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Fig. 2.1 A View of the tractor used in this study.
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Table 2.1 Specification of target tractor

Items Units Specification
Manufacturer - LSMtron
Model - XP7102
Power kW 75
Rated engine speed rpm 2,200
Transmission type - Power-shift(16x16)
Weight kN 40.40
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Fig. 2.2 Configuration of target power-shift transmission.
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Table 2.2 Actuator operating of power-shift transmission
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Fig. 2.4 Power-flow of power-shift transmission.
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’J A Z1}o] # (double cone synchronizer)E
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Fig 2.5 Synchronizer gear-shifting system using DC motor.
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(inner ring, inner cone), 73 A Z O] A ¥ (synchronizer ring, synchronizer cone), = =F7]
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Fig 2.6 Configuration of the double cone synchronizer.
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where, £}, : Spring force, N
F), : Reaction force acting on the key, N
F : Friction force acting on the key, N
F,, : Normal force to the slope ot the key against the shifting force, N
. - Friction coefficient between sleeve and key

0, : Inclination angle of key’s protrusion, deg

4 226 4 235 tigske] AAbEe] £AQ Yo Felshd 4 247 ek

F £ 2.4)
" (cost, — . sinb,) '

=elHe] gk P WP A 259 A 26208 AT 4 QU A 259 vhE
ol 4 235 tislsto] = W goll @kl Felshd 4 272 yeERd 5 gl

Y F, =0, F,~ Fycost,— Fsinf), =0 (2.5)
ZFy =0, = F. — Fysinb; + F,cost, =0 (2.6)
F, = F, (wcosb,, +sinb,) (2.7)

where, £, : Axial force(shifting force) acting on the sleeve, N

2 245 A 270 didste] Felehd 4 283 ol F W d& 72 Ak

F,, (i cos), + sinby,)

F =
(cosf, — . sinb, )

S

(2.8)
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F,=Ke +F (2.9)

o (K.e,+ Fy) (0080, +sind, ) (2.10)
s (cosb), — py,sinb,) |

where, £, : Initial force on install of C-spring, N
&. : Radial displacement of C-spring, mm

K. : Spring constant of C-Spring, N/mm

Sleeve Gthe ] —4th

Sl | -
¥ .sp.

(a) Sleeve & Key of synchronizer (b) Free body diagram of sleeve and key

Fig. 2.7 Detent system of synchronizer.

- 20 - ® 2 ﬂ "‘?, : ]__.”

'@} T



Table 2.3 Design parameters of sleeve and keys

Items Units Symbol Value
C-Spring constant N/mm K, 18
Inclination angle of key’s salient deg 0, 35
C-Spring’s radial displacement mm & 0.8
Frictional coefficient - j 0.08

223 AaAEUo|A HE BA

T ATelMs AaRvol A7 TRl WEe] erd w7bx] W& dAlE 8
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Fig. 2.10 Neutral position.
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Fig. 2.13 Index position of sleeve and blockier ring.
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where, £, : Pitch radius of chamfer of blocker ring, mm

F, : Tangential force at pitch diameter, /NV.mm
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MF,=0,F = F( (7)+ub51 (7)) (2.13)

where, F,, : Normal force at chamfer, /V

6

. . Index angle of chamfer, degree

Ly, Friction coefficient between blocker ring and sleeve
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Fig 2.15 Free body diagram of blocker ring’s chamfer at sleeve pitch radius.
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Transmission Case
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Steel Ball
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(b) Shift-rail

(a) Steel ball
Fig. 2.19 Free body diagram of steel ball and shift rail.

F (2.17)

C

b — Faniner + Ffrcoser

Fck = Fnrcoser o Feriner - ch (218)
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where, £, : Reaction force of the steel ball acting on the slope of rail groove, N
F, : Reaction force of the Case against the steel ball, N

. Friction force between steel ball and shift-rail, N

: Friction force between steel ball and Case, N

F,. : Spring force acting on steel ball, N

Mg g F9 Aol 48t 29 B3 499 wBHF,)S 4 2198 £d

@ 5 vk

Ffr = :uanr (219)

where, p; : Friction coefficient between steel ball and shift-rail

W4 A A" 23} Ao Al mpRY (R, e 2ol RET 4 Y

ch = MQFcb (220)

where, 11, : Friction coefficient between steel ball and Case

22195 A 2179 digdatel FEetd A" 2o W (£ )S e 2ol xdE
- Stk
F, = Fo (2.21)
" (sinf, + pycosb, ) '
A 2199 A 2208 A 2.8 wilsel Aestd A" Eo WEH(F S vhet 2

o] EHL 4 9lvk
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M?Fcb—i—Fck

= - 222
" (cos, — pysind, ) (2.22)
29 mol Agshs Axy o] W 7oA 2219 4 2225 A = diE A
oj2~o WhH o wHshd 4 223°0% FETh
F,.(sin6, + p,cos, )
Fy= AR (2.23)
(cost, — pysinf, — posind, — pypscosh, )
21 2235 4 2219 thdsh A" =9 w2 e Zo] Rl d 5 Utk
Fo F, (sinf, + pycosh, ) (2.24)
" (sind, — pycosh, )(cosh, — pysind, — pysind, — pyppcosh, ) '
M Lol Z}%’S}% o By #AAE I 2190)2 AFEAEE ol &ste] X%
Alatith R A e P FFWAAQ =0, Y Fy=0)
Fpsin, + Fpcosb, + Fp . — F, =0 (2.25)
— Fco80, + F, .+ Fpsinf, =0 (2.26)
where, £}, : Reaction force of the shift-rail against the steel ball, N
Fy,. @ Friction force between shift-rail and TM Case, N
Fp, @ Friction force between steel ball and shift-rail, N
F),. . Vertical reaction force of Case against shift-rail, N
W P W] Aol Afolel Aghs nhRE(F,) 4 2272 EdRh
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Ffrc = /’L3Fnc = ,UJ?,EleOSGT

(2.27)

where, p; : Friction coefficient between shift-rail and CASE

W& A 2" B3 W% Y Aole] nhEY(F,)e A71E 2 Pl wje #A
= 7

Fp, Fyo = Fy, (2.28)

22273 2285 4 22590 it AEshd S W I 4 2292 2FE 5 9
=2
Es = Faningr + :uanbCOSOT + MSFanOSGT (2 29)

= F,,(sinf, + p,cosb, + pzcosb, ) '

ol W& Hdy Ad B Zbzy Z85h= WS A7)+ 23 Wgko] vl #A|
2 7 Rtk wEba A 2218 A 2299 thelste] He k4
— F,(sinf, + pycosb, — pscosh, )
F = b . H1 Hs3 (2.30)
(sinf, + p,cos0,)

2 2235 2 2309 di]lste] e, LejHe] #§3)

1=y =

S
= O~
Ely T 9}\‘4‘

P — F,.(sin®, + pycosd, )(sinf, + p cosf, — pscosh,) (231)
* (sinf, + pycosh, )(cosh, — pysinb, — pssind, — puypscosb,.) '
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P = B A" B A= 29 2207 Zo] dYde] Ak Pt o

Shift-rail

Fig 2.20 Shift-rail groove shape.

W& ddo] FHUFOE ol

ok
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v letaner (232)

where, 1, : Vertical displacement of steel ball , mm

0. : Angle of shift-rail groove, deg

olu] 2 2325 o] gale] Az g

-
oo
™
o
)
dlo
1>
lo
i
=5}
[-4 |
i
¥
30
ui

F,=kx,+F,, =kx,tan(0,)+ F,., (2.33)

C

where, & : Spring constant of coil spring, N/mm

Fi., : Initial coil spring force, N

4 233% 4 2319 dgetel FYs sevd] A8 F YT DS O+

o Awg F 9k
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P (kz,tand, + Fy., )(sind, + picosb, )(sinb, + p,cosf, — uscosh, ) (234
s (sind, + pycosb, )(cosh, — pysinb, — pssind, — piypiecosh,. ) '

Rohit Kunal(2010) 52 W&3 43 W&
A 7 AR e Askes WME o
AgxHoz »€ By WM& Aol X(u,), WE ALy W& Aol x(uy) Aol vt
A

=
A7} Aoka e, A 2318 g o] wase F 9k

— F,.(sin®, + pycosb, ) (tan®, + ;)
F = oS T T T (2.35)
(cosf, — pysind,) % (1— pytand, )

tanf, +tand
s 71 —tandtand,

— F,tan (0, +6) (2.36)

Shift-rail

Fig. 2.21 Force synthesis between steel ball and shift-rail.
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(a) Free body diagram (b) Equivalent free body diagram
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Fig 2.23 Free body diagram of forklink.

Y Fr=0, E,,—F,+F},, =mpa,sind, —mpascosf, (2.37)

EFy = 0, - E)ZU - I/V;cl = mﬂaﬁsined - mﬂafncosl9d (238)

where, £, : Horizontal reaction force at forklink’s rotating shaft, N
F, . Vertical reaction force of forklink’s rotating shaft, N

: Reaction force acting on motorlink, N

Wy, forklink’s weight(=m g), N

ay : Acceleration in the tangential direction of the forklink, m/s>
0, : Angle between forklink’s rotating shaft and link, deg
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where, [y : forklink’s length, mm
L
I,; : Mass moment of inertia of forklink, kgm®
ay @ forklink’s angular acceleration, rad/s®

as, : forkfink’s normal acceleration, m/ s

g9 A 230014 AR (s T A 2402 EH
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2l 240E 2] 2.39¢)] tig)sto] mdHH v 2k
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» - Center of Forklink‘s rotation and length of pin of forklink, mm
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wheba] RER 0] vk (F, ) A 2437 Zo] fEEh
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F. =
fm lﬂ—lpp(l—cosaa)

a) Free body diagram

Fig 2.24 Free body diagram of Motorlink.
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b) Equivalent free body diagram

(2.44)
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where, F,,, : Horizontal reaction force of the motorlink’s rotating axis, N
F,,, : Vertical reaction force of motorlink’s rotating axis, N

F,,; @ Axial reaction force acting on the motorlink, N

W, : motorlink’s weight(=m,,;g9), N
a,,; : Acceleration in the tangential direction of the motorlink, m/s”

a,,, : Acceleration in the radial direction of the motorlink , m/ s

0, : Angle between motorlink’s rotating shaft and link, deg

FER A A5 B oY Fel o

<
b
=,
(m
lo
dt
o
-
ol
iy

1 1
EMm =4, T;n - 5 WmllmlSinea - Enflmlcosea = [mlaml + 5lmlmmlamt (246)

where, 7,, : Motor torque acting on the motorlink for shifting, Nm
l,,; : motorlink’s length, mm
I,, : motorlink’s momnet of inertia, kgm’

a,,; : motorlink’s angular acceleration, rad/ s
219 2 246014 REIRA HALEFTF THE (e, )E Ty AoE 3dT F

