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Self-Learning Supervisory Control of a Power Transmission System
in a Construction Vehicle during Inertia Phase

Gil-Woo Choi, Jin-Oh Hahn, Jae-Woong Hur, Young Man Cho and Kyo Il Lee
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Abstract

Electro-hydraulic shift control of a vehicle automatic transmission has been predominantly carried out via
an open-loop control based on numerous time-consuming calibrations. Despite remarkable success in practice,
the variations of system characteristics inevitably deteriorate the performance of the tuned open-loop
controller. As a result, the controller parameters need to be continuously updated in order to maintain
satisfactory shift quality. This paper presents a self-learning algorithm for automatic transmission shift control
in a construction vehicle during inertia phase. First, an observer reconstructs the turbine acceleration signal
(impossible to measure in a construction vehicle) from the readily accessible turbine speed measurement.
Then, a control algorithm based on a quadratic function of the turbine acceleration is shown to guarantee the
asymptotic convergence (within a specified target bound) of the error between the actual and the desired
turbine accelerations. A Lyapunov argument plays a crucial role in deriving adaptive laws for control
parameters. The simulation and hardware-in-the-loop simulation (HILS) studies show that the proposed
algorithm actually delivers the promise of satisfactory performance despite the system characteristics
variations and uncertainties.

6, EW ZtEEe 23X
71243 & BN SRS R
I EHREA 6,0, : Aol sehele
L Asvidase sigea @3, 12 89 2S5 48 w0 s
o, HIF IEHE e CHY AT et
a - HIF RS V(e) : el thE Lyapunov T
a,a,: ()Y AFE 77 % ASE
P, st Fgdte oY roy, : BEEAY 52
duy : FWw=0|Z W QU REg
BB (09 AFrg 1. N &8
A vhRas A BE oF
PRS2 LR IR RS Had dzing AR AR FHL 99
o $84 AFgHUEL7 AAA ] dE @&
; PV A7 AAHYG. 7€) ATFEL WEA o] I
" 231:;;. ;;; Zl:};;; DYE [7159], A% AA (10, FH 55
T i AdE A% Aze F¢ I29 AL L A4
Negdgan qad NAZEFER 3,5, 984 E ARE AT JnE AH5AH
. Aegstn NAGT LS 274 438 E 4], 282 B3ANE 59 29

- 723 -



X F= Aojo] 23E RFo| frh WA
A4 9 AFAE dalM e s8] AF
W7o vigte] Ax e AT7F PEE A%l
ot Addue BEAF A @ ubEde F53
o2 322 EANY PN e & TFEHE &
TF3te, AP eE FEFY =2 IHASE
£ 8784 o] A3 AdAE A¥Y 74
HAF F&3A ol&3t7] st WEE WS
A He, £ EAA Y FHPAdE H
e =Ygz AYAAE =FHEH ¥
H&UNE AFs) zFstojor 2R FHd
o] AU #-x A E&sA €4 w
A Bok 283 AY4E FH7 AlMe F
4 EE FYA QT7HE A A&52HE 59
¥ AYgae] #Eo2 AFAAE 7 Je AT
%718 9g= @t

2 =idAe ddFu e ATAF7IE AT A
718 WEAIE S AdsAt. WS
A4 BiEre 7)E HUEE Aol 239 2
zte] ExEgo] 719t Lyapunov A4S F3HH
FEsHth =8 2 AT Fr2€ sEAo
B HY A7EEE U539 ddAE=R
ol g3t7] Wil AMazRH SHE HY &%
£ T3 Yl ZUMEEE FA% 9% ¥57)
€ AR A gdolds} HILS 238 3o
Aty A71gkg WEA 7L 71 v A
2 54 HFd d3d vFHeE e 5
on &Y e 45 7S 2od

T ooy > W BN e
2 Y
_ 'n T~
o

P

32 >

2. HaHo e

Fig. 1 o A 3vle) FHAGAE A 24
st FEAYAE ZA dA, EAYE, =
FHE7), fd AFoloiy T 449 2422 74
Ao AL HAA A2 FHAdoln, EaAY
He d¥e HEIE FWdd AFHEET|E
Agdth. {4 AFcdolEe utF 2t HE
2 HAE Tt AEEE7e WEHAFE A
gk, AEH4r19 dYE 2¥€EY SRule
7lolulol 2lsle) AAE =, 7ojn] W] tha
AAe AL Brejcha[1]¢] 71&dHe Uk

