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Fig. 1.1: Engine bench system in the 1970s.

Fig. 1.2: Chassis dynamometer system in the 1970s.
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Fig. 1.3: Break dynamometer system in the 1970s.

Fig. 1.4: Torque converter test system in the 1970s.
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Fig. 1.5: Engine bench system
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Fig. 1.6: Drivetrain bench ( front-wheel-drive layout )

Fig. 1.7: Drivetrain bench ( rear-wheel-drive w/o differential gear layout )
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Fig. 1.8: Drivetrain bench ( rear-wheel-drive w/ differential gear layout )

Fig. 1.9: Drivetrain bench ( all-wheel-drive layout )
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Table 2.1: Parameters of 2-mass system.

JE Engine inertia [kg·m2]

JD Dynamometer inertia [kg·m2]

KC Clutch stiffness [N·m/rad]

ωE Engine angular velocity [rad/s]

ωD Dynamometer angular velocity [rad/s]

TE Engine torque [N·m]

TC Clutch tortional torque [N·m]

TD Dynamometer torque [N·m]

2 (2.1)∼(2.3) Table.2.1

ωE(s) =
1
JE s

(TE(s) + TC(s)) (2.1)

TC(s) =
KC
s

(ωD(s) − ωE(s)) (2.2)

ωD(s) =
1
JD s

(TD(s) − TC(s)) (2.3)

(2.4) T̃C TC KI ,KP,KD, a1

TD(s) =
KI
s

(
T̃C(s) − TC(s)

)
− KD s + KP
a1 s + 1

TC(s) (2.4)

(2.5) (2.6) jE

ωr[rad/s] (2.1)∼(2.3) (2.4)

D2(s) (2.7)

jE =
JE

JE + JD
(2.5)

ωr =

√
KC

(
1
JE
+

1
JD

)
(2.6)
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D2(s) =
a1

jE KI ωr2
s4 +

1
jE KI ωr2

s3 +
a1 + jE KD
jE KI

s2 +
(
a1 +

1 + jE KP
jE KI

)
s + 1 (2.7)

D̃2(s) (2.8) (2.7) (2.8)

(2.9)∼(2.12)

D̃2(s) = p4

(
s
ωr

)4

+ p3

(
s
ωr

)3

+ p2

(
s
ωr

)2

+ p1

(
s
ωr

)
+ 1 (2.8)

KI =
ωr

p3 jE
(2.9)

KP = −
p3 (p3 − p1) + p4

p3
2 jE

(2.10)

KD =
p2 − p4

p3 jE ωr
(2.11)

a1 =
p4

p3 ωr
(2.12)

(2.1)∼(2.3) 2 (TD)

(TC)

(2.8) Fig.2.3

(2.9)∼(2.12)

ωr

(2.4) (2.9)∼(2.12)

Fig.2.4 CT (s) (2.4)

ΔKC KC KC

0 ≤ ΔKC < ∞ ΔKC u

y (2.13) 0 ≤ ΔKC < ∞ Fig.2.5
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Fig. 2.4: Closed loop model to consider the stability of the shaft torque controller.

Fig. 2.5: Loop transfer function for root locus analysis.

y(s)
u(s)
= −

p2

(
s
ωr

)2

+ p1

(
s
ωr

)
+ 1

D̃2(s)
(2.13)

[77] ΔKC → ∞ 4 2 y(s)/u(s)

2

180/(4 − 2) = 90 (2.14)

P∞ =

−p3 ωr

p4
− −p1 ωr

p2

4 − 2
=

1
2

(
p1

p2
− p3

p4

)
ωr (2.14)

(2.13) (2.14) p1 ∼ p4

ΔKC = 0( ) ΔKC → ∞
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(2.4) (2.9)∼(2.12)

p1 = p3 = 2.61, p2 = 3.41, p4 = 1 P∞ = −0.92ωr

y(s)/u(s) −p1/(2 p2)ωr = −0.38ωr ΔKC → ∞

2

2.4

2.4.1

0[N·m]

0[N·m]

( ) × ( ) x

x+ ( )× (

)

( ) = ( )

[74] ( ) × (

)

[74]
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[74] (2.15) (2.16)

T̃C TM

T̃M TM J̃S

(KI ,KP,KD, a2, a1,TD)

TD(s) =
KI
s

(
T̃M(s) − TM(s)

