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Study on Vehicle Behavior Analysis Using Linearization Method of Nonlinear Vehicle Equations
of Motion and Quantifying Roll Feel of a Car by Using a Musculoskeletal Mathematical Model

Masaki Izawa

Popularity of cars vastly affected our society to enrich our lives as they became ubiquitous. In Japan, more
than one vehicle per household was registered in 1996 and it is something ‘anyone can have’ since — with the
consequence of changing demands of users. A recent study in Japan reveals that users demand driving Comfort
as well as good performance of a car; namely ‘easy handling’, ‘ride Comfort’, ‘safety/sense of security’, ‘fuel
efficiency’ and ‘style/design’. In addition, the current situation surrounding the automobile industry is the
simultaneous flow of four major technological innovations involving the IT industry called CASE (Connected,
Autonomous, Shared & Services, Electric Drive). Along with the evolution of CASE, as well as driving control
such as lane keeping and automatic follow-up of preceding vehicles, it can be predicted that the need for
designing new vehicle dynamics will be increasing, such as 3-axis coordination control by using suspension,
brake, and steering. In addition, since the automatic driving vehicle does not require a person's driving operation,
the goodness of the vehicle feeling sensed by the occupant becomes an indicator that enhances the
competitiveness of the automobile manufacturer. Therefore, the need for an efficient performance design method
for quantifying and evaluating the sensory index is expected to be getting higher than ever.

Thus, in this research, as a new method of analyzing and evaluating automobile performance, derivation and
linearization of a nonlinear equations of motion model capable of handling steering stability and ride Comfort
performance in a unified way. Then next, propose a method to quantify and analyze and evaluate roll feel, which
is a sensory indicator of a car as a man-machine tool, and consider the following items.

(1) Linearize the multi-degree of freedom nonlinear motion equation expressing vehicle motion and derive the
multi-degree of freedom linear motion equation essentially behaving like a nonlinear model. Then, propose a
method to analyze the plane motion and the vertical motion in a unified way using linear analysis methods such
as eigenvalue analysis, frequency response analysis, mode analysis.

(2) The musculoskeletal mathematical model is constructed for the driver steering the vehicle, and the roll feel
is quantified by correlating the difference in roll behavior due to the difference in the damping force
characteristics of the vehicle and the muscle load.

The results clarified in this research are summarized below.

(1) By linearizing multi-degree of freedom nonlinear equations of motion including six degrees of freedom on
the sprung, unsprung mass, and steering system, a state space model capable of explicitly considering the spring
characteristics and damping characteristics of the suspension is derived. It was possible to handle the planar
motion and the vertical motion in a unified way. As a result, from the initial stage of vehicle design, vehicle
behavior analysis of steering stability and Comfortableness can be studied in detail using a linear analysis
method such as eigenvalue analysis, frequency response, pole-zero analysis for the full vehicle model.

(2) By using the motion capture system for the actual running car, it was possible to construct the
musculoskeletal mathematical model of the driver during driving. From the result of the muscle load analysis
of the driver's neck, as a driving operation, comparing Sport/Comfort mode, it was confirmed that Sport mode
was easy to keep its body and easy to operate. I think that it could quantitatively correlate the sensory evaluation
of the roll feel of the car and the physical value by using the change of the time axis data of the driving torque
which is done conventionally. It is also inferred that there is a proper roll posture for vehicles that are easy to
drive.

(3) Uniform handling of vertical motion and plane motion was a major purpose of linearization of multi-degree
of freedom motion equation. This paper analyzed the behavior of roll and yaw in case of different attenuation
characteristics as an analysis case. It was shown that the yaw response to the steering input does not change
greatly with the change of the suspension damping, whereas the yaw response varies greatly due to the difference
in the suspension damping for the road surface disturbance. This difference could be shown theoretically from
the relationship between the poles of the root locus and zero. It was suggested that the variable mechanism of
the suspension damping is easy and widely used as means for changing the vehicle characteristics and it is
effective as a means to compatibly achieve the optimization of the yaw response by the roll feel and the road
surface disturbance during steering.
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Linearization Procedure of Multi-DOF
Nonlinear Equations of Motion

Definition of Motion Equations
Degrees of Freedom :
Sprung 6 (Translationx 3, Rotationx 3)
Unsprung Vertical 1 x 4 Places
Steering Angle 1

Straight ahead at
Constant Speed?