Fig. 2 ol =AIE viel o], W&A(AHL2 g EH
£Y%9 &5b WzlodRo ot E@Ey #
Aoz FRIEY Ead9ddy dgEn &
HFo £5¥E H&EHY £EHE FAST vl
o), BAFHAME H45Ae LEH|dAN WS
%o £xujz FHoldo WEIAF Fole F7A
gAe £ d29 A3 #Yo] AR FHA
2 @A) vlsle] wl$ 2rg &5 A dF
3 ArelolA A W EAAVE B FHASL
W3le] ot 3 Lmuzt 2FHA doh 9

&34 e AAs d¥E Shin [11]¢] 71EH
o itk
Input Shaft —\ Output Shaft \\
2 Automatic
Engine ' l Transmission | |
Torque Converter Pressure |
Hydraulic Actuator

Fig. 1 Power train system for a construction vehicle

1
]
[}
)
b

Speod
.
!
\
3
\
\
§
omssald

+ +
Shift Start Shift End

Fig. 2 A typical shift process

430 AFwLrid g A& aF [71004
B GANN QAT FF9 BN ANEEE F
Aoz W&EEAE anydes AT + 3
g Axsl 2T ENliEe o nd=
BE 45 Jungetal [7]9 B3 AS vpEas
o] AFZ Aojol & APL Fatol AFH
ottt HE AN w9 AFHEII} LA A
ZwW&7)e Hlae FA7]0] thAl Lay-shaft 7]°l

< AHgEte Ao glolME Aoy, fEd
Hyl 5o a9 €]yl FI847 F4
e B =Ry 7|12 Ao7]2 Jung et al
(71904 Ak AFZ Alojol &% WEH Aol &
2 EL ALsgtt. a3y Adgue 3% F
#zA W3E s o] FEF & U o

A0 dnES ML

e A 2 HHL HNFY AL HE
a3 BAdddA e guEe F9sS o
2ol N1ed + A (8]
%w, =a, =T, +a,T, 6}
3. a2 dFxoolg 2o
Fig. 3 o o3 aAdRu 9 =@ E Aol

AT F AFAIHE =AY A AR

- 724 -



S71E 4 e A W& 3 A FH WL
& A A% 6 A A st F2e g
th Ztzte] SR At Fig 3 of EAE Aol
Hol fstel Az EYHoz Aojach 44 o
Flolele HAA] Sdmols W, yAH Y
uel 9AdM BHE FARG. HAA) 23
wol= WHol FYUE YAH WHo| H§3)
e E Aol FRE £202 FEH,
2A4dod WAt vAAe} Sdlwols WE F
Yoo WS FaAIE 4L @

I Clutch |

///////
’

/////////////4///;,",‘,9-,,,,—,,-/

Pressure
{ Reducing Valve

Fig. 3 Friction element pressure control system

Osculanon Damper

7 —

~— Experiment

1 N_,
0 2

10 2 30 40 50 60 70 80
Duty Ratio[%}

Fig. 4 Hydraulic actuator characteristics

Prassurelbar)
w

Fig. 4 o) WA $dxolT Wu o) FEE
g3 stdase] Hgste 4He FHAH B
2 =AY dEAN L A PN Ty

&3} ¢¥e ¥FBAS nojmz, 0T TG
Zo) 2AE 4 Ao

P, = fyduty + f5, @
Frob AFpololH e £3ete ntEHQAE AoJsHA
Ho, spa e g 4y W Ede oF
B o] 71 + U (11

T, = 4P +1, 3

4. XS5 Mol £12lE

41 Ao 57

AEA] UT e Aot FET 9534
of A, YT A Agol: whgasel 51
o) wHdh 0@ BHAM WEAqY BHL
A7 Aad HFE Alels) 8¢ B@ole
g5 Y e A3 ARe 19E w
Al el ME7Y F4F East AEER
o FVALZ o) §HAT. FAD WL 293
Eay Aoz ARSHA Y 2L
9He 23 ok webd ¥ ERdE Fud