%m:%%ﬂm (2.47)
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5 1 (2.48)
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(b) Forklink
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Table 2.4 Design parameters of the self-lock system

Items Symbol | Units Value
Coil spring constant k kgf/mm 2.9
Free length of spring X mm 22
Detent preload spring length X; mm 2
Angle of shift-rail groove 0, ’ 45
Friction coefficient(ball & rail) oy - 0.1
Diameter of steel ball D, mm 8.73

27, (Ly = 1,,, (1= cosb,))
) i /l | (2.52)
lﬂcosedlmlcosga

S

where, 0, : Angle between fotorlink’s rotating fixed pin and link(20, =140,), deg,
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o,

=19 A Aol ek,

Table 2.5 Design parameters of the linkage system

Items Symbol Value
Length of motorlink Lo 40 mm
Length of forklink Ly 80 mm
Rotating angle of forklink 0, max. +13°
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Fig. 2.26 Free body diagram of link system
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Fig 3.1 Simulation process for inverse dynamic method.
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(AT-1E)2] A& YAl 73S 7Faste] AzA7E s CYC062E5 A 2Hsh A|Fo
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Sleeve Spline Chamfer

External Teeth Charnfer

Fig. 3.2 Specification of target synchronizer.
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3.1% 7°] Gruebler-Kutzbach ©] A<t

3k

A 2Eo AHfEE T4
3 Al4bslSith(Rahnejat, 1998). 4A1S] 749t 2+ Q4o FodH F5
3.1 ik A HEA AR AFEE

A % it

D.O.F=6N—Y,M (3.1)
where, NV : Number of components
M : Number of constraints
Table 3.1 Design parameters of synchronizer
Items Units Symbol Value
Friction coefficient of cone - Ky 0.09
Friction coefficient of spline chamfer - U 0.1
Angle of spline chamfer deg 0, 110
Cone angle deg 0., 7.5
Mean radius of outer ring mm R 42.6
Mean radius of inner ring mm R, 39.0
3.12 57F 3 B4 A4l
dAazuelA s713 AZHt)= Arter] gl s A4 sl S7F A dde
Sfolof gtk FA o M&7] U 7]e]5L 27] B& 37t AW T WdhE A4y
of 715 9 g e Adsta 3lom, 7olE & ded Y S 5d F 9l
WA g e Vol Eake wA Qd) B dg ARE WAT F At T2E A
Atk wekd B 7ol A s A9, AAE Jlel U HEo] Az Beiglel A 3
A Aol dazuelA WM& A (shift impulse, 713 AZF 9 EEH| FEes S
WEE e ) Alatel] REEojok gt
ANAo B3 WS NEY A% PP olgtel ANets PHn wHe ol g
shel abi Wle] ol Wk B w=RolAE wwe ol gdkel Tahe Ml d%o
% 48 CADOIA AlFste e ol&etth. b A B A A okt
RFES FHEE RE REOR U, F 9 Zex fra o] xgd
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J =Ji 3.2)

where, 1 ¢ Gear ratio(=number of teeth of drive-gear/number of tecth of driven-gear)

Gear B

Gear A

]D

¥, Output shaft

Swynchronizer

Gear C

Fig 3.3 Calculation method of rotating inertia

2z, gazuvel Ao 449 7@l IR F A BHS A 332 o g3l A
A 5 9le

Zo\?
J0+ = (‘]D+‘]A)

7, (3.3)

Zy\?
Jop=Jp+ Z—D

where, ] , : Inertia reflected in gear B connected to the synchronizer, kgm?

Ja> Iz Jon Jp i Rotational inertia of each rotating parts, kgm?

Zy, Ly Zeow Zp - Number of teeth in each gear
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(drag), M%7 @Y A4 (oil churning), g &
o] A= st FAHLARY oyA EAE

Sus
At F A2 E2(T,)S e ol xdE 5 gtk

Tig= Tyt ch+ sz (3.4)

where, 7., : Multi clutch drag, Nmm
Ty, : Fluid(Oil) chruning losses, Nmm

Ty, : Frictional losses of bearings, oil seals, gear mesh, etc, Nmm

Kel
=2 B0 nvlste] wl¢- 27| wjiEo] AiHow = o

S R Areld 2o A & W ekt Ede JHd A
3 44 29
Fe VA w4 ow FeA9 Sea mae] A Lo,

Clutch Housing

[ [ ] i

Separate Plate

Disk

L

7z L
- i |

Hub Hole for Lubricant

Fig. 3.5 Schematic diagram of wet multi-plate clutch.

4712 F24 v YA E Qs T Eds YAl U ds 18 g
AT Iqubal, et(2013)] 84 EHlg o]&slo] AALE AT Iqubale] EHolA 24 o
# FYAY =Y B A% -2 (continuous lubricant film), #5719 & (rivulet
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section of the lubricant film in the ruptured section) i l?—o I (mist film in the ruptured
section) ©. % Q1% =¥l EAE BT Fatetd mEHTh 4 ot FeA e S84
g FEeE f9 el g9 FYA A% e Hiﬂﬂ grow g AP
o3& HFAE = 7v]H o] H(cavitation)®] “d A1 U A WEX]E(critical Radius, 7”*)% A A
FES e A 350 dolEs AARAL A4 4 362 ol §atel TaA

mhidp  prr*h®, 3
_ 2 A 35
61 + 61 (wy + wy Aw~+ T 7)) = Q,+ Q. (3.5)

where, 7 : Radial coordinate of disk, mm
h : Gap height, mm
i ¢ Dynamic viscosity, mm
P : Pressure, FPa
p : Density, kg/ mm’
Aw=w, —w,, rad/s
wy, wsy : Angular velocity of separate plate and frictional disk, rad/s
@), : The actual flow rate for clutch’s lubrication, L/min
@), : The flow rate contribution due to the pressure, L/min

). : The flow rate contribution due to the centrifugal force, L/min

,07'('7“*2}13 (

Q= 61

w5+ wy Aw + 13—0Aw ) (3.6)

* .. .
where, ¢ : Critical radius, mm

9§49 3] A (ruptured section)ol Al AEfrEto] X}A|Sk=
o

o
A% FFoR o] Fozn 4 373 o] 7
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Qa 6/,L 1
@ (r)= = 2.3 3.7
Qe prrh w§+w2Aw+%Aw2 (3.7)

where, @ (r) : Ratio of continuous oil film section to ruptured section

7y Joo e “e1 EAs 4 3.8~2 3113 o] FA At (viscous shearing) I} E
= (torque arm)= #F3 At ghel H

where, 7}, : Total drag torque of clutch, Nmm

. . Drag torque due to continuous lubricant film, Nmm

'y

7., : Drag torque due to rivulet section of lubricant in the ruptured section, Nmm

7,.,, : Drag torque due to mist film in the ruptured section, Nmm
2 AwN
/ / Nrr,grdrdf = 7T,U2hw (r+ ) (3.9

where, /N : Number of disks interface
i : Dynamic viscosity, Fa.s
h : Height of gap, mm
7 : Critical radius, mm

r; : Inner radius, mm

Sob 4 0 olFe Eol7 waE 4 27) deln B

gl JAo R ol wHl
o A WAl o ATt fA 7] I E A 310, FF FAAE 4
3110 o8 =1 EarF AArEY, AA =1 Eds 2] 3.8 o] MAE BT
gate] AakEth
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27 r, YaN "o
1, = / / N& (r)rrgrdrdd = M/ @ (r)r’dr (3.10)
0 r r

where, r, : Outer Radius, mm

o

. 2
7., : Viscous shear stress of z-plane, N/mm

27 2 ANwN
7., / / N1 — @ (r)rr grdrdd = W/ (1— @ (r)rdr (3.11)

T

where,  f4,;s¢ :© Mist dynamic viscosity, Pa.s

= : . : ‘ Mist Film Zone
ZE Low-speed zone | Mid-speed zone i High-speed zone
- I I
“":“ ., : Rivulet Zone
# | I
-l o | I
g’ i 1 1 Continuous
g I I Fluid Film Zone
7] n 1 ., 1
£ S ! ™ !
=} 3 I o I
i 1 1
7 I w, |
i | iy [ e
’f’ I 1
Relative speed [rpm]
(a) Typlcal drag torque curve (b) Film Shape of mld—speed zone

Fig. 3.6 Drag torque of wet multi-plate clutch.
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© AAERYolA e &718F Az A 54E 3dAe T4 3 (dynamic balance)oll A
EotAIRE, stue] s AAC] 3d 25 dAH 7ty AsAk e WS
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1l h A - = T
ks AUSEE e F A B4 § o A2 I 39 A S5 HIks
wefshed 548 fEsHr

Engine Dry Clutch Tire

Differential Gear
(Spiral) Bevel Gear \

oA AUEER AT u vpEYol
WA 2 B 3 A2E Adsty] fste] @ FeAE o] &skith vhEve] 1)
o &t S Al EAse BA(N A71E A 3128 ARS8l

T'= pl, Ry, (3.12)

where, 7" : Torque generated by single-plate clutch, Nmm
u : Friction coefficient

F, : Axial force acting on the single-plate clutch, N
R

cm

. Effective radius of single-plate clutch, mm
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AF 2 AazeldE 19 399 go] A 7hd 2 Zeixolne MW
d2 F/sind,, o, & Aol #Agshs & EA(T)E 4 3132 %¥{T 5 St

&
e.S'C
RTJ‘E
Sln(esc)
Fig 3.9 Cone torque of the single-cone synchronizer.
F
T.=p—7R, (3.13)
sinf,,

where, 7. : Cone torque, Nmm

. : Friction coefficient between blocker-ring and cone clutch
F, : Axial force acting on sleeve(shifting-effort), N

R, : Effective radius of synchro-ring, mm

m

21 3139 2 EdE 5731 A AarvolAet AdAdd J|ojEY QY st &
S F&of o WAslER, F EdE A 31408 AT Z EdE T 3 AA-)
A7|7F 2o ko] g2 ZE-517] Wil ZF 3 HAY 54 A4¥AS oS3 2
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dw, dw,y

c

where, J,,.J, : Equivalent rotational inertia of synchronizing parts, kgm’

w,,w, : Relative angular velocity of Synchronizing parts, rad/s

AL &g ST W Aot Foaor st pld AL Asn
z = 2

MR 5 R 571 3ld #Adol 2 FES F7|3s=d Hesk &
B39 3d £59 shgolth F713F 3 wok AE 2 AR o] A A dAsHE=
He A0 &% W3lel & EFE A 3139 A 3148 ydste] ooy e B s
S e

- J, 3.15
T t T t ( )
where, J. : Equivalent rotational inertia of synchronized parts, kgm’

w;, wy : Initial/Final angular velocity of Synchronized parts, rad/ s

t, : Synchronization time, sec

; (3.16)
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Fig. 3.10 Estimation of synchronization time of automotive.
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Fig. 3.11 Diagram of double cone synchronizer.

e 2 AAEZYolA9 w73 AIZEE YER A 3172 A5 Fantd(Rr,)W

J.Awsind,

b= /’LCFS(RO+Ri)

(3.18)
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Powershift

Transmission

Wet Clutch

Synchronizer

Fig. 3.12 Power-shift transmission of tractor.
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Fig. 3.13 Modified estimation of synchronization time of powershift.
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Fig. 3.14 Ramp Load acting on the sleeve.
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dejdn 7N 5 W FS AL UHA WaesS daRuelA ] Ao Bz,
2 Eas AEY(F)Y 4 wom 28T 5 vk uebd AAHESke] g 2 &
e 2 3197 Qo & vt

T (3.19)
>

where, 7},,. : Maximum cone torque, Nm

7}, : Initial cone torque, Nm

T : Duration of ramp load, sec

t, : Synchronization time, sec
o~ L
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o
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i
1
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Time(s)

Fig. 3.15 Variation of cone torque with respect to time.