Calculation of Cp at Balance of Motion
Calculate the following using auxiliary equations
* Steady State Turning: Equivalent Cp in

account of Roll Stiffness
* During Acceleration / Deceleration:
Equivalent Cp under Quasi State

y

Definition of Tire Model
Magic Formula
(Pacejka: Complient to “Tire and Vehicle
Dynamics 2012")

y

Linear Analysis Execution
* Eigenvalue Analysis

A 4

Linearization processing * Frequency Characteristics (Bode Diagram)
Motion Equations: Calculation of State * US/0S Characteristics etc.
Space Matrix by Taylor Expansion
x =Ax + Bu y
Tire model: Calculation of Equivalent .
End Analysis
Cornering Stiffness by B Partial Differential ( Y

Fig.2.1 Analysis flow of linearized model
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Fig. 2.2 Body coordinate system

<_T Body coordinate

ZB(ZM) <_T Medium coordinate ZB(ZM)
Iy

bounce(side view) bounce(rear view)

Fig. 2.3 Medium coordinate system(bounce)



QT Body coordinate
—

Medium coordinate A

i o O
roll(rear view) + pitch(side view)

Fig. 2.4 Medium coordinate system (roll and pitch)

=
e

XoT oT

Fig. 2.5 Tire coordinate system
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1 0 0
0 cosp sing
0 —sing cos¢

cosy siny 0
—siny  cosy Ol (2.1)
0 0 1

cos@ 0 —sind
0 1 0
sin@ 0 cos#@

R, =

@ Ro =

| -

L LT

° T8 — S )VERE N S AR T 1 EAE
Reap = (Ry " (Re " Ry)) (2.2)
L] R EAE DN B R T o AR
Ruyzp = (Ry * Ry) (2.3)
(] A XEENSHRHBE 7L § dEALTS

coséd —sind 0
Rpyy =|sind  cosé 0
0 0 1
AHRTHWAIREER DR T - EE2 K 2. 1LITRT.
Table 2.1 Symbols of state variable

(2.4)

Lk,

State Variables Symbols “

Sprung mass velocity x-direction
Sprung mass velocity y-direction
Sprung mass velocity z-direction
Sprung mass roll rate

Sprung mass pitch rate

Sprung mass yaw rate

Roll Euler angle

Pitch Euler angle

Yaw Euler angle

Suspension stroke

Suspension stroke velocity
Unsprung mass displacement
Unsprung mass displacement rate
Actual steer angle

Actual steer angle rate

Road displacement (input signal)
Tire Slip Angle

Coordinate direction

7272 L, MBS UEERERTRAT,
0:m, 1R T ZHWTEERNNTS.

X o "8 =T g =

@
0
2
ZTfy, ZT5y, 2Ty, 2Ty
ZTpr, Z05y , 2Ty s 2Ty
Z1frs Z1F1 110l s Z10r
Zl-fTJ Zifl ’ Zirl ’ Zirr
8
5
Zofrs Zofl » ZVorl » Zorr Not state variables
Bfr: Bfl! )BTI! ﬁﬂ”

X, Y, Z

Not state variables

Not state variables
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Table 2.2 Model parameters

Sprung Mass
Unsprung Mass

Moment of Inertia
Product of Inertia

Tire Moment of Inertia
Spring Rate

Damping Coefficient
Tire Spring Rate
Comering Stiffness
Tread

Distance between Axel
and COG

Distance between
Unsprung mass and COG

Tire Radius
Steer System Properties
Steering Wheel Angle

Caster + Pneumatic trail

msy

mlfrJ mlfl! Myr, My
I, 1,1,

Ley,

Ly Ly
Lyr , Ly
K¢y, Krp, Kip, Ky
Crrr Criy Gty Gy
Kiire
Cpfr’