Ao} gxefFEe] THEE At AF Shed EHN
AMEsg WEEAY A2 %Dﬂlﬁi Aokt

t} ol& Fig. 2 ¢ W&y 9% B39 HY
HEE Atele) A@TAC st BHIEH Ao
9 53¢ B hEnE AES FEoR 24
e Aot 71 £ U1 "HEolt V&

M%7 295 239 vags 9 gy s
EE #5718 o188t FgstA 4 5 ot
' 3dE g

3% Ze 4¢ 9ed
LA @
dt| @,

ZE&E 298 e A28 @ ﬂlé* <
3oz, HFEZ PPo| HHI}EF A5 o5
& AAFE & AT 2] Fig. 5 o F FFY 4

- 725 -



dolEel te BY AASE $E718) Yua u
dom, F577h wEA ) FHE WD ¥
W AMEE JRE ATY F UAsL B

300 T T T —T T
H H . : ' — Actual
: ' ___*Inertia Phase —— Observer
LA (1] e P AR I“"*"."""'."""'1""'".""‘
@ o A H i Wt )
F.1m+..-...?-‘---.?-..ut\‘§?; ...... boe-es U ..................
.300 : H H H H _— H
18 2 22 24 26 28 3 32
300 T T T T T
A ) “‘l.""'“l""""‘"“"‘"""‘.'""“.""
N T e
& . ) H s .
I .‘_‘a‘:\‘\ """'?‘"""/1./"""1""“‘."'
d : L : ' :
0 | | | H H

15 1.7 18 21 23 25 27 28
Time[sec)]

Fig. 5 Measured & estimated turbine accelerations

F-N

3 Ao Mt
o7 71, A Y f’\li%‘ W gd
1% 447} Holof g}t $4, HUFZ 59
& 4HEE HUEA(FFo Asemz 7]
Aoz EREWF A4 nBeL E
F%e BAE AL ¢ F o
1= ¥SEel g gugag
A % Qojof @k =7, o
23, dzelolg) o5, vt
2e wiAY N2y 549
ANE #4349 HuEad
getd ATZ REEL PARoZ 2FHE @
H, v)x]e] EgAAGL Ao Ty 5 g5l
9late] FEEE Ao A= AAgoh
W& Aol o E%"‘EE'-A FTE AARY 9
3t (el (), 3)E didstdE vs3 2o
Lo, =aT rarlh(Bduys £)r ) ©
HY 27tsEst 9ss 23Ene AR 8
A (6& AU Go) hstel YA ()T 2.
—alT,—azpr»%w, _&
a4 A

. W

:
o

N

P

>

oo 4 e
i
N

oz
é’é

X
>
¥ oZ of r& N gt

IHéO‘l‘Jl’*ém

L b0 ox T B U A 0% 4y &
oX, M 1o jo
o rr o 2
28
o&‘i

B>
g}

S
offl
e _g_

Mo

i
E
.Il.

duty = =0T +6,

)
o2ld H&AelZle F3E HRYEAYG (7)o 9
ste] EHYIEASY L AAE 3 9ok EHNE
A+ Shin et al. [9,10] TN AL PP 93}
o 3o} b5t
AAga (ne FAel UMY EAFL ¢ T

o, 7h BG4S FA Waths Rojd, of ¥
Bol She sHeAlols) ol Ae) HaAE Fean,
ok 4% 6,9 & Yl uxe BHAA
of ol¢ AEE HAT 5 7] WEolth matA,
AolH (e BMETY JEE (ol FAFL
2 n#s, 43 6 9 S gl A
2gade RARORA IA QAFE V1A% o)
Ao A" WE 2¥l e + Arh

44 &R O YA
A& vpeh Zol, 7|&E AT (7144 S wtEe
2 FHE IAFA AAFLENE, 99 W
Hes YA WiozM) BHdEAN 2
Agoz ARE £2Y BHYl AAEES TAA
2 4 Qo 4A% BFAAN HY ArEEE E
5_040:10])1\1,] Ho] 202 3ty A B