2 3190014 F EA8 Hulghe WE dFoolE e &l e 7 ® AFHAECh
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dw, dw,y
Tc = JlW: JQ? (320)
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3|4 £55 A 3213 3233 o] ARt
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olf
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3]

w, = a;t> +bit+e

Wy
7 2a,t+ b,

Wy = ant” + byt + ¢,

dw
dt

2 — 2a2t+ b2

2 E=9 3

1 ge) AFS 35 E

: Initial angular velocity of hub, rad/s

where, W

w, : Initial angular velocity of gear, rad/ s

_6"_

B3 A7be] uler 13 340 73/\}1%*3}& 7}@8}9&23&,
2%

o] 7 3|HA L 3 Hxolrt 9 HelA T A

(3.21)

(3.22)

(3.23)

(3.24)

S tidste] 2 3223} 3240 %

(3.25)
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2]
Ty
w, = at?— —t+w
1 1 Jl 1
dw, 75
a,lt——
dt J;

MW gt 20
a2

(3.30)

(3.31)

(3.32)

(3.33)

3] AM F718 Aol ¢, < T Q1 AS, BAREEE A
]_

_ (Tmax_ TO)
n 25, T

= (Tmax TO)
2 204, T

TR Al drds sk deshd,
= s

2d2 7 vk

A4 B
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£+ —t+w, (3.38)

. A} Rekamp load)
S W&o Wl wet 2 37t Sk wRe(1,, = T, ) 23

ma

L\.a]}ioﬂ %_ 1:]01-6]:0 xhg_g].l: ﬂﬂﬁ_{:gﬂdo] 01;66]— 37]7]- o]-
%

2]
A kol 2 3379} 2] 3382 2xF4)o] HU} o] AHg, AR A
Aol = A 3393 A o)

o) A57} 27
%7187} 9w

i

2 1
N
N

tohy

2

w, (t,) = w,(t,) (3.39)

21 3373 2 3389 24 339 =AES AEste] Agstd 2 3423 o] MRS T
st AZF A S54S FoE 4

(Tmax_ TO) ) TO (Tmax_ TO) ) TO
- 2J1T ts Jl t +/LU1 2(]2T ts + TQtS +w20 (340)
(Tax — T+ J)E+ 2T, Ty + St — 2 Jolw, —w, | =0 (3.41)

_ 2
Lt VK2 2K, (3.42)

ST 7))+ Jy)

max

where, Ky = 1,T(J, + J,)
Ky = 1 T(T, _To)(J1_<]2)|w1o_w2

max

0

U

NN PR POz AW 2H T2 A% AFololE YL A
wohszi AYE 2719 Aol AshAE A%, Mol

EESRE S
T T T

load), ©]% 3% ¥/d(dual rotating inertia)= 1123t A|Z - A A ZrL}o] A
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=
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b, = 3.43
LT, = Tty (343)

(3.44)

& dFoolg o §FFo] HFato]l BAHREEE Ay ARG FaRuolA F7]3)
o] AojA A, > T Ql A%), FAZYoIA F7138F A7k HAM-SHramp load)
9} At F-3(constant load)”} # &%= A9 A3 Fo= 74]"““ T Stk AARsE
7F ek5 ¥ A, A A7 A Fetr s oz
3389 ¢, =7 & thdsto] dazvolA 5713 o529

3k

371 Aeow widdn. =
Nz2AL A 3373 3382 o] g5k 4 345% 3462 T8 = 9t
wily — 7= > = —T+w, = e T+w (3.45)
1, =T 2JlT Jl 1, 2(]1 1y
(Tmax_ T) T (Tmax+T)
thS:T_TQTT +72T+’w2 —QJQ T—i—w% (346)

dazvol A F E7|3F AlZbE Fek7] f1eke] A 3430 F WEoew dA Fo)
Ae 2R 27 F EA Ty =T1,,=5 488k, 7 s34 2712(w, = w,
wy, =w,) O F 2 3459 3465 vidste], At Havb sbEiAE AK(DE vl
t,>T 4 e 2 JazvolA F7)st Az d52s 78 F Ut

ok
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(3.47)

( maX+T TmaX+T
Sy |wy —wy 2, o) - ( o)
t, =T+ T )
T[4+
‘]1’]2 wlo_w%_?( J1J2 (TmaX+T)
=T+

= 5 W A9 FHel w2749
ojty. W&7|9t Aol A2 A
b2 =

718 Alzkel W o

Table 3.3 Synchronization time considering applied load & dual rotating inertia

Load Type Angular Velocity Synchronization Time
_ T
wy = —It + Wln
Jilalwyy —wa,l
Constant =0 0
y To(1+)2)
Wy = E t+ qu
Tax — T, /g - f 2
wl=_{m;}—T“)tz__0t+wla ;e K1+ Kl +2K2
1 1 =
Ramp * (Tnax = To)U1 +J2)
Toae=To) ;. To i
Wy = 2T t "‘EH'WZn Ky =ToT(Uy +J2)
Ky = J1UoT (Tiax — To) U1 + J2) lwig — wagl
T, =T iy
— Fmaz —To) O)IZ——DI+W1U t<T
Wy = 25T 1
T, + T, T,
Ramp -%T—j—nt-%w]n £ T
g . T2 W1g=Wag—clmt ) Tonax+To)|
& (Tax —To) , Ty k= il [ O P
~max D e24 Uy t<T Timax(U1+]2)
Constant ” 2J,T ; +J’2 il (65
5=
(Tmax + Tﬂ) Tl)
2}2 T+2t+W20 t>T
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Fig 3.16 Interaction diagram of gear shifting system using synchronizer.

- 66 - "':r*. | ]_-li e



33.1 9EA F99 Y4 mdy

1) q] AF Et’l%

_l

() FHEFA-FsE v=A 98 a4 2l - A3 Alg Ao, J
A FHE F AR 4doA sdor W& wrh g 4EdE 2710]9)
éiﬂrﬁr Al E9s Y duE vasr] fskel 1™ 3179k 2ol A 4nke] A

4 W] g tEA A 4 2 ke

_—Erﬁ

(2) A/FHAREHN-FE) ThaA| 59 A 2dl . Axp A8 A3, Az Ho &
oM HW/FR WM& T FH sdkelA dxl gwow W& wrt sbg hEE 279
ok webA A AR g=A w98 A AdE vlwstr] fletel 19 3.17(b)<}

4 A%g
o] ¥ swrelA] A7l 8% we] thek CHEA AT 4 2@ AUt

My ¥ ki

(a) Speed(F4—F5) shift model (b) F/R(R8—F8) shift model

Fig. 3.17 Synchronizer shifting MBD model.
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Fig 3.18 Rigid bodies of MBD model of gear-shift System.

Table 3.4 Inertia Properties of Components

Bodics Mass Inertia(kgmm?)
(kg) Irx Iyy Izz

Motor Link 0.1441 87.0810 37.1410 62.2178

Fork Link 0.2622 267.8098 33.8911 276.1215

Linkage Fixed Shaft 0.1040 31.9924 31.9925 3.9464
Shift Fork 1.0800 2472.0330 4565.1503 4104.6272

Detent Ball 0.0027 0.0208 0.0208 0.0208

Bub 0.7565 - 545.8264 546.9163

Sleeve 0.4895 1562.5663 815.2880 815.2880

Key(x3) 0.0040 0.0189 0.1305 0.1293

Synchronizer Blocker Ring 0.3855 474.7166 239.3458 239.8139
Clutch Ring 0.5590 524.0012 263.9839 263.9839

Inner Ring 0.3142 280.4497 141.7695 141.7698

Gear 1.2847 - 979.5294 979.5293

Dummy 0.0010 0.0100 0.0100 0.0100
) ZRJAE T - A Y] ddiess sk FERUS E 359 2 2
B AR ZAE TEEAN L2 GE AFEE 48] EAG 7]
AE P 189 2. o} Farol A qk, A R dlof A

=
=



Table 3.5 Applied Constraints of MBD Model

Joint Base Body Action Body " Coo;dlnate . Constraints
Fixed Ground Fixed shaft -18.00 | 47.00 -163.50 6
Shift Fork Sleeve 0.00 0.00 0.00

Inplane Fork Link Motor Link -18.00 | 127.00 | -137.00 1
Shift Fork Fork Link -18.00 87.00 -123.80
Ground Gear 33.37 0.00 0.00
Ground Hub 0.00 0.00 0.00
Revolute Ground Inner Ring 11.03 0.00 0.00 5
Fixed Shaft Fork Link -18.00 | 47.00 -142.50
Ground Motor Link -18.00 87.00 -183.00
Dummy Key 1 0.00 48.94 0.00
Dummy Key 2 0.00 -24.47 -42.38
Dummy Key 3 0.00 -24.47 42.38
Dummy Sleeve 0.00 0.00 0.00
Translate Gear Clutch Ring 13.18 0.00 0.00 5
Hub Sleeve 0.00 0.00 0.00
Inner Ring Blocker Ring 9.53 0.00 0.00
Ground Detent Ball -71.50 87.01 -113.50
Ground Shift Fork 2.13 70.52 -81.00
(@) MEAZY ARE ;AR AEA2YY AFEE A 312 o] §3tol
ARre AT, AAl < 7HT9]’ 7z} Qvof Fojd 52 5 A 300 disiste] ALt
= RS

otel 117 AR AR 1R YEbdh T8 EE geA 9 & Bdd

Y} (redundant constraint) A7} HAEA] GEE RS AZERIoE A

H sHs S e 22 Id S8 M F st

1 E(translate joint)® AAW AT H7] Fol oJs] 758 E5A FH oy
=

W2z
T 22 o] fE W ZJAER A4 YA AHA oy B2 7o) mA
oaf F Wk WS A A A FEE7] Wi e IS AE UA A