Tfr* Tfl! Trl ’ Trr

Cpf L Cprl' CPTT

L, Lep, Loy, Ly

Hlfr!Hlfll lell le‘rl Hl
Ry
I5, K Cs

04

g

1250 [kg]

30,30,30,30 [kg]
LR ERIEIm, —EEL

680, 1920, 2580 [kem?]
0,0, -18.0 [kgm?]

1.0, 1.0 [kgm?]
50,50,22.5,22.5 [KN/m]
24242424 [KNs/m]

265[kN/m]|
55,55,60,60 X10° [N/rad]
0.765,0.765,0.75,0.75 [m]

1.02,1.02,1.56,1.56 [m]

0.16, 0.16, 0.16, 0.16, 0.16 [m]

0.32 [m]
0.05[kgm?],127 [Nm/rad].4[Nms/rad]
[rad]
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m,(W +pv —qu) = F, (2.7)
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Iyq + Ixz(p2 - .,.2) + (= L)rp = My (2.9)
L7 — LD+ (Iy - Ix)pq + L,qr = M, (2.10)
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Fyg 5 = mygsingcosb (2.21)
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A& 71007« myty = Fyopm — Feapim
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AR & R T 1 AR & OBIRD B
Frorim Fopim Fropim oSO — Fppp iy sin 6
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Foar1m Fazrim FropimcOS@sSing — Fyoep pySing + Fppp 4y cOS @ cOS 6

(2.27) O 3IITEANMD

(Fzzfl_B—szfl_M cos @ sin@+Fy, 5 0 sin (p)

cos ¢ cos O

BT Fppg B (2.15) 7Bk 5.
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ULEFLEDTHREERTOY A a VRO AT R0

my

Fyaiim = Fxoim — 7(m2+4m1)2ii Froiim
FyZii_M - Fini_M (ma+4my) Zu FyOll_M

(F2ii B—Fx2ii_M €OS @ SIn 0+Fy, 25 pysin @)
Fpiim =
- cos ¢ cos 6
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MZg_B =0
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Myo m = Xii Fxoiim * Ry
Myo v = Xii Fyoiim * Ry
Myy =0 (SAT ZRtT)
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My g = Yk Fyzrr p * Lik = Sign(it) + Yxx Fxokk g * Tir = sign(jj) (2.43)
7272 U sign(ii) X LALiE kk = [fr,fl,rl,rr] TOME ii=[1,1,-1,-1]
sign(jj) & AL kk = [fr,fl,rl,rr] TOME jj=[1,-1,-11] 75

o [ThEIZ/EHATLHE—ALF

M, = ng_B + MxO_B + Mxl_B (2. 44)
My = Myg g+ Myo p + My, p (2. 45)
M, = Mzg_B + My 5+ My (2.46)

ERANBIOE—A L FOERMEZK 2.6 1I2RT. B ROBRWIERTAED RO ZE 2 J5TH I,
ET—A L MOEREZITS.

Fig. 2.6 Example of applied forces and moments
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MR S % EIRE T A8/ THY ZRLIERERETH D . RETIIZN TN ORMEICRT 5%
AL FIEZ L TIZRT.