L gAY a8d FEAHY AHAHS B
o A AA BkE wlv)sE, BYY
N HERD B A& :ﬂﬂk 52
o Agsts WEFAY HY AtEE GERS
2 A88 5 gk olHd BAHAA Mogoa A
ZAel 239 HUEIY AP (N A
W BYgdels TANoe YFY HY A%
e 7EE 4 Atk o B Ao} sGetdE 43
g, H@ sEyAe Age nAg A2y A
Fol 9% A5 Asg BAA}E Aol
gt&Alo] WA FEAl #H4IFAMY HA
ZA&EE A FELE AHH, 71F HY
Zr1&xe 94 FHA Qotn AR @ 18
d Aol BEFLE o Zo] ey F doh o
714 gul ZrksEe Adighe d4d9gedA H
¥ 7R S9dE 19 Ao

7 <le| <3, ®
=4 712 899 A4EE 4384 42 @)%
Zol HE AAgozA Ao muEY AH
AL/ & Ae 71E HY ATMEE 2AAA
9 2923 FHAFL AAE + 9. 54T

e B =
e HA s

59 7)o Wt T el
Felgy,

vie)=e*/2=(a|-2.) |2,
ve)=ef=(al-af 2, |al>a 0
6% 6,9 A& detue FEFHEL Lyapunov
o] 9ste] FEEh. Chain Rule & o] &34
ang ded 4714 0=[g 6] 2 Ak

[ J2 of -

vl <@ 9

- 726 -



Oe Oay OT, OF, Oduty d
oa, OT, aP Oduty ¢0

(1,2, )& °lgstel (1) Aatu,
Vle)=eé=-ayBiel, 1 {Z ] =41, +4,)

2

Vie)=eé=e (11)

(12)
A7V, @, <0, B <0, and 4, >0 ot} wakA

S e et Zol fEHEH, YN g,
7, % o Eolnt,

G =re, 6,=7,e (13)
(13)e] 23t Lyapunov 89 mlEghe 284
o] dul Byl ZrE&EE 99 FEH (Y, =
e—>0 as t—>wo] RAHATH

Vle)=-rnT, +7,)e* =-* <0 (14)

Turbine Torque
Estimation

Shifting Controf

Observer
a, Calculation

Update duty

Next Shifting

Fig. 6 Block diagram of the proposed control algorithm

58 FEUR (199 A grE B
Be, $4 o)<z, 3 HY SR} UE B
obd #AAAD A FHAZlo] UE 7)1 AL = ©)
A sJstel e=lal-z, g, 2™ 4 <0,

<07}t
6, <07} B3, g #AGY AHor9 FEHE
2L (13) 45}0% £ WEgo g 2AANE,
Zrot AL}, Fig. 4 o] ©.Ql vhe} Zo] mpg o A of 2
|3 ¥ FE£Y ynFIER, Aed &
FaAg] ot oS WL BAHGFAA
He & Y U4 EE 48 5 Ut udE,
HiYl 77457 U8 AN f499 A&A700)
HE £ A% 10 93 e= [0/,| >0
°]3L, 4, >0 and 6,>00122 TS #AHFIY A
°1"]-4 TEHE 48 (13)ol o3t ke whgko
ZAHN(E, AAH), A b HELA 9
ﬂ&"é‘c’é"—“’vﬂ"i g2 zZe g€yl SR E

Atk & BE Feel Hul ArEest @) A
B WA AIHEF Ao FdEHEY e
o] Ay},

Aty dngEL Yol BAFE ¥ ofyzt
st a‘%@ﬂu% ?%01 folstte ZHE
Zt=th Fig. 6 o AGE sEAo daEy £
EARE EAETS

Aokel zrig Aol gy e AEH]
A} HILS & 39 AFHAT (13)AM 235
AE7) 3% By ZEEE Aol stER
FZV25YH HEYE BAHIY Hyl 7SR
AP adg Aol gmeFel o] &3¢