)
− KD s + KP
a2 s2 + a1 s + 1

TM(s) (2.15)

T̃M(s) = T̃C(s) +
J̃S s

TD s + 1
ωD(s) (2.16)

(2.16) 2 (2.15)

ωD (2.4) ωD

(2.17)

TD(s) = KI
(
1
s
(
T̃C(s) − TM(s)

)
+ J̃S ωD(s)

)
− KD s + KP
a1 s + 1

TM(s) (2.17)

2.4.2

(2.17) J̃s

( )

2

(2.18)∼(2.21) 3

Fig.2.6 3 Ta-

ble.2.2 Table.2.1 JS

TC
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Fig. 2.6: 3-mass system model considering only clutch stiffness.

Table 2.2: Parameters of 3-mass system.

JS Coupling shaft inertia [kg·m2]

TM Measured torque [N·m]

TM

ωE(s) =
1
JE s

(TE(s) + TC(s)) (2.18)

TC(s) =
KC
s

(ωD(s) − ωE(s)) (2.19)

ωD(s) =
1

(JS + JD) s
(TD(s) − TC(s)) (2.20)

TM(s) =
JD

JS + JD
TC(s) +

JS
JS + JD

TD(s) (2.21)

(2.17) (2.18)∼(2.21) (TE, T̃C) TC (2.22)

(2.23) (2.24) J̃S = JS TC(s)/TE(s)

0 TC(s)/TC̃(s) 1

TE ( ) T̃C

JS = J̃S

(2.22) D3(s),NE(s),NC̃(s)

(2.23) (2.24)

((2.15) (2.16) )
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TC(s) =
NE(s)
D3(s)

TE(s) +
NC̃(s)
D3(s)

T̃C(s) (2.22)

NE(0)
D3(0)

= − JS − J̃S
JE + JS − J̃S

(2.23)

NC̃(0)
D3(0)

=
JE

JE + JS − J̃S
(2.24)

2.4.3

((2.15) (2.16) )

((2.17) ) Fig.2.7

(KM) 2 3

2 GT (s)

GI(s)

Gω(s) CL(s) (2.17)

2L

JE = 0.2[kg·m2] CE = 0.1[N·m·s/rad]

JS = 0.04[kg·m2] KM = 540000[N·m/rad]

Fig.2.1

JD = 0.7[kg·m2] Fig.2.2 KC = 100 ∼

2500[N·m/rad] CC = 3[N·m·s/rad]

(GI(s) ) (GT (s)

) Fig.2.3

(2.17) (2.9)∼(2.12) (2.9)∼(2.12)

p1 =

p3 = 2.61, p2 = 3.41, p4 = 1 1 ωr

100[N·m/rad] Fig.2.6 ωr =
√

100 · (1/0.2 + 1/(0.04 + 0.7)) =

24[rad/s] jE jE = (0.2+0.04)/(0.2+0.04+
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Fig. 2.7: Closed loop model to consider the stability of the engine load torque controller.

0.7) = 0.26 (2.18)∼(2.21) TD

TM (JE + JS )/(JE + JS + JD)

(2.9)∼(2.12) (2.1)∼(2.3)

TD TC

JE/(JE + JD) = jE

3

jE = (JE + JS )/(JE + JS + JD)

KC = 100 ∼ 2500

Fig.2.8 Fig.2.9

10

Fig.2.2 100[N·m/rad] 2500[N·m/rad]
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Fig. 2.8: Stability analysis of proposed engine load torque control method.
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Fig. 2.9: Stability analysis of conventional engine load torque control method.
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Fig. 2.10: Step response of TC(s)/T̃C(s) using proposed engine load torque controller (J̃S = JS ).
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Fig. 2.11: Step response of TC(s)/T̃C(s) using conventional engine load torque controller (J̃S =
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Fig. 2.12: Step response of TC(s)/T̃C(s) using proposed engine load torque controller (J̃S = 0).
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Fig. 2.13: Step response of TC(s)/TE(s) using proposed engine load torque controller (J̃S = JS ).
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Fig. 2.15: Step response of TC(s)/TE(s) using proposed engine load torque controller (J̃S = 0).
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Fig. 2.16: Racing test simulation using proposed engine load torque controller (J̃S = JS ).
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Fig. 2.17: Racing test simulation using conventional engine load torque controller (J̃S = JS ).
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Fig. 2.18: Racing test simulation using proposed engine load torque controller (J̃S = 0).
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[13,47,74] 2
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2

μ [79]

3.2

Fig.3.1

Fig.3.2
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Fig. 3.1: Shaft torque control system of drive-train bench.
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Fig. 3.3: Stiffness of torque converter.