2:-3-1 EHmEBAEXOHEEIEL

M EB R EZRIBAET D FIELE LTI A 7 —BRICE 2 RITHRAF YY" H 5. AFHIXTH
FATHREHENC i EE) FRE 2 A E B 2 - FiE21T 9. X (2.47) XIEREES H R
RERLFX), gx) 1 x ICEALMEITHmMo T2l ET5. A0 EZx & LT—
etz ko < flx) =0 ZIRETH. 747 —EBEALLMKREZEXMCA (2.50) 277, 2
2T 0 e, WiEulcBAL THBIT/AENEE X0 (,u) =0T 5. X (2.52) @ af/ox Fv =T
VATHITHVIRIER x OBERKEZRILET HEFITHERD. LEDFHREERTCYa LT 175
WCHIHMEZ 5 2720 D2 AT ATHIALE L, ANICET 2ERE HTEXg)ICHHEL 5 2 7=
L DOEANITHIBET S, A B iZFnFn (2.53) KX (2.54) &40 B LES) 22k RX
(2.55) BELHND.

x=f(x)+gxu (2.47)
x = (x1, %5, 0, X)7 (2.48)
fG) = (f1(0), (), (), ooy fu())T (2.49)
i=f@) + Ly, x + glaxu + 0%(x,u)

(2.50)
xz%|x=x5x+g(xs)u (2.51)
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o o
/6}(1 0xy
2 0f2
o _ 69.61 69.62
ax
o O
dx; O0xy
_9f
A= ax |x=xs
B = g(xs)
x =Ax+ Bu

on
6x2\
Of

Oxn

Ofn
Oxn

(2.52)

(2.53)

(2.54)
(2.55)

WeE x, A u 22N ZNTRRL LEBEaDANITIIBE & AT MMTHIA%Z Ay = A[1:23,1:11] &

DT DTN ~E G TR LT,
-7 L

Ay = A[1:23,12: 231243 17 T (2.56) IZRT. BBV AT ATHIA NO a24 HE O EHR LR HHEC
FEOHMEIT u OHHIE u, AMTETER L L.

_ . . . . 1T
X = [u' m»w,p,q, 1,9, o, '(l), ZTVfr) ZY51 ZT0 1 Z0rrs Ze frpp ZAf Ly Zariyp Z1rrpp Z1fr Mo Z1F1 M) 217l M) Z1rr_M> g, 6]

_ T
u = [, Zogr_ms Zogim Zorim> Zorr_m]
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o o o o o

0

0
a42

0

Y]
(o))
N

oo © o o [=loloBelololol-Ro o =2 =]
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m

0

2C2flf-2C2rlr
Iy

CoOoOOoORRPRRPRPRLROOO O
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C2rtr

C2rtr
ml

0
0

o o o o o
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o o o o o

0
0
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2C2flf-2C2rlr+muo0

m

0

2(C2f1f2+C2rlr?)

Kt
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0
a26

0
a46

0

j)
o))
o))

oo © o o [=loNoBoloNololo Rl =2l

0 0 O
0 0 O
X9 o0
m1l
0 = 9
mil
Kt
0 o0 p—y
0
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0
g(hif+hir)lzm
2IxIz—2]xz2
0

g(hif+hir)jxzm
2IxIz—2]xz?2

0

OO O ©O O O o000 ocOoOoOOoOO0OCO0OO0O

© o o o o
o o o o F|F

2(C2f+C2r)uo

m

0
a58

oo o

o o o o

o

oo ©o o o [=eNoBoNoNololoNololo R =]

0

0
_Kar

m
1zK2ftf
IxIz—)xz2
K2flf
Ty
JxzK2ftf
IxIz—]xz2

co o o oflffcoccocococococooco
)

