 1649-1662.
[3] KUZU A T, BERENJI K R, EKIM B C, et al. The
thermal modeling of deep-hole drilling process under
50 I5 1I0 1I5 2Io 2Is MQL condition [J]. Journal of Manufacturing Proces-
s sess 2017, 29 194-203,
P12 AFEARIFIEBCR o (0 89 R H AR [4] WU]J, HAN R D. A new approach to predicting the
12r maximum temperature in dry drilling based on a finite
1l element model [ J]. Journal of Manufacturing Proces-
il ses, 2009, 11(1). 19-30.
‘;‘E oL [5] KALIDAS S, KAPOOR S G, DEVOR R E. Influence
E of thermal effects on hole quality in dry drilling:
] 8r part 1 A thermal model of workpiece temperatures
Uy [J]. Journal of Manufacturing Science and Engineer-
6 4 ing, 2002, 124(2). 258-266.
5 L = L - B (6] TME. P SCEE. SRR U PR R R IR A 2L [T
ts 7 4 A2 38 K22 4R, 2009, 43(3): 14-17.
K13 ANEIARFBERAEET g (/Y 485 DING Peng, TAO Wenquan. Reduced order model
based algorithm for inverse convection heat transfer
H 12/ 13 Fe 5% 5 ], SR FH AR SC 1) A5 Y $ii problem [J]. Journal of Xi’ an Jiaotong University,
W27 2R ) 19 5 5 605 50 9 6 65 978 2009. 43(3) 14-17.
BT B 2 B AR T RS B30 B I 4 R ) [7] CUIM, YANGK, XU X L, et al. A modified Leven-
T o 3K ) 2 5 1 AR M berg-Marquardt algorithm for simultaneous estimation
of multi-parameters of boundary heat flux by solving
4 é:F'l: -i’/E\A transient nonlinear inverse heat conduction problems
[J]. International Journal of Heat and Mass Transfer,
AR SR AR T 42 ) 7 ¥ 5T T B AL T AR RS 2016. 97+ 908-916.
Bl I AR B LA IR E A B RDEL IR HE T [8] BOZZOLI F. CATTANI L, RAINIERI S, et al. Esti-
TR L A R T R A 2 I SRR S X A mation of the local heat-transfer coefficient in the lami-
W IEES R, 5280 F BB, nar flow regime in coiled tubes by the Tikhonov regu-
(1)ZI—<X@TLE@fi{ﬁﬁ%‘éﬁﬁ@gﬁ%{ﬁ{ﬁ%ﬁ?LI larisation method [J]. International Journal of Heat
PRI S S 48300 5 P 5 o LT R A R 1 5 1 7 and Mass Transfer. 2014 72 352-361
b T R B T — Pl e 2 [9] WANG G, LUO Z, ZHU L, et al. Fuzzy estimation
(2 3430 5 B 2 o 152 2 B A S for temperau'lre distribution of furnace .mner surface
[J]. International Journal of Thermal Sciences, 2012,
T U 56 7 5 0348 T B4 0 0 e
ARV R B —E LTI iE [10] LI Y, WANG G, CHEN H, et al. A decentralized
(3) W FA T EXS AR K — Bl o] N A% sl #v i fuzzy inference method for the inverse geometry heat
S B S A R AT AR o A A5 AR SC A AR AR TR S 7 conduction problem [J]. Applied Thermal Engineer-
RMEG T S 4 Xk T oS 25 B e e B ing. 2016, 106, 109-116.
[11] BEHBAHANI-NIA A, KOWSARY F. A dual reci-

e
[1] BAGCI E, OZCELIK B. Investigation of the effect of

drilling conditions on the twist drill temperature during

http: // zkxb. xjtu. edu. cn

procity BE-based sequential function specification solu-

tion method for inverse heat conduction problems [J].

CTEEEE 43 TD)