38



μ

I-PD

3.3

3.3.1

( )

Fig.3.4

Fig.3.5 ΔK2

Fig.3.2 Table.3.1 Fig.3.2

(FrH) (3.1) J1−K1− J2

(FrL) (3.2) [J1+ J2]− K2− J3

FrH =
1

2π

√
K1

(
1
J1
+

1
J2

)
= 356[Hz] (3.1)

FrL =
1

2π

√
K2

(
1

J1 + J2
+

1
J3

)
= 6 ∼ 19[Hz] (3.2)
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Fig. 3.4: Three inertia model of drive-train bench.

Fig. 3.5: Transfer function model of drive-train bench.
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Table 3.1: Parameters of three inertia model.

J1 Inertia of drive motor 0.2[kg.m2]

J2 Inertia of coupling shaft 0.2[kg.m2]

J3 Inertia of absorb motor 4.0[kg.m2]

K1 Stiffness of coupling shaft 500000[N.m/rad]

K2,ΔK2 Stiffness of work 500∼5000[N.m/rad] (Fig.3.3)

C2 Loss of work 10[N.m.s/rad]

3.3.2

Fig.3.6

μ (Fig.3.7)

Table.3.2

(ΔT ) 10% (Gtm(s))

Fig.3.2 1[ms]

2

400Hz Wu(s) We(s) (3.3)

(3.4) 3 D-K

8

Fig.3.8 We(s)

(Ctm(s)) 40dB/dec

(r) (y) Fig.3.9 Fig.3.2

Wu(s) =
s + 800π

0.01s + 800π
(3.3)

We(s) =
(
s + 800π
s

)2

(3.4)

Fig.3.6
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Fig. 3.6: Generalized plant for resonance suppression control.

Fig. 3.7: Resonance suppression controller.
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Fig. 3.8: Bode plot of resonance suppression controller.
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Table 3.2: Parameters of generalized plant.

Gtm(s) Transfer function of shaft torque detection delay

Wu(s)
Weighting function to decrease inverter torque

in high frequency range

We(s)
Weighting function to decrease feedback gain

of resonance suppression controller in low frequency range

ΔT Static error of inverter torque

u
Output of resonance suppression controller

( inverter torque reference )

r, d2 Input of resonance suppression controller ( torque reference )

y Input of resonance suppression controller ( shaft torque )

d1 Disturbance

d3 Error of shaft torque detection

e1 Shaft torque detection

e2 Evaluation of inverter torque reference

e3
Evaluation of resonance suppression controller gain

in low frequency range

±10Hz

Fig.3.6

2

K1 J2

Fig.3.10 ±10Hz

Fig.3.10(a) d1

(y) (Ctm(s))

30dB Ctm(s) 8dB
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Fig.3.10(b) (r)

(y) Fig.3.8(a) Cre f (s)

8dB Ctm(s) 8dB

0dB

3.3.3

3.3.1 [J1+ J2]−K2− J3

Fig.3.2

Fig.3.11

(Fig.3.2)

0dB (J2+J3)/(J1+J2+J3)

0dB

Fig.3.3

K2

K2

K2

Fig.3.3

Fig.3.3

2
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2 ((3.5) ) 4

(3.6) ∼(3.9)

ωn (Fig.3.2 (3.2) 2π · 6[rad])

I-PD Fig.3.12

I-PD

I-PD

2 (LPF) 19Hz

50Hz

Fig.3.13 ωn = 2π · 6 ωn = 2π · 19 Fig.3.12

(TD)

Fig.3.14

ωn = 2π · 6 0.3

ωn = 2π · 19

(3.5)

(3.6) [76] PID

ITAE

3 (3.6) 0.25 ITAE

0.352 0.383

u =
KI
s

(r − y) − KD s + KP
a1 s + 1

y (3.5)

KI = 0.383 · J1 + J2 + J3
J3

· ωn (3.6)

KP = −0.146 · J1 + J2 + J3
J3

(3.7)

KD = 0.924 · J1 + J2 + J3
J3

· 1
ωn

(3.8)

a1 =
0.383
ωn

(3.9)
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Fig.3.15 (TD) (Ttm)