0

0
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0 0 0 0 0 0 0 0 0 0 0 7
0 0 o 0 o0 o0 0 0 0 0o ko,
m+4m1
_Ker _Ker 0 0 0 0 caf caf Car Car 0 0
m m m m m m
1zK2rtr 1zK2rtr 0 0 0 0 C2flztf C2flztf C2rlztr C2riztr 2422 0
—Ixlz+Jxz?  Ixlz—]xz? —Ixlz+]xz?  Ixlz—]xz? Ixlz—Jxz? -—Ixlz+]xz?
_ Karlr _ Kerlr 0 0 0 0 _ Ceflf _ Ceflf Czrlr Czrir 0 0
Iy Iy Iy Iy Iy Iy
JxzK2rtr JxzK2rtr 0 0 0 0 C2f]xztf C2f]xztf C2rxztr C2rJxztr 2622 0
—Ixlz+]xz2  Ixlz—]xz? —Ixlz+]xz?2 Ixlz—Jxz? Ixlz—Jxz? -Ixlz+]xz?
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 -1 0 0 0 0 0
_ 0 0 0 0 0 0 0 -1 0 0 0 0
42 =1 o 0 o 0 0 0 0 0 -1 0 0o 0
0 0 0 0 0 0 0 0 0 -1 0 0
0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0
0 0o -X 9o o o < 0 0 0 0 0
ml m1l
0 0 o -X 9o o 0 - 0 0 0 0
m1l m1
Kar 0 o o X o 0 0 e 0 0 0
ml ml m1l
0 B9 0o o =X 0 0 e 0 0
ml ml m1l
0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 -= -

(2.56)
=L
a24 = —(((4m1 (—((CpflhOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr)/u0 — (Cprr hOr)/u0))/(m + 4 m1) +
(CpflhOf)/ul0 + (Cpfr hOf)/u0 + (Cprl hOr)/ul + (Cprr h0r)/u0)/m)

a26 = —(((4m1 (—=((Cpflif)/u0) — (Cpfr If)/uld + (Cprl lr)/u0 + (Cprr lr)/u0))/(m + 4 m1) +
(CpflLif)/u0 + (Cpfr If)/ud — (Cprl lr)/u0 — (Cprr Ir) /u0 + m u0)/m)

a42 = —(1/(—Ix 1z + Jxz"2))(—Jxz (=If (—((m1 (—=(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m +
4m1l)) — Cpfl/u0) — If (—((m1 (—(Cpfl/u0) — Cpfr/ul0 — Cprl/ul — Cprr/u0))/(m + 4 m1)) — Cpfr/ul) +
lr (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/ul — Cprr/u0))/(m + 4 m1)) — Cprl/u0) + lr (—((m1 (—(Cpfl/
u0) — Cpfr/u0 — Cprl/u0 — Cprr /u0))/(m + 4 ml)) — Cprr/u0)) — Iz (—h1f (—((m1 (—(Cpfl/u0) —
Cpfr/u0 — Cprl/u0 — Cprr /u0))/(m + 4 ml)) — Cpfl/u0) — h1f (—((m1 (—=(Cpfl/u0) — Cpfr/ul —
Cprl/u0 — Cprr/u0))/(m + 4 ml1)) — Cpfr/u0) — hlr (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/ul —
Cprr/u0))/(m + 4 ml1)) — Cprl/u0) — hlr (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m +
4m1l)) — Cprr/u0) + (Cpfl ROtire) /u0 + (Cpfr ROtire)/u0 + (Cprl ROtire)/u0 + (Cprr ROtire)/u0))

add = —(1/(=Ix 1z + Jxz"2))(=]xz (=1f (—=((m1 (=((Cpfl hOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr)/ul —
(Cprr hOr)/u0))/(m + 4 m1)) — (CpfL hOf)/u0) — If (=((m1 (=((CpfLhOf)/u0) — (Cpfr hOf)/ul —
(Cprl hOr) /u0 — (Cprr hOr)/u0))/(m + 4 m1)) — (Cpfr h0f)/u0) + lIr (—((m1 (—((Cpfl hOf)/u0) —
(Cpfr hOf)/u0 — (Cprl hOr) /u0 — (Cprr hOr) /u0))/(m + 4 m1)) — (Cprl h0r)/u0) +

Ir (=((m1 (=((CpflhOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr) /ud — (Cprr hOr)/u0))/(m + 4 m1)) —