(3) A= (Contact) =71 : AR Yo|A wpE oAl b7 o, JAZ oA 9, oY
Py wWEPFas #Hd 9 Y 2o = | 3
method)S R @ o AE3F3 k. RecurDynoll A= HAFHEH(F)S Xdst7] Yt 2] 3.48%%
2ol AA HFEHE o] g3ste] AArstt) olul, A AlS(stiffness coefficient), ®3 Al
(damping coefficient):= Aol ol A5 ojok stm, 74 A (stiffness exponent)i= 3l
2 >t A= (Herzian contact)el] thdte] ARbA o7 AMLE = F1Ql 125 AFE-3H3ith

W (boundary  pentration

1o

i)

o

lo

1E o
g
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F.= K"+ C6§ (3.48)

where, £ : Contact force, N

K : Stiffness coefficient
C' : Damping coefficient

n : Stiffness exponent(Herzian contact T=1.2)

UEA solsh RdoA dazuolAe] 7 "3 AR ol A 4 Aa=zu
oA w3 oy H HFZ AAAZ dokx flste] gATRlelA Alwets EEH
2291 & Q4 (cone element)E ©]&sIUTH &EElH e} 7], Ey]Be} EA o, &EH
o} 71019 AH = AR AN A Fots X QA (facesurface element)E T o] W
of Agatqick. =o, 79k EFA F vnd 5S¢ T F UAEF ZW 2A4E 4
2do W] AAgett. FAaA AR WE Pd S A" 52 A4 AFo] He
HE gde Foll 2 845 A&ste] A £3 HFS =S st Ad 52 ALt
A7 AekS Qa gAY A A FdE B 2 A (ellipsoid element)E ©]g-3fo] mddl
etk 7+ W= 94 = 19 3199 F 3.600 EAIEIU

FaceSurface

—————
——— . . .

Ellipsoid
(Spherical)
FaceSurface
(Chamfer)
FaceSurface (o ..2" -
(Face) - FaceSurface
(Chamfer)

Fig 3.19 Contact condition of MBD model.
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Table 3.6 Contacts conditions of Simulation of Synchronizer

Items Q’ty | Components Contact
Chamfer : Sleeve - Gear
Key, Gear, )
Sleeve 1 Chamfer : Sleeve - Blocker Ring

Blocker Ring
Face : Sleeve - Key

Sleeve, Face : Key - Sleeve
Key 3 . .
Blocker Ring | Face : Key - Blocker Ring
Synchro Chamfer : Blocker Ring - Sleeve
. ] Sleeve, Key, . )
nmzer | Blocker Rin 1 Face : Blocker Ring - Clutch Rin
g g g

Clutch Ring ,
Face : Blocker Ring - Key

Blocker Ring, | Face : Clutch Ring - Blocker Ring,

Clutch Ring 1 ) . )
Inner Ring Face : Clutch Ring - Inner Ring

Inner Ring 1 Clutch Ring Face : Inner Ring - Clutch Ring
Gear 1 Sleeve Chamfer : Gear - Sleeve
Linkage | Rail 1 Steel Ball Face : Rail — Steel Ball
AEPas BF ZR1IEoin) = Adste] 77A ot g8ty Fdsgith 53]
WM& 3 A7 MAHE AW B ug A9 F9 P4 B WY F YRS
g =23 A1E #de AAKmesh)] 715 835 A AT & 3.7 dfA el ARE
¥ OWHSo] gro® A”ad HF Ankdo® yEH= glolth 7)e A ¥ AH
of thd 4 (damping) AT WHE A TEE st AV= A wol=E AT
7] Askel 44 A% g AEs zaskd
Table 3.7 Contact parameters of MBD
Items Simulation Parameters Units Value
. Stiffness coefficient N/mm 100,000
Steel Ball-Rail Contact
Damping coefficient Ns/mm 10
) Stiffness coefficient N/mm 100,000
Key-Blocker Ring Contact - -
Damping coefficient Ns/mm 3,000~4,000
Static friction coefficient - 0.10
Steel-Steel Contact e :
Dynamic friction coefficient - 0.08
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Angular displacement of 4/5 actuator(®)

Angular Displacement of F/R actuator(®)

0.0

Timelsec)

Fig. 3.20 Input data for F4-F5 shift for MBD Simulation.
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Fig. 3.21 Input data for R8-F8 shift for MBD Simulation.
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= 2eA fxaasg SdelEy dusnd met AdEch GEAl Fs )4 mald
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Table 3.9 Specification of wet multi-plate clutches
Components Items Units C1/C2 C3/C4
GAP Height mm 0.2 0.2
Clutch Outer Radius mm 55 63.5
Inner Radius mm 38 41.5
Number of disk - 6 8
Actual flow rate m3/s 335.16 599.94
Pump
Density kg/m 833.28
oil Dynamic viscosity Pa.s 1.0133e-02
Mist dynamic viscosity Fa.s 0.001
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C1/C2 Drag torque(Nm)
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Fig. 3.22 C1/C2 drag torque map for MBD simulation.
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Fig. 3.23 C3/C4 drag torque map for MBD simulation.
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Table 4.1 Specification of synchronizer

shifting system

Items Units Specification
Gear Shift Main gears - 4 < 5 gear
F/R gears - F < R gear
Travel of Main gears mm #9) 18
Gear-shift F/R gears mm (#9) 18
Operating Angle Rotating angle of shifting deg -26 ~ +26
Input-shaft Diameter of input shaft mm 12

]i

of) 2=
180°

dAel#e z+ E AET

%% *](data aquisition system, DAS)
GANTNERjit ©] Q-Brixx A1072 AF&-
9l 5}od

dolg 3 TR
ol e E¥F EAE FA3
Ao E wjREe] E HEA

Q1A o] R 7+
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Table 4.2 Specification of strain-gauge

Items Units Specification
Manufacturer - Micro-Measurements
Model - EA-06-062TV-350
Type - Shear/Torque Pattern
Resistance Q+% 350+0.2
Gauge factor % 2.040+0.5
Transverse sensitivity % +1.6+0.2
Gage length mm 6.9
Grid width mm 5.3
Strain range % 3
Temperature range °C -75 ~ -175

W& AFooly 2959 B 54 FAE 24 (calibration)d}”] 9]8te] ®& o5

oolg] Alojxol Ade WMEHAE EHEOA skl 17 433 Zo] A (ig)el

=
=
Dk 3o FAE Hlwsith Ed, wA

Table 4.3 Weight—torque conversion for calibration

No. Weight(g) Accumulated Weight(g) Torque(Nm)
1 996.58 996.58 4.88
2 996.27 1992.85 9.77
3 995.61 2958.46 14.51
4 996.88 3925.34 19.25
5 956.88 4891.22 23.99
6 964.82 5856.04 28.71
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Calibration for Main Shift[14/58] Calibration for F/R Shift
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e e
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(a) Main shaft(4/5) torque calibration (b) F/R shaft(F/R) torque calibration

Fig 4.4 Torque calibration result of shift actuator shafts.
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(A) Test in removing coil spring (B) Test method of spring constant

Fig 4.5 Test method of spring constant for synchronizer.
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C-Spring Torque Test of F/R Synchronizer C-Spring Torque Test of 4/5 Synchronizer
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z E1s
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g g N C-Spring End Stop % 05 C-Spring End Stop
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= ! = C-Spring End Stop !
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: i
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a 35 - ey
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(a) Test result of F/R synchronizer (b) Test result of 4/5 synchronizer

Fig 4.6 Test result of C-spring torque of synchronizer.

(a) C-spring of synchronizer (b) Coil spring for simulation

Fig 4.7 Spring of MBDS modeling for synchronizer.
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(b) Validation of 4/5 C-spring

(a) Validation of F/R C-spring

Fig 4.8 MBD simulation result of C-spring of synchronizer.
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(a) Springs torque test of F/R synchronizer

Fig 4.9 Test result of spring/C-spring
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Fig 4.19 Test result of R8-N-F8 shift at 2,350 rpm.
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Table 4.7 Input shaft torque of gear shift

Gears F4—F5(Nm) F5—F4(Nm) R8—N—F8(Nm) A F8—->N—R8(Nm)
EG Speed| 850rpm | 2,350rpm | 850rpm | 2,350rpm | 850rpm |2,350rpm| 850rpm | 2,350rpm

1 21.07 29.60 14.84 25.40 23.20 32.61 21.02 28.37

2 21.89 29.36 15.51 24.80 23.14 32.91 19.23 29.29

3 21.48 28.37 15.04 25.01 24.80 32.61 20.43 28.14

4 20.91 29.66 16.49 26.27 22.92 32.61 19.59 29.24

5 21.47 29.68 15.90 27.44 23.75 33.21 20.12 28.43
Variance 0.15 0.31 0.45 1.17 0.58 0.07 0.49 0.29
STD 0.38 0.55 0.67 1.08 0.76 0.27 0.70 0.54
Average 21.37 29.33 15.55 25.78 23.56 32.79 20.08 28.69
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Fig. 4.21 Angular displacement for Output shaft of shift actuator(F4—FS5).
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Fig. 4.22 Test result for sleeve travel(F4—F5).
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Fig. 4.23 Position of steel ball w.r.t shift stage(F4—F5 & R8—FS).
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Fig. 4.24 Simulation results for actuator torque(single rotation, F4—F5, 2,350 rpm).
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Fig. 4.26 Angular displacement for output-shaft of shift-actuator(R8—Fg).
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Fig. 4.27 Test result for sleeve travel(R8—FR).
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Fig. 4.28 Simulation results for actuator torque at 2,350 rpm(single rotation, R8§—F8).
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Fig. 4.29 Simulation results for actuator torque at 2,350 rpm(double rotation, R8—FS).
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Fig. 4.30 Simulation results for angular velocity(dual rotation, F4—F5, 2,350 rpm).
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Table 4.8 Maximum torque of actuator and applied cone torque

Items Units F4->N—-FS
Maximum torque of shift actuator Nm 32.31
Torque of shift actuator for 7j Nm 9.02
Tinax Nm 91.99
75 Nm 25.47

Table 4.9 Comparison of synchronization time between MBD & analytical formulation

Items Units F4—F5
Analytical formula(dual rotational inertia) sec 0.0496
MBD simulation(including drag torque) sec 0.0518