51 A23ojd Azt

AR Aol dxmdFe] HEEFA A @d
setdy g4 Y& ety fsted AlEdel
< FHFF. AEHeld #BEL SIMULINK
1313 STATEFLOW [12]E o] &3t F¥stgion,
PFHFEQ AT /o dFodolE e
A& %% v A REo e Heketd
2E ARSI (8]

ta °¢4N"“r1i#_~

- heration 0
-- - Haration 1
—— Heration 2

True Relationship

130 140 150 160 170 160 190

Duty Ratio[%]

8 o
- lteration0 | 1
-~ heration 1 §-4--
- _Reration 2

o
—

Pressure[bar|
a~

~

T e
. ' /1 Inertid Phase! '
0 02 04 06 08 1 12 14 16 18 2
Time[sec]

- leration 0

-~ heration 1

Reration 2
,

Time[sec]

Fig. 7 Simulation result: too slow turbine acceleration

Fig. 7 3 Fig. 8 o] Alg@o|d AFAE Bt ANE
goldAael (13)9 ol5EL A FE FAFA
E°17l st} 2 oz MAIYoH, JE
Hul 27k es #4499 ASATL] 03~04 &

-727 -



[=)

£ 5L Agst A8 & HolA Qgted, ok #3 AdclolHe 2
1 dxe o] mRe] ALY WMEOE gANoR Q'Y (N EHMEASY FEE Ao
AT AcdFel A HAS) wAH 2 F 81 o P BAS ¢ F QW) WEOITh Fig. 109
= A¢ BMAET} Fig. 79 Fig. 814 8 Hea Fig. 11 9 ZHEE Fdto ALY A&A ¢x
T 1SEE ZYREIN AT TE2 5o Hu wisEe 2FelRE Ao 21
Z3% § Y. 2EF oz AgE SFHA 9 ENHOT YAT 4 du= AL & £ 9y
2ol dstel A&HFY A=Y e 49 o o s
A7t FHsE e AT + Ak

o

Apols] gl st
85
A

80 — H T T T T
SRS S 7 P
= [ N I, r...he:uaPhasa.--L- —neranani
EY T T -7 : £ ® : R f
! - = Reration 0 £ O : ; ; ' . e
= -~ Reration 1 % 4 T 1 J 1 v
= — Heration 2 z H : . : A
'crg.é True Relationship x a:ammg- MR ". ' 1
z ; 0 R S S R
3 0 02 04 06 08 1 12 14 16 18 2
CT e H ' Tt Time[sec]
15 H :- : HEAT IO g . ; i .
130 140 . H '
=5 b v aa it apegan
8 Y Y 3 i H
- lteration 0 B3 U E......
% B --- lteration 1 § 4 1; H
% -Iltsra|mln 2 £ 2 -- - lteration 0 4
AR R R e LI Jth £ Srainiels St st Reeieiele'seleleds (S I SR A J R SN SN S oo fteration 1
& . fon
a2 17 A At 16 18 2
o 1 :’[ Inertia Pbase | ) | ;
[+] 02 04 08 08 1 12 14 18 18 2
Time[sec]

[ tteration & {1
~— Hteration 1 J
T T

- Reration 0 []
- - heration 1 ||
-—_Reration 2

Time(sec}]

Time[sec)

Fig. 10 HILS result: too slow turbine acceleration
Fig. 8 Simulation result: too steep turbine acceleration

5 8 8

52 HILS Z3}

2 =FoA ol 48 HILS #73& Fig. 9 o
ukel ol 714 FEAGA AlEHA
F AA Fd AFoolHE FAH ok
dojelel ¢YL mpEg s Rde] Lo
HHE of7lele, SEHAS WEARE HA
o Ao FegdegEE (13)o] g3 sFAzch

Duty Ratio[%]

<]

=]

% 12 o h
o g PoaZ 2

Pressue([bar}
-

~N

ﬂ
;
i
i
it
E

12 14
Time{sec]

Fig. 11 HILS result: too steep turbine acceleration

Fig. 9 Scheme of HILS

HILS Z7E Fig. 10 &} Fig. 11 o Bt AlE#
old FAss 2 Ao TEuESe &R 2 =RdMdEe %498 ARy FELE W&

o

- 728 -



T e AU E FHAGAY A2 AV
gg Aol dndEs AYsU. dndE5L
dated A E¥HF 2a9 g #SAE o
3 4A o) 7hEd HY S5 E U E
Ao N2 NEZ AL