(Cprr hOr)/u0)) — Iz 2 C2f tf*2 + 2 C2r tr*2 — h1f (—((m1 (—((Cpfl hOf)/u0) — (Cpfr hOf)/ul —
(Cprl hOr)/u0 — (Cprr hOr)/u0))/(m + 4 m1)) — (Cpfl hOf)/u0) — h1f (—((m1 (—((Cpf1l hOf)/u0) —
(Cpfr hOf)/u0 — (Cprl hOTr) /u0 — (Cprr hOr) /u0))/(m + 4 m1)) — (Cpfr h0f)/u0) —

hlr (=((m1 (=((Cpfl hOf)/u0) — (Cpfr hOf)/ul0 — (Cprl h0r)/u0 — (Cprr h0r)/u0))/(m + 4 m1)) —
(Cprl hOr)/u0) — hlr (—((m1 (=((Cpfl hOf)/u0) — (Cpfr h0f)/u0 — (Cprl hOr)/u0 — (Cprr hOr)/u0))/(m +
4m1)) — (Cprr hOr)/u0) + (Cpfl hOf ROtire)/u0 + (Cpfr hOf ROtire)/u0 + (Cprl hOr ROtire)/u0 +
(Cprr hOr ROtire)/u0))
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ad6 = —(1/(=Ix 1z + Jxz"2))(—]xz (=1f (=((m1 (=((CpflIf)/u0) — (Cpfr If)/ul + (Cprllr)/uld +

(Cprr Ir)/u0))/(m + 4m1)) — (CpfLLf)/u0) — If (=((m1 (=((CpfLif)/u0) — (Cpfr If)/ul + (Cprllr)/ul +
(Cprr Ir)/u0))/(m + 4ml)) — (Cpfr If)/u0) + Ir (—((m1 (—((Cpfllf)/u0) — (Cpfr lf)/ud + (Cprl lr)/ul +
(Cprr Ir)/u0))/(m + 4 m1)) + (Cprl lr) /u0) + Ir (—((m1 (—=((Cpfl1lf)/u0) — (Cpfrlf)/ul + (Cprlir)/ul +
(Cprr Ir)/u0))/(m + 4 ml)) + (Cprr lr)/u0)) — Iz (—h1f (—((Mm1 (—((Cpfllf)/u0) — (Cpfrlf)/ul +
(Cprlir)/ul + (Cprr Ir)/u0))/(m + 4 m1)) — (CpflIf)/u0) — h1f (—=((m1 (=((CpfLIf)/u0) -

(Cpfrlf)/ud + (Cprllr)/ul + (Cprr lr)/u0))/(m + 4 m1)) — (Cpfr If)/u0) — hlr (—((m1 (—((Cpfllf)/
u0) — (Cpfr lf)/ud + (Cprl ir)/ul + (Cprr lr)/u0))/(m + 4 m1)) + (Cprl lIr)/u0) —

hlr (—=((m1 (=((Cpfl1f)/u0) — (Cpfr If)/ul + (Cprl lr)/u0 + (Cprr lr)/u0))/(m + 4 m1)) +

(Cprr Ir)/u0) + (Cpfl1lf ROtire)/u0 + (Cpfr lf ROtire)/u0 — (Cprl lr ROtire)/u0 — (Cprr lr ROtire)/u0))

ad22 = —(1/(—Ix 1z + Jxz"2))(—Jxz (—((2 (Cpfl + Cpfr)lr m1)/(m + 4 m1)) — If (Cpfl— (Cpfl+
Cpfryml/(m+ 4ml)) —If (Cpfr — (Cofl+ Cpfryml/(m+4ml))) — 1z ((2 (Cpfl+ Cpfr)hlr m1)/(m +
4m1l) — h1f (Cpfl — (Cofl + Cpfryml/(m + 4 ml)) — h1f (Cpfr — (Cpfl + Cpfryml/(m + 4 ml)) —
Cpfl ROtire — Cpfr ROtire))

a58 = —((—(1/2)g (h1f + hlrym + 2 C2f If u0 — 2 C2r lr u0)/Iy)

a62 = —(1/(Jxz (—Ix 1z + Jxz"2) DNIx (—]xz (=Ilf (—((m1 (—(Cpfl/u0) — Cpfr/ul — Cprl/ul —
Cprr/u0))/(m + 4 ml1)) — Cpfl/u0) — If (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/ul — Cprr/u0))/(m +
4m1l)) — Cpfr/u0) + Ir (—((m1 (—=(Cpfl/u0) — Cpfr/u0 — Cprl/ul — Cprr/u0))/(m + 4 m1)) — Cprl/u0) +
lr (=((m1 (=(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m + 4 m1)) — Cprr /u0)) —