15Hz∼400Hz

3Hz

Fig.3.12 (TA)

Fig.3.16 (TA)

(Ttm) (TA)

3.3.4

Fig.3.16 Fig.3.16

TD TA TD

15Hz∼30Hz

Fig.3.16

(TA)

Fig.3.17

(TA)

= FV[Hz] = FC[Hz] FC/FV

(Ttm)

1/FV[s] (AMAX) (AMIN) (AMAX−AMIN)/2

(KA/s)

(TA)

Fig.3.18
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Fig.3.16 500[N.m]

Fig.3.20

TA TA

Fig.3.3

Fig.3.17

KA 10

3.5
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Fig. 3.11: Closed loop model of static shaft torque controller.

Fig. 3.12: Configuration of resonance suppression controller and static shaft torque controller.
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Fig. 3.17: Automatic tuner of amplitude reference.
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Fig.4.1 FF

(TS [N·m])

(ωD[rad/s]) (T̃D[N·m])

( )

Fig.4.2 Jem[kg·m2]

MV[kg] RT [m]

Jem = MV RT 2 (TS )

(ωD)

Fig.4.1

Jem = (MV/2)RT 2 Fig.4.2 1 2

Fig.4.2 Jem

Fig.4.1

1

[80] Hz

2 Fig.4.3 Fig.4.1

1 (T̃D1)
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Fig. 4.1: System configuration of a drivetrain bench.

Fig. 4.2: Block diagram of the conventional inertia emulation control.
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2 (4.1)∼(4.3) J1[kg·m2]

T1[N·m] J1 ω1[rad/s]

J1 TS [N·m] KS [N·m/rad]

ωD[rad/s] JD[kg·m2]

TD[N·m]

0

ω1(s) =
1
J1 s

(T1(s) − TS (s)) (4.1)

TS (s) =
KS
s

(ω1(s) − ωD(s)) (4.2)

ωD(s) =
1
JD s

(TS (s) + TD(s)) (4.3)

Fig.4.2 (4.4)

T̃D(s) =
KP s + KI

s

(
1
Jem s

TS (s) − ωD(s)
)

(4.4)
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T̃D(s) = TD(s) (4.1)∼(4.4) T1(s) sωD(s)

(4.5)∼(4.7) 1

Hz 100Hz

sωD(s)
T1(s)

=
Nc(s)
Dc(s)

(4.5)

Nc(s) =
KS
J1 JD

s2 +
KS KP
J1 JD Jem

s +
KS KI
J1 JD Jem

(4.6)

Dc(s) = s4 +
(
KP
JD

)
s3 +

(
KS
J1
+
KS + KI
JD

)
s2

+
KS KP
JD

(
1
J1
+

1
Jem

)
s +

KS KI
JD

(
1
J1
+

1
Jem

)
(4.7)

Nc(0)
Dc(0)

=
1

J1 + Jem
(4.8)

Jem

4.2.2

(4.7)

[77] (4.7)

(4.9)∼(4.12) (4.11) (4.12) Jem < JD
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Hc1 =
KP
JD

(4.9)

Hc2 =
KP

JD2 Jem
(KS (Jem − JD) + KI Jem) (4.10)

Hc3 =
KS 2 KP2(J1 + Jem)
J1 JD3 Jem2 (Jem − JD) (4.11)

Hc4 =
KS 3 KP2 KI(J1 + Jem)2

J1
2 JD4 Jem3 (Jem − JD) (4.12)

4.3

[59]

4.3.1

Fig.4.4 J̃D[kg·m2]

(1/Jem ) J̃D
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Fig. 4.4: Block diagram of the proposed inertia emulation control.

Fig.4.4 (4.13)
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T̃D(s) = TD(s) (4.1)∼(4.3) (4.13) T1(s) sωD(s)
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Np(s)
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(4.14)
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(
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1
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(4.17)

Jem
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4.3.2

(4.16) (4.18)∼(4.21)

J̃D − JD > 0

Hp1 =
KP
JD

(4.18)

Hp2 =
KP

JD2 Jem
(KS (J̃D − JD) + KI Jem) (4.19)
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KS 2 KP2(J1 + Jem)
J1 JD3 Jem2 (J̃D − JD) (4.20)

Hp4 =
KS 3 KP2 KI(J1 + Jem)2

J1
2 JD4 Jem3 (J̃D − JD) (4.21)