Error % 4.32

Maximum torque of shift actuator

10 Torque of shi ctuator for Ty,

Shift actuator torque (N*m)

I
W

0] 5 10 LS 20
DC motor angle (degree)

Fig 4.31 Test result for shift actuator torque according to angle
of output shaft for shift actuator from F4 to FS5.
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Fig 4.32 Simulation results for applied drag torque(F4—F5)
at 2,350 rpm.
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Table 4.10 Maximum torque of actuator and applied cone torque

Items Units R8—->N—-F8
Maximum Torque of shift actuator N.m 35.42
Torque of shift actuator for 7 N.m 7.27
T, .« N.m 100.79
1y N.m 20.53

Table 4.11 Comparison of synchronization time between MBD and analytical formulation

Items Units R8—>N—-F8
Analytical formula(dual rotational inertia) sec 0.1162
MBD simulation(including drag torque) sec 0.1132

Error % 2.7

Maximum torque of shift actuator

Shift actuator torque (N-m)
1)
o

Torque of shi

actuator for Tj

th

| —

o
Lh

10 15 20 2
DC motor angle (degree)

Lh

Fig 4.34 Test result for shift actuator torque according to angle of output
shaft for shift actuator from R8 to FS8.
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Fig 4.35 Simulation results for applied drag torque(R8-N-F8)
at 2,350 rpm.
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Sveed(rpm), Efficiencv(%)

Table 4.12 Specification of target DC motor

Items DC Motor
Using Voltage 12V
Data Point Type Value Unit
No load Current 1.029 A
o foa Speed 42.1 rpm
Current 1491 A
Max. power Speed 21.8 rpm
Torque 28.172 Nm
Speed 0 rpm
Max. torque Torque 58.373 Nm
Power 35.01 W
Nominal Speed 35.5 pm
(Peak efficiency) Current 5.703 A
Torque 9.483 Nm
50 . . 30
! -~
i B 25
40 “"jr»-.. " :
‘-\,‘ = Speed 20
. o Current
30 ~ — - — Efficient
™~ 15
20 l - .\'\
h s 10
I N
10 l = \-\ 5
! -~ . '\_
o 0
0 10 20 30 40 50 60
Torque(Nm)

Fig. 4.36 Characteristic curve of DC Motor.
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Fig. 4.37 Parameter study using synchronization time.
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Fig. 4.38 Simulation results for various synchronization times.
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Al 5 F DCEE A JA|AHE

5.1 DCEH 9 7

DCEH A F A7) F= A7k g1, = Ao ®jlL7E Hel 7 £ 5
(adjustable speed drive) H+= 7}H E A A|o](variable torque control)®ll 7} Zo] Al x|
T Ads7lolth 7 =FoAs FAZE |E7]9 AdarEvo]x W&o DCEHE A
s

5.1.1 DCEH9 F+*

Alolg DCEHE AH(flux)= BAste g2k 724 (permanent magnet) X 3
A A71AF A (armature winding) .= T H T o] Qo] FF HdYo R HE 3|d5}
= A7A A nF AFE A7) $1% B2 Al(brush) @t Y F AH(commutator) = ©]
Foizl 7AAR A7 AAE 7HT O9 512 7 =l AFES DCREHO FAE

Jebd Aol

Permanent Magnet
(Stator Magnets)

Brushes

Fig. 5.1 Configuration of DC motor.
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7124 Al AF Ago] AAE o] AFI =W AR} A% BEol TA o
=W (Fleming)9] €= WA we} Fo] T3] A= A
I, AFAket BAE ARGt Ao fAlel weh Ao WEE v

lo

X
ok
o%
o
FU ol

IO ()
ok
kv
E

TAoe= dAE dlo] WAslo] & wpeko

Fig. 5.2 Function of the brush and commutator.

5.1.2 DCEH Y 24

JTAN DCRE TEALDS A7|4 A=, FE /14, 948 2L AN GE
Gehgs 47l Jow mAT & ok

(1) A7) A (armature) 32 : 7712 @A) A7lEE= Ah(v)S A Ay A"

o) At e A 9 F% 71A8e] Fow 4 513 o] xAWT

>

di
= R,i — 5.1
v, = Ri,+ L, 7 +e, (5.1)

- 118 - : -'}‘ﬂ ‘E ]-H &



where, v, : Voltage of armature winding, 1/

: Current of armature winding, A

R, : Resistance of the armature winding, {2
L, : Inductance of the armature winding, H
e, : Back electro-motive force(EMF), V'

At WAAE s.pels A71AF A HejAe] v A 8l SRS w1
2717 HAR A 54E 7ML Bejale] % A9k Aeirh ZghEojof shuf, dnbA
o7 A=kt 2 5125E d7A4 DCREQ A7]A $ fEE O% 530%

21 5104 DCRE] A712 Ad(v)E A7FeFAS v A7 A

52 AF()E Tl AdAdE R V1A (e,)= Lotek

Rﬂ, L{l
.‘—
la
br
e, v,
DC
motor

LL.

Fig. 5.3 Equivalent circuit of DC motor.

o

(2) % 717 ¥ (electro-motive force, EMF) : 1% 5.4(a)¢} o] A7|7%o] Jd€ ¥3F
A A7 FA gger golm e Al fFEHE 7AgE 4 527 %d

o,

i, 2

e=B,lv (5.2)
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where, e : Electro-motive force in conductor, V'
B, : Magnetic flux density, 7" (or Wb/ m?)
[ : Length of rod, m
v : Moving speed, m/s

o

|ZHE A Bes AR A4 ¢)7h B3+ o

Ast P& A7IA =AYl 715+ DC RE O % 71dEH(e,)S the A3 o] %
3k = St
ea_k‘e(bfwm

(5.3)

where, e, : Induced electro-motive force, V'

k, : Back EMF constant, Vs [rad/ Wb
¢; : Field flux, Wb/ m?>

w,, : Angular velocity, rad/s

(a) Electro-motive force in the conductor (b) Force in the conductor

Fig. 5.4 Principle of EMF and force generated in a conductor.

(3) 3 A H(Torque) : 138 5.4(b)2 #o] 7o) FAE FZkolA =713
AR AF(i)y7 B2 EAC TAEE F(HS A 54

F=1B,li

m

(5.4)
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O|ZNE AA(B, iz AR AL g7k FAEEE 3 el A

A wAel wAEE 98 et DeREY EA(T)E e A3 2ol
At
T, = k19, (5.5)
where, 7, : Torque of DC motor, Nm

ky : Torque constant, Nm/ Wb/ A

o]&l 7l DCE e =
5] 2@ 2 o= ARl AATE B4 90°S Tr?ﬂo} = Holdls EHO 5
3 o).

o] &35S DCEE EA(T)d @3
o

] 563 2k webd Fow AdE VAF FerAHE

mEggor FAE, 2
T3 9l DCRE Y A& E(w, )= the Ao =rE A48 5 gk
wm
TF - JT_‘_ me + TL (56)

where, w,, : Rotation angular speed of rotor, rad/s

B : Friction coefficient of motor, Nm/ (rad/s)

J : Rotational inertia, kgm?
7, : Load torque, Nm

5.1.3. DCEHY $%

DCEE|] TEAA~8S T3s= 2 5.1, 5.3, 5.5, 5.69 4702 02 HEl DCREIS FA

FEll(steady state) W ¥} %= A El(transient state) S-S It 4 itk
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% S, s 1 ) E

A 59 =9 2ol ¥ ol WEskA & %_‘%‘6}74] % A 7§TE ojm| ghet. whet

Mg dEel = A7 ARTE A, /dt=0)skaL, £ EAx (T, = Tp)st
(e}

Wi = g o) T, (5.7)

o] Ao gR¥ 17 559 T2 HI BEA(T) T A7IA AFHG) HE 5 5
e dg & A Bk BACEE A4 AR)7E Sl weh wEe e e
b= S A S Ak 9714 BREHEE(N)E rads ©9E pmlE FH 3 o)t}
o] BYFAS Tl B Pz wHe £ud AFF & 5 Uk FAAY
= Q7tste] AR 525 A4 AAEAE Fst EA)y7F @Sk ojw e &
£ A% %) B,

= . .
g_ ™. — - — --Torque—-Speed Curve =
fé‘ \~\ Torque—Current Curve E‘S‘
i : =
™ =
75 ™, | ©
\1
\.
~
el

Rated

Currernt

FRated Speed

Rated Torgue '\_

T, Torgue (NmJ

Fig. 5.5 Steady-state characteristic curve of DC motor.
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= A7 A8 AR AH(ppE Al

2l 578 S8 A AElelA DCEH %
oI7F 7he e & F Ak AR AH(gp= LA FAFE AdEelA A7 A(v,)
o] MEo ot & 579 £n.E3 EAS they o] R P

w,, = K, — KT} (5.8)
hore, Ky = ——
where, 1 K¢f
K, = A,
L (Ko,
2l 58ZHEH DCEHE £X(w,)v A71A (vl wet vlg4d oz wWEdoh
weba e EFste] disll 11 s.eclM e Zol AR A(v,)o R SEE A
Aoz Aok & oy, wdst AR HshE Avtetd et §-8t EA(T)7F EetbA

o,

W SEsh sl Ak ook & AleE A AR A N S gl A
A (power supply)7t H23v] 9
(chopper)9} 2 A W3k x| 7}

A Al 57 7](phase controlled rectifier)t}  F 3
w2 g,

o
E 'y i
£ |
= % Torgue Limitat
g |\ rated g urrent
Rated i
Speeaed

i l ‘*\\\ LI-:.'I i = |
xfdg?naima RS ] . |
Operating contraol : i

- - _ Vb]&g%?dé{yEﬂse:
' !
1 —
Tmax Torgque(Nm)

] - -

Iy

Fig. 5.6 Voltage control of DC motor.
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DCEE Y 31 W&o WAsty] X+ B W& vl =AY, A7A A7
ol =4+ vt F ok k. ARAE A7t Thed A, AAAS S W Ee vbe] B
9] WEFS A3 Fx glon) AuE AV Z AR 32 F A (time constant)
2 QIS A5 Wsl] FHS5Ado] =g, AAEe] P A 2 = Qi

574 0 A% AEeA AVA g dsAA AL OE DCRE £
EE AAE 5 ok 2y AAl BHE Alofsks A, B GH SR ofyet
FHO £t ojuet AAS wet 1 HAFghel EEsk=rtE YEde AR 89 5
A Tostt AdE o7 5S4 HAFHoR AT A Fhreference)ol] =2 5 9l
ARk e A A4S gE 5l REVE deke A- kel HAFAoR 55