Lyapunov 3} BRIl Z7t& s @ 2o 2 2} B3
e A3 B ANEEE 24T F 9=
A718kE Ao dugES Agsdow, A
ol dst HILS A#AE Tt HAE Aojr|e A
%4 484 E Byt

€ s E e AgHLnge o s
Ao dasg nesdPod, ot A9
A&7 e bR 4t Zh4e) §¢F AF ol E

o v 1

o g8tel YRR A9Hne, At duz
£e A Wswor o) Asan.

AgE LuelFEe Aol BAHE B 3
deln el TANY A AWL F7 3
of A4 FHALAY Aol de) S48 &
g Aoz sgdr

(1) Brejcha, M.F. Automatic transmissions and transaxl-
es. Prentice-Hall, 1993.

(2) Chen, C.T. Linear system theory and design, Saund-
ers College Publishing, 1984.

(3) Cho, BH,, Lee, HW., Oh, J.S., Jung, G.H. and Lee,
K.I A study on full electronic control of automatic
transmission: direct active shift control. In ‘2000
FISITA World Automotive Congress, Seoul, 12-15
June 2000, paper F2000 A101.

(4) Hahn, 1.0., Shin, BK,, Jo, H.S. and Lee, K.I. Fuzzy
logic slip control of torque converter clutch system for
passenger car considering road grade resistance. Trans-
actions of KSME (A), 2000, 24(3), 718~727.

(5) Hur, JW. Development and analysis of automatic
transmission hydraulic system using a directly driven
clutch circuit. Master’s Dissertation, 1999, Department
of Mechanical Design and Production Engineering,
Seoul National University.

(6) Jauch, F. Model-based application of a slip-controll-
ed converter lock-up clutch in automatic car transmiss-
ions. In SAE In SAE Transmission and Driveline Syst-
em Symposium, Detroit, 3-7 March 1999, paper SAE
1999-01-1057, pp. 287-293.

(7) Jung, G.H., Cho, B.H. and Lee, K.I. Dynamic analy-
sis and closed-loop shifting control of EF-automatic
transmission with proportional control solenoid valves.
In ‘2000 FISITA World Automotive Congress, Seoul,
12-15 June 2000, paper F2000 A104.

(8) Park, J.Y., Hur, JW,, Jung, G.H., Lee, K.I. and Kim,
K.S. The modeling and analysis of the powertrain in an
automatic transmission for the construction vehicle. In
Proc. ‘1999 KSAE Fall Annual Meeting, Daegu, 26-27

November 1999, pp. 748-754.

(9) Shin, BX., Hahn, J.O. and Lee, K.I. Development of
shift control algorithm using estimated turbine torque.
In ‘2000 SAE Transmission and Driveline System Sy-
mposium, Detroit, 3-7 March 2000, paper SAE 2000-
01-1150, pp. 183-189.

(10)Shin, BK., Hahn, J.O,, Yi, K. and Lee, K.I. A
supervisor-based neural-adaptive shift controller for
automatic transmissions considering throttle opening
and driving load. KSME Int’] Journal, 2000, 14(4),
418-425.

(11)Shin, B.K. Analysis of shifting characteristics and
design of an intelligent controller for automatic trans-
missions. Ph.D. Dissertation, 2000, Department of Me-
chanical Design and Production Engineering, Seoul
National University.

(12) STATEFLOW User’s guide, Math Works, 1997.

(13) Using SIMULINK, Math Works, 1996.

(14) Yamaguchi, H., Narita, Y., Takahashi, H. and Katou,
Y. Automatic transmission shift schedule control using
fuzzy logic. In SAE Transmission and Driveline Syst-
em Symposium, Detroit, 3-7 March 1993, paper SAE
930674, pp. 617-627.

(15) Zheng, Q., Srinivasan, K. and Rizzoni, G. Transmis-
sion shift controller design based on a dynamic model
of transmission response. Control Engineering Practice,
1999, 7(8), 1007-1014.

-729 -