JD J̃D

J̃D > JD J̃D

Jem

Jem < JD

4.3.3

2

(4.1) ∼(4.3) Fig.4.3 1

J1 = 2.2[kg·m2],KS = 2340[N·m/rad], JD = 3.0[kg·m2]

49.5[kg·m2] 0.3[kg·m2]

Fig.4.5 Fig.4.6

((4.4) )

Fig.4.7 Fig.4.8
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(TB[N·m]) �Tire force calculate�
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Fig. 4.5: Simulation result by the proposed inertia emulation control in case of Jem =

49.5[kg·m2]
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Fig. 4.6: Simulation result by the proposed inertia emulation control in case of Jem = 0.3[kg·m2]
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Fig. 4.7: Simulation result by the conventional inertia emulation control in case of Jem =

49.5[kg·m2]
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Fig. 4.8: Simulation result by the conventional inertia emulation control in case of Jem =

0.3[kg·m2]
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Fig. 4.9: Block diagram of the tire slip and break operation emulation control system.

Fig. 4.10: Block diagram of the brake torque calculation.
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[81] −

(4.22) λ −

FT [N] (4.23) (4.22) (RT ω̃D[m/s])

(vV[m/s]) λ (4.23) Nz[N] 1

μ̄

1.2 0.8 0.2 μ(λ)

− Fig.4.11

μ̄ = 0 FT = 0 (TB = 0)

Fig.4.4 Jem = JT ( )

λ =
RT ω̃D − vV

max(RT ω̃D , vV )
(4.22)

FT = Nz μ̄ μ(λ) (4.23)

4.4.2

4.3 2
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Table 4.1: Parameters of drivetrain bench model.

JE Inertia of engine 0.13[kg·m2]

JW1, JW2 Inertia of work 0.1[kg·m2]

JD1, JD2 Inertia of dynamometer 3.0[kg·m2]

KS 1 Stiffness of drive shaft 1 5000[N·m/rad]

KS 2 Stiffness of drive shaft 2 4000[N·m/rad]

CS 1 Loss of drive shaft 1 10[N·m·s/rad]

CS 2 Loss of drive shaft 2 8[N·m·s/rad]

g Total gear ratio (1st gear) 14

Fig.4.1 2

2

Fig.4.12 JE[kg·m2]

�Torque Converter� [82]

[80] g

= [80]

1 2 JW1, JW2[kg·m2]

KS [N·m/rad] CS [N·m·s/rad]

JD[kg·m2]

1 2 Table.4.1

[83] 2 3

3[kg·m2] 1.3L

72



Fig. 4.12: Block diagram of the drivetrain bench model.
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Table 4.2: Parameters of emulated vehicle.

JT Inertia of tire 0.3[kg·m2]

RT Radius of tire 0.3[m]

MV Mass of vehicle 1100[kg]

1.3L Table.4.2

1

0.3[kg·m2] 49.5(= 1100/2 × 0.32)[kg·m2]

0.1 ∼ 16.5 Fig.4.12

2000[rad/s] 1 +10% 2 −10%

10Hz

50Hz PI

J̃D JD

1.2 3.6

Fig.4.13∼4.23

( )

1

(μ̄) μ̄ = 1.2

( )

μ̄ = 0 (

) 2 0 1

3 TB1,TB2

1, 2 0 T̃B

T̃B

4

TS 1,TS 2 1, 2 5
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Fig. 4.13: The conventional inertia emulation control (μ̄ = 0).
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Fig. 4.16: In the case of slow brake operation (μ̄ = 0).
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Fig. 4.17: In the case of μ̄@Dyno.1 � μ̄@Dyno.2.
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Fig. 4.18: Tire slip→ accel. off→ tire grip→ strong break→ wheel locked (μ̄ = 0.2).
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Fig. 4.19: Tire slip→ accel. off→ tire grip→ weak break→ wheel not locked (μ̄ = 0.2).
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Fig. 4.20: Tire grip→ accel. off→ strong break→ wheel locked (μ̄ = 0.8).
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Fig. 4.21: Tire grip→ accel. off→ weak break→ wheel not locked (μ̄ = 0.8).
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Fig. 4.22: Accel. on and tire slip (μ̄ = 0.4).
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Fig. 4.23: Break on→ accel. on→ break off and tire slip (μ̄ = 0.4).
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