_ir
ol Agol AstAd =g A& or Alojo] Agst7] o3t DC
o %*é%*—‘.Sl 5.3, 559 5.6° ﬂwa} E} ks
_]

V, (s)= (Ra + sLa)[a(s) + ea(s) = (Ra + sLa)]('l (s)+ k:e(bfwm (s) (5.9)
Te(s)Z(Js—I—B)wm(s)—i— TLZkTqﬁf]a(s) (5.10)
Xl

5000208 AHE A7AF A, FHE SR s JTAA DCRE T
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Fig. 5.7 Block diagram of the permanent magnet DC motor.
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ilf

(closed loop)

= 31
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DCEE A A~ES H
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=Howg
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olglow Bl &

(5.11)
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il
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ol
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o] AlxEe i
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&3} gol
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where, 7, =JR,/K 2 (electro-mechanical time constant)

m

T,= L,/ R,, (armature circuit time constant)

HE O SAWAACERYH o5 o] 2718 FHE 7 & Ak A 5133 o
T 27 FHE] Hag #HaE X wep AlAE ' SAo] A En. WA AlA
glo] HAbEtA] ok s SHE HAHW A 5o #E JhAof st o] A
Aol AF EE FedA e wet BE S 540 dEpdn A4l Afde AE
st ¥ow 1 IVt So® FHE WE SH 5SS BAth whdel 3l A9
v AsdHe HolH sFgte] 273 MFdte Ta57F AAW, AFge] 245 A
5ol w=A 7hafstct

1 1 /1 T,
STTaort a7 613

5.2 DCEE X A|o}7]

DCEH | o3 B HE Ed+ T 583 o] FHo| A4 7 AR #AS Wb
Jate] Hi(w,)= HEEH I, (0= FHOoZ YEhd = AL AS
= A8 @golEr AAFE Aoty e AE71e H2E Aolsfof vk 1
2 T Fshel AAE Aoty flaiAE ¢4 DCEEIS £5E Alofdlof
s, 25 Aostr] 8l DCRES EAE Aodor st} wetA DCEE &
g EdE A7 Aok Zlo] 7P adpAolx|nt o] A9 DCEE &% EA9 A=
S Sdl 37re BEa AA7E ostER AgAolR] gt Hidel| AR} zpLo] dAg st
7 =

w)
@
b
4

S DCRE BAE A sselAel gol AR Aol MedsEe 474 AnE
Aojste] DCRE £EE Aojati Wilo] AwkAow AR of A AR AE
23 9ah= B2 wAY]7] S8IAE DCRE Y 97t Agkw,)S SEel ukeh W
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TeszﬁfEa Z22h
“Load -
‘ To=UutJ)m 1
| e=UntJ)—r L:

DC Motor
Fig. 5.8 DC motor control concept.

N

2.1. EE 2 AoAIAH
_]E

AHAQl 4§ DCRE 97 AAAWE 1 soelM s} o] 94X, £, AF

s 27He =d#E Ao AF oY AlolV]Eo] A H(cascade)® AEE TEHE %
=t
Power
UL
Position Speed Current Foltage —

Current
Sensor

Speed

Position !]5{’ 'JJB }3:)] ‘m\n
Speed & _ A

Position Motor Load
Sensor

Fig. 5.9 Position control system for industrial application.
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Position Voltage
Comrriand Comriarid

Position
Sensor

1
G = Ls+ R,
Gpy = k9
1
= 5.14
Crs Js+ B ( )
1
Gpy = s
Gps = ke¢f

kol 7 T A A7) AdsrE skl oA AP @t
(B0l e ALSES 1o 7p7hE gro g GWFuA FAlo B3t (7))ol i
AA(OHES] ALerE ool 7MEA 24T = vk Folth webx] I9 51139 512
ol 23 4 A= AN Gy, Gy G Bl 3HH 17 5.12(b)7F Z1H 5.12(b)oll
vl st EA(Ty)el gk AEsrrt oo MRS AAT & e et ° =
ormz gk tisl o AAE Aol 5
A3l 1% 5.108] 1A AAA AR E] FEE o] &5}
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n |

Ois +: T Yy T Wm

TO_' Gy 0 G G T’ Gpy 1' * Gpy Gp3 " lipy
22 = el i

Gps [*

(a) Original diagram of position control system

9&’95 B nﬂ GC4GCE GCIGPIGPZGP3GP4 +

1+ Gpy GpalpsGps + Gy Gpy + Gealipy Gpy GpyGpg + Gy Gea Gy Gpy GpaGpapg

T; Gp3lpy

14 Gpy Gpylipalps + Gy Gpy + Galipy Gpy Gpylipg + Gpalip Gy Gpy Gpplipglipy

5] (¢1Gp1Gpolpslipy

14 Gpy Gpylp3lps + Gy Gpy + Galipy Gpy Gpypg + Gealia Gy Gpy Gpplipalipy

1 Geali1Gp1GpoGpa Gy

1+ GpyGpyGp3Gps + Gy Gpy + Gealoy Gpy GpyGpg + Goalics Gy Gpy GpaGpslpy

(b) Equivalent diagram of position control system

Fig. 5.11 Block diagram of DC motor position control system.

- 129 -



+
I + Wi d
> Gp, © Gp3 =’E‘ >
Go- [*
— + ¢ 73

(a) Original diagram of position control system

Hrfes =Ny G{:4(;p]ﬁp2f;p3f;p4
1+ GpyGpaGp3lips + GoaGpyGpaGpzGpy

Gp3Gpy
1+ GpyGp2Gp3Gps + GeaGprGpaGpsGpa

(b) Equivalent diagram of position control system

Fig. 5.12 Block diagram of target DC motor position control system.

A A A8 HRE7F FIhghel] wet Ad sl dish Bk Jdst iAo deAo] F
7hstar, dE HIFE 7ol &8 Aol 7l AIHA 1960t o] % AEfe] Aid =
Z|2E ot FAAIAYS AP sl o] AA7EA de] AFEEIL Q)
ok ARt o R o)y AlAEe] fiste] g]FoA A|AEIOES] AE EE AH AES
‘I (@inputy el gt st YdHo] A7tE AEA A7l A|AHA RO AZolr}
FHE ‘Y (outputyoletal sty FAA|AH QlojA 54 A|ZkeA e ¥ 1
AlzEe A ] d el it A E = Aol ozt HAL dH=Ee YT A Hrh
ol FAA Aol T R AL g tist YIFES e QA4S 7 S
7] WZolth FAAIAEE] AH (state)T o] &} S 2AEEY] FH FolA I A AEH
st Ass ds] AdAst7] fste] "ask HA4 AsES dstvh AE] HH S (state
variable) = ©| ¢} &2 AHIE YERY] f3st HA NS WaES dety, sEdo =
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249 5 Qo 931 4 g Zolse Aeual @ & gl
A4 AIZF A3 A& (time-invariant) A AEC] Tiete] AWl ow dE yl(t)9} A
BT z2(t), 9 y@)© b &2 e W 2 (state equation) 0. E X HE = Qi

where, A4
B

C

D

2] 5159

j

SH BAAE ESAEE YEY 1

. State matrix
: Input matrix

: Output matrix

: Direct transmission matrix

o
(0]

5

o
Hl
=4
ol
i3
¥
30
)

D
+
i I x Jdr x . + ¥y
+
A

Fig. 5.13 Block diagram of linear time-invariant state equation.

o

A7 Aol digh AdH BAAAS 7o R AA H& SN HERE g Al
o 1=

Hlol DCE

B FEA2T e

do
B, (5.16)
-2 = 5.17
7 7 Wm + 7 JTL ( )
di, k¢ R, 1
dt - La m La 1, + L—ava (518)
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ol z=[0w,, i,]", y=0, u=v,°12F A 2 516 ~ 5.182 T} 7S Jyz 4
g % ek
l‘(t):Al‘(t)+Bu(t)+Ew(t) (5 19)
y(t)= Cz(t)+o(t) '
[0 1 0 |
o — L k% 0 "
where, A = J J |.B=|,{| E= lj
k6¢f Ra L
O - a 0
L, L, |

C

[100]
w(t) = T, (disturbance)

v(t) = Sensor Noise

5.2.3. DCEE Ao dug =

5.2.3.1 PID A|°}”7]

PID(Proportional-Integral-Derivative) Ao} 7]i= A& s+ ®WH o2 HHggk(r)d =4

712 @it PID A|o] 7] &) 7)E AL

RES B U

ges 2

ult)= Kpe () + K, [ Ote(T)dT+ Ky dett)

5.14%} 2t}

- 132 -

of thst @ xk(e)el Ml (proportional), & +-(integral), T]i-(derivative) #t= AFE3ki= Ao
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Fig. 5.14 Block diagram of PID controller.

PID #lo}7]e] Bl& AIRMNKp)> HANA AA7FA 2] 22k A gkl wish TRk,
7_] [e)

AR ARMK)S dA 2242 A7) g T %, vt ARN(Ky)> 24k vl A5
#el ToEE 747 yEhdt Ay o g wSd ¢ Qe ARE A7) & 7+ Al
72l 540 digsto] AAstA FdaliA AT it AlAEle] thske] PID Ao
12 e gkl st sty Gy =Kps+ Kp+ K,/s

lim GeyGp GpyGps Gy
5s—0 1+ GPI GPQ GPS GPE) + GC4 GPI GPQ GP?) GP4
: 1 5.21)
=lim =1 6
50 [(Las—i-Ra)(Js-i—B) g2 N Ke®f52 +1]
K@ ; Kps*+ Kps+ K, Kps®+Kps+ K,

B PHow el Ut Fegkel 9% FE o5 vkt go] T £ Utk

GPS GP4

lim
I G Gy Gy G + Gy Gy Gy G Gy
1 0 (5.22)

=]im =
50 K,K,;@% (Kps+Kp+ K,/s)K; o,

(Js+ B)s + LstR) Ls+R,

o
o
o\
ol
e
>
fo
st
o
2
Y

o
B
e
o
o

webA PID Alol7)= HAF Aol o Wk
shol319) o,
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5232 9 #Z71E 71X PID A7
2]k #+= 7] (disturbance observer, DOB)+= 2] gko| EA&h= Al AHIOA o]l & #=
ORE JYeA BASI] 53 28 Aes z2te® ats o)t 9 #=7]9

oAl Fel= 2% 515k ok olwl, B ¥ (w)E ke 2ol 7 S vk

.

o
2

L

Fig. 5.15 Block diagram of ideal disturbance observer.

u=u—(Gply—u)=u—(Gp ' Gpu+ Gp'Gpw—u)=u—w (5.23)
kA olgk ASVE e Alo)7]e ol o® vh(w)e] ¥ ddstA AAE
T Ak 28y 29 5158 22 FEHE AAR Fdste Afole Aol e 2l
& satqon g wda] ofdrh w Ywdow wdd fg gt
o] B7Fs3st FHiE vy, 54 FaEel g8 Alor1e Aeol s A Hrh
olgl Z& ol fE 8| AAS g BEHV= bt Lol aHF A AP
Ao el BB (low-pass filter, LPF)Q! Q-BE & o]&3to] et
w
T
u+ U ¥
>0 01 Gp O_" Gp
N X —
W Q F0QGy Q —1 v
Q
(a) Original diagram of DOB (b) Equivalent diagram of DOB

Fig. 5.16 Block diagram of implement disturbance observer.
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A= Q-EEE F7tste] AEgd+E 749 7les FHE wEo] o =A=Z 9%
2 24T O B gee AR 4T A ol g BEVY B Q-
e Aol wet HHEE Q-ZHO AA= o #57] AAldA v Fast
. i A" tiste] PID Alol71E ARESIlE A, At #5719 WE kel ol
o N N K, Q-+ Gpy . _
% 5129 FAE ol gstd v A
hm GC4 GPl GPQ GPS GP4
50 1+ GpGpyGp3Gps + Gy Gpy Gpy Gpy Gy
o (5.24)
— 1 oS 1Dy _1
S Lys T R) (s + B)s+ K18 K. B s+ Gy K12,

ojuf PID #loj7]¥k ARg-st ZA-g-¢f vlste] oj&t #5715 A AMEEAS Wl Gy
7F Y AAARE Gy 7F ZAReE £ Foll BF AFE JlorR Gyt AAE Aol
HEET YU AT 3T Sed A ITE A LE SAE WY on
olghol tist &gkl A AH o5 thadt ol 78+ Qv
lim Gp3 Gpy
50 1+ Gp1GpyGp3Gps + Gy Gpy Gpy Gpy Gy

: 1
—lim : _o (5.25)

0 (s Bt el | KBy G e B QCpx

SRS ST R, Lst+ R, \ TR TITQ)

olw] PID Alo]7]) %k AL&3st A

o

of ulsl g #F71E A AMESAE wel Gt
H AAIL Gyt FE Follnt EAEtERE ejdke] sk HEgHo] A om
T AE & 5 vk webA gle #5715 PID Alo)7] 9} @ ARESttd @S A

=
Asks S40] F4ES & % vk

o) FPN

- 135 - o L,



5233 A8 Az} FF A o7

A3 AxF 4 Ao} 7|(linear quadratic tracking, LQT)+=
feedback controller)E AAst7] fste] 71 ©@est FEE #S57
(Luenberger) #=7]5 %43 LQT(conventional LQT) &85+
Karimi-Ghartemani(2011)3} 7 2] $+2015)2 FAW 1 #F7)E o] &5t &2 HHA
& A8 LQT AloI71E 2oldtgion, of Alo] duFE g
FHaslelr] 9%k Alo] EA9 FaA HANE HAYE = vl v =, A 519
9} & DCHE :rLE/\V\‘%‘J SHl WA Aol oieko e(t)zr(t)—y( )&k & W), LQT
A7) st 2o v fes HAases
A1 €H2015) 9] %‘Lﬂ%% ZIHro 2 ety vt %Lﬁ‘r.

8F=(cost function)=

—thlIolo 5 f Qe—i—u TRu)dt (5.26)

where, (@ : Weight factor of the tracking error
R : Weight factor of the input

451908 AE Al B AZE TE dsel 4 s26e) dUEUe

g
(Hamiltonian)= 7"} b2} 2T,

H=x TQe+5uTRu+A (Az+ Bu+ Ew) (5.27)

where, A\ : Lagrange multiplier
2] 5.260] #HAigko] W] S Aoz v gk

d 8H1 T
— 1 — A 5.28
dt>\ e C Qe A ( )

0= _ TpiTp (5.29)
ou

21 5209 ofsf v} o] AlorIE AAE & Slth
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u=—R"'BT\ (>.30)
21 5302 2] 5.199] tidEtar 4 52837 AW thS3 go] A 4 Ut

0 F

%RH— (;;QC_B—R;;TBT} [§]+[OTQ0Hr;v (5.31)
e=1-c ol[5]+ 1z 01| "]

ol ol el E o 8ol thawt wol A4 AU WY eAT AwE & 9t
lime == O][C_TSC BZ;BT}l[CgQ EO Lol [T;U] (5.32)

Ar—dasBr ' BTAT Q) BRI BTAT CTONr—v) + A A+ BRI BTAT (O Bw
-1 —1 -1 -1
(7~ ca'BR'BT4" '07QC) (r—v)+ A4+ BRBTAT '¢TQC) Fw

web A4 E W ok Qoo W lime 09 & 5 Stk 21w

t— oo

Sk AEase] waRtn Aden Baga 4t ted ol e 4 ok

A=Pxr+g (5.33)
ojuff P} gv= A Holokd WgFEolth 4 5335 wEotd v Zrh

%Az Pr+Pr+g (5.34)

4 5283 2 5340l Sk Be @& AHIOR A 5359 SH0] 4@
Pr+PlAz— BR 'BY(Pr+g)+ Buwl+g— C Qe+ A (Pr+g)=0 (5.35)
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d ~
Em Az+ Bu+ L(y— )

y= Cr

(5.40)

where, L : Observer gain

wheba] A 53991 A 5400 o8] FEE HAA AAAHIL EE2HATE I8 517%
vebd 4= Qi)

| Actuator System(Plant)

r - — u
——-| [40s) |—-|(AT—PBR—13T)—1 I—»@

ool

|

=
LQT Controller 1 P |

Luenberger Observer

Fig. 5.17 Block diagram of LQT with Luenberger observer.

5.2.3.4 Pl &37]E 2t DeLQT A o7]
LQT A7+ *li 2I) ‘Qaiﬂr e 22} s ¥ &S g S E H 43S

. 5t
A5H91 7] w o] Aol 547} gkl o&] Qake WA fr) o9 e FAE §F

oy F9 suR ool dist FHXE Foto] glete] Wit ®AE
el sleh A #2015 253t FEAE71(AMT) ] 7101 9

4,
o] X AR FrFE(reference value)’} E Q32 Z PID =& LQR Xt} LQT A|o7|7} 4
galctar sk =3 7]E 9% LQT Ao/ & 11910}0% LI *l o}Xl 1 #S
715 &3t 43 HekEl MLQT(modified LQT controller)E A|QFsFS .0, Al &7 o] A
S F3to] PIDSF 9% LQT Xt} 9=+ 43 Ask A5 (disturbance rejection)©] 53+
< T 2 =welAe olst 2 S FA4S flste] FAW 2 w57 gl
Pl #571E AFEste W<l DeLQTE Altstsith
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(1) PI(Proportional-Integral) ¥+=7] : FQIH A #57|17F 4 2xte] disl] vz A
g H4she ol s} Pl BV AW RS Fohse] AAs FAe] W

of #4 45 A Zo] Sgolth p

=]
FLs
I
R

"
Iy
)
rr
0
oo M
5
.
S
i
i
s
4
30,
=

-%é:Aé+Bu+E@+L@—§)
d ~ -
=Ly (y—y)

y= Cr

(5.41)

ojwl Feiel FHLA ¢, =a—ash AT FHA ¢, =w-0d FEHS

w

%éw: .(Ce, +v)

d - . R (5.42)
e =Ae, +FEe,— L(Ce,+v)

limo= 02} 719 echa 2ot 94 Ad oxb= et gt

s—0

. [A+rLC E||e.|

hirol[ L,C 0} L;J—O (5.43)

BRI [A;écﬂ dgde e A8 L3 [, AUt 24029
A A oAE 00% 594
o 722 AR el g@ F
of Alzglel] Aol goldt o] gtk

rlr
Y
o

(o]

9,
4
0
-
o
-
o
=
rJ
||V
N

=

(2) PI #5715 423 DeLQT(disturbance elimination LQT) #|o17] : 2] 5.38% 4] Al

A ol =) Aeksta Yushd thad e Ao FEF vk
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uw=—R 'BTPz— R 'BN AT~ PBR 'BY)y" Y (CTQr— PEW) (5.44)

webA 2 5413 54490 & FEE AA] AAAA AR EEAdEE 19 5183
o] yeld 4 v} A|AHe] s AFE] WA (A 5.19)° 4 5445 st v
Fdg=

Actuator System(Plant)
v
b —+ — — x "l y
— CTQ (AT—PBR_j‘BT)_l __.(‘)__.R—lBT EI_
N
C Y
-+
I? I
LQT Controller | | PI Observer
Fig.5.18 Block diagram of DeLQT with proportional-integral observer.
d 1 1
—x=A4—-B B Pz + (B B'P + F
dtm ( R )x (BR™ )e w (5.45)

— BR 'BT(A T PBR 'BY) ' (CTQr— PEW)

N

ol lime, =0, lime, =09< BJorz F9 A4 e v Pk

s—0 s—0

limy=—C(4—BR 'BTP) 'Bw+ C(A— BR 'B"P) 'BR 'BT

50 B (5.46)
[(A—BR 'BTP) ' )(CTQr— PEwW)
olw] P LQTH FTA3 A 2] 5459 A AES AAFSEE AAHo] glomz A
stel W= %%—t— FEak(r) 3 dH(w)e] AFoll 2 5469 k> FHIL
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3 Aol daugls Ae Hlu
2 FollA= 2 Ao dagFe & AA des vlastr] fste] 47 AL arg
?l PID, DOBE #&-3 PID, LQTS} PIHS7IE A3t flgbs F4 38k DeLQTE
wakek olw BE Ao duelFel iskel Aol W gl Wld S S4S 4
A 2359k ol iskel & 519 2E T AHESH
Table 5.1 Parameters of target DC motor
Parameters Symbol Units Values
Inductance of amature winding L, H 0.0016
resistance of amature winding R, Q 4.8
Back EMF constant k., Vs/rad 0.0637
Torque constant ko Nm/A 0.0637
Friction coefficient B Nm.s 0.000058
Rotational inertia J Nm.rad 0.000025

F 52,53 3 54 = 2 =3l AREE AolY] s HE ST

Table 5.2 Parameters of the PI observer

Parameters Symbol Values
Observer gain L (8600 1.85x10° —1.17x 107 10°]"
Table 5.3 Parameters of the PID and LQT controller
Controller Parameters Symbol Values
Proportional gain Kp 95
PID Integral gain K; 1.25
Differential gain Ky 1.25
LOT Weight factor of the tracking error Q 100,000
Weight factor of the input R 10
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Table 5.4 Parameters of the DOB controller

Parameters Values
. 1
Q-Filter Gr1P

WS AT A8 A AT AR Hsle] T Qo) G AR S
G AE FAAAL. 7 ACNE ABF DA AFLe] W HE(Bode diagram)
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Fig. 5.19 Bode diagram of command responses.
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Fig. 5.20 Step responses for the reference.
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Fig. 5.21 Bode diagram of disturbance responses.
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Fig. 5.22 Step responses of the disturbance.
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Fig. 6.1 Comparison of time responses of control algorithms(E/G speed 850 rpm).
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Fig. 6.2 Repetition test result for time responses of DeLQT at 4/5 synchronizer.

o] £5X(1,400 rpm)E 3] Ask= FF ZF Alo] &
ZAlgE Zlojt, 3] HRoMsl o] PI #5VE

[

S o
(@)Y

(98]

flo

2

2

g

=

i Hrt
u

N
o

- 147 - 2 A&t



DeLQTE A 213t YA Al 7b4] Ao} &312]5(PID, PID-DOB, LQT)S A3 7%
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Fig. 6.3. Comparison of time responses of control algorithms(E/G speed 1,400 rpm).
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Fig. 6.4 Repetition test result for time responses of DeLQT at 4/5 synchronizer.
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Fig. 6.5. Comparison of time responses of control algorithms(E/G speed 2,350 rpm).
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Fig. 6.6 Repetition test result for time responses of DeLQT at 4/5 synchronizer.
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Fig. 6.9 Shifting time of 5-4" downshift when engine speed was 850 rpm.
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H = A. Hamiltonian Equation

+ Augmented cost function
S (x(z).ule).p(e)=J(x(r).ulz))+ LIPT(I)‘{A.\‘(I_)Jr B, u(r)—x(r)dr

:%XT(‘r_f_)}Ix(z_,_]Jrj(:f {:xT(_r)Qx(r)Jréur(r)Ru(r)erT(r)[Ax( t)+Bulr X(I]]}n’f

— p(?) is the family of Lagrange multipliers (or costate)

+ Increment of J,
AJ(x,u,p.dx, du, §p) J(x+dx,u+dup+dp)-J, (xup)

{x(r +oxlr ]TH )+ oxlr ] j (x+5x)IQ(x+5x)+%(u+6u)TR(u+c5u)]d.f
+I (p+dp) [A(x+0x)+B,(u+du)—(x+dx)|dr
_%xr(ff JE(7 ) jﬂ ! {% ' Qx+ %uTRu +p’[Ax +B,u —X]}dr

— If Ais symmetric, " Ay = (x"Ay) =37A”x=1"Ax because the transpose of a 1
x 1 matrix is itself

( )Hc?x +I [x"Qéx +u'Réu +dp” (Ax +Bu-— x)+p” {&01;+B du —ox )|dr

+ %de (rf )de{rf )+ _‘:’ {% 0x7Qbx + %5uTR§u + 51)T [Ac'ix +B,du— 51'&]}(#

* Increment of J,
— A necessary condition for minimum
V= XT(.ff }Hci'x(rf )+j;f[(xTQ+pTA}5x+(uTR+pTB" Jsu+ 5p” (Ax + B u—x)—p?dxldr =0

— Using integration by parts,
jo' " pTaxdt =p” (1, Joxlt ) pT (0)x(0) - jo *pToxd=p r, e, )- jo" pTaxdt (- 5x(0)=0)

— The necessary condition for optimality
=[x (r, JH-p” ¢, Jloxslr, )+ jo "[(x"Q+p" A+p” bx+(u’R+p’B, Ju+p” (Ax + B u—x)ldr =0

— The only way this expression can equal zero is if
xf(ff)prf(rf]zo
X (()Q+p (H)A+p (r)=0
u (fR+p’(+)B, =0
Ax(t)+B,ulr)-x()=0

— The optimal control input is
u(r)=—R™B,"p(r)
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* The homogeneous Hamiltonian system
— a set of necessary conditions for the control to minimize the cost function

F(r)} | { A B”R‘lB"T{x(rT B j{x(;)
p) - AT |p()] " p()]

..........................................................................

x(0)=x,.plt,)=Tx(r, )

‘i_x(to)
B + j x*(t)
+
A
) r i
HR® Q) | |
1.1 Mty |
v
B'(t) _‘l*(t) J +

Costate

* The general solution of the homogeneous Hamiltonian system
X('rf) H(rf—rl{x(f)} {(I)“(ff —f) (Dll(rf _TT{X({)}
rl_ | ; ] 4 — Hx
o) o=
— Eliminating x(7)),

H{(I)l l(f_f _r_)x(r)+®13(rf - f)p(f )}= q}zl(rf —I‘)X(f)+(l)l: (rf - T)f)(f)

— The costate can be found from the state

p(r)= {(Dﬂ(rf —r_)—H(I)u(rf —t? {H(I)“(rf —r)—(I)n(rf —1)x(r)
=P(r)x(r)
» P(7) is the matrix of proportionality between the costate and the state
— The optimal control is
u(r)=-R "B, P(t)x(r) = —K(r )x(z)

» K(7) is called the optimal feedback gain matrix
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Development of synchronizer control system of

automated transmissions for agricultural tractor

JungSu Han

Abstract

Recently, as driver demand for vehicle convenience increases, vehicles equipped with an
automatic transmission are increasing not only in the automobile industry but also in
industries such as agricultural machinery and heavy machinery. accordingly, interest in
power shift transmissions, such as automated manual transmissions and dual clutch
transmissions, which have been automated using a synchronizer, which is mainly used for
manual transmissions, continues to increase. In a manual transmission of a automotive, a
single inertia connected to the driving inertia of the vehicle is assumed to be infinite
inertia, and the synchronization time of the synchronizer is predicted as a small-inertia
rotating body being synchronized. On the other hand, the use environment of the
synchronizer of the tractor power shift transmission, which has a structure that cuts off the
power of the front and rear of the synchronizer when shifting, is significantly different from
the automobile transmission. Therefore, this study was conducted to develop a synchronizer
synchronization time prediction equation and predictive analysis model considering a dual
rotational inertia suitable for the use environment of a tractor power shift transmission and

a synchronizer control system of a power shift transmission using a DC motor.

The tractor power shift transmission has a relatively small difference in rotational inertia
due to the internal parts of the transmission because the engine's rotational inertia and the
vehicle's driving inertia are blocked by the wet clutch when the synchronizer is shifting.
Therefore, the rotational inertia of the two rotating bodies in the transmission affects the
synchronization time of the synchronizer, so that synchronization occurs at any rotational
speed between the two rotating bodies. At this time, a synchronizer synchronization time
prediction equation was proposed for the case where the axial load acting on the sleeve
acts as a 1* order function Ramp input or when a Step input and Ramp and Step input are
combined. However, the proposed synchronization time prediction equation does not consider
the drag torque of the wet clutch to ensure ease of use. This shows a big difference results

between the synchronization time prediction formula and the synchronization time calculation
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result that constantly assumes a single rotational speed that has been used in automobile

manual transmissions.

When performing multi-body dynamic analysis to understand the behavior of a
synchronizer, an inverse dynamic analysis is used, which uses test information as input for
an analysis model. The test results and analysis results were compared and analyzed for the
maximum torque of the output shaft of the shifting actuators for the most severe shifting
conditions, 4th— 5th shift and R8th—F&8th shift. At this time, the drag torque of the wet
clutch at both sides of the synchronizer was reflected in the analysis model. as a result of
the analysis and actual vehicle test, the output shaft torque of the shifting actuator for the
4th to 5th shift was 7.63%, and the RS8th to F8th shift was 6.34%. the torque curve
showed a similar tendency in both vehicle shift tests and analysis results. the analysis result
considering the drag torque of the wet multi-plate clutch and the synchronization time
calculated using the synchronization time prediction formula are 8.25%, 6.96% for the shifts
of the main speed(4th—5th) and F/R(R8th—F8th) respectively. Showed a difference. it was
shown that the synchronization time of the synchronizer was shorter as the engine speed
was lower during the Main and F/R shifts, and the greater the axial force acting on the

sleeve.

In order to verify the effectiveness of the synchronizer synchronization time prediction
formula and multibody dynamics analysis model, a strain gauge was attached to the output
shaft of the shift actuator to measure the torque generated during the shift process. Torque
was measured at the output shaft of the shift actuator for various engine speeds for the
up/down shift (4th < 5th speed) and the forward/reverse shift (R8th speed < F8th speed).
As a result of the test, the output shaft torque was largest at 29.68 Nm at the maximum
engine speed when upshifting, and the output shaft torque was 37.29% larger than at the
engine idling speed. In addition, the output shaft torque was the largest at 33.21 Nm at the
maximum engine speed when shifting from the R8th to the F8th, and the torque was
42.92% greater than that at the engine idling speed. Therefore, in order to select the
capacity of the shift actuator, a multibody dynamic analysis model was developed for the
upshift(4th—5th) and forward/reverse(R8th—F8th) shifts, which are the shifting conditions
that generate the largest shifting torque.

In order to control the developed synchronizer shifting system, a DC motor position
control method with a simplified structure suitable for the use environment of a power-shift
transmission is proposed. For DC motor position control, block diagrams and state equations

for PID controller, PID controller with DOB, and LQT controller were derived and
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analyzed. For DC motor control, a new position controller(DeLQT) using a PI observer was
proposed. Based on the result of comparing and analyzing the characteristics of various
controllers, a block diagram is presented for designing a DeLQT controller, and a state
equation is derived. In order to study the response characteristics of the controllers, the
Bode Plot for input and disturbance were prepared, and similar performance was shown for

input and DeLQT showed the best performance for disturbance.

There was no significant difference in performance for the step response, but it was
confirmed that the DeLQT controller, which estimated the disturbance by applying the PI
observer in the low frequency region below 1 Hz, was the best in the disturbance rejection
performance. The accuracy and responsiveness(fast) of position control of the developed
controller were verified. Only the DeLQT controller, which estimated disturbance for various
engine speeds, performed accurate position control. In order to verify the rapid shift control,
the DeLQT controller was applied to the vehicle, and it was verified that the rapid shift
was achieved through the vehicle test for various engine speeds. As the engine speed
increased in the upshift, the shift time of the synchronizer increased as the engine speed
increased, confirming that the shift time also increased. It could be used to control the

shifting of a synchronizer using a DC motor in a power-shift transmission.

It is considered that the proposed synchronizer synchronization time prediction/analysis
model and control system considering the power-shift transmission environment in this paper

can be useful when developing a synchronizer transmission system

Keywords : Synchronizer, Synchronizing Time, Synchronizer MBDS Model, LQT Controller
Student number : 2008-30921
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