Iz (=h1f (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr /u0))/(m + 4 m1)) — Cpfl/u0) —

h1f (=((m1 (—=(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m + 4 ml1)) — Cpfr/u0) —

hlr (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m + 4 m1)) — Cprl/u0) —

hlr (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m + 4 m1)) — Cprr/u0) + (Cpfl ROtire)/ul +
(Cpfr ROtire)/u0 + (Cprl ROtire) /u0 + (Cprr ROtire)/u0)) + (1/Jxz)(—h1f (—((m1 (—(Cpfl/u0) —
Cpfr/u0 — Cprl/u0 — Cprr /u0))/(m + 4 ml)) — Cpfl/u0) — h1f (—((m1l (—(Cpfl/u0) — Cpfr/ul —
Cprl/u0 — Cprr/u0))/(m + 4 ml1)) — Cpfr/u0) — hlr (—((m1 (—(Cpfl/u0) — Cpfr/u0 — Cprl/ul —
Cprr/u0))/(m + 4 ml)) — Cprl/u0) — hlr (—((m1 (—=(Cpfl/u0) — Cpfr/u0 — Cprl/u0 — Cprr/u0))/(m +
4m1)) — Cprr/u0) + (Cpfl ROtire) /ul0 + (Cpfr ROtire)/u0 + (Cprl ROtire)/u0 + (Cprr ROtire)/u0)

a64 = —(1/(Jxz (—Ix Iz + Jxz"2) ))Ix (—Jxz (=lf (—((m1 (—((CpflhOf)/u0) — (Cpfr hOf)/ul —

(Cprl hOr) /u0 — (Cprr hOr)/u0))/(m + 4 m1)) — (Cpfl h0f)/u0) — If (—((m1 (—((Cpfl hOf)/u0) —
(Cpfr hOf)/u0 — (Cprl hOr)/u0 — (Cprr hOr)/u0))/(m + 4 m1)) — (Cpfr h0f)/u0) +

Ir (—=((m1 (=((CpflhOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr) /uld — (Cprr hOr)/u0))/(m + 4 m1)) —
(Cprl hOr) /u0) + Ir (—((m1 (—=((Cpfl hOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr)/u0 — (Cprr h0r)/u0))/(m +
4ml)) — (Cprr h0r)/u0)) — Iz (2 C2f tf*"2 + 2 C2r tr*2 — h1f (—((m1 (—((Cpfl hOf)/u0) —

(Cpfr hOf)/u0 — (Cprl hOr) /u0 — (Cprr hOr)/u0))/(m + 4 m1)) — (Cpfl hOf)/u0) —

h1f (=((m1 (—=((Cpfl hOf)/u0) — (Cpfr h0f)/u0 — (Cprl h0r)/u0 — (Cprr h0r)/u0))/(m + 4 ml1)) —
(Cpfr hOf)/u0) — hlr (—((m1 (—=((Cpfl hOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr) /uld — (Cprr hOr)/u0))/
(m+ 4 ml)) — (Cprl hOr)/u0) — hlr (—=((m1 (—=((Cpfl h0f)/u0) — (Cpfr h0f)/u0 — (Cprl h0r)/ul —
(Cprr hOr)/u0))/(m + 4 m1)) — (Cprr hOr)/u0) + (Cpf1 hOf ROtire)/u0 + (Cpfr hOf ROtire)/u0 +
(Cprl hOr ROtire)/u0 + (Cprr hOr ROtire)/u0)) + (1/Jxz)(2 C2f tf "2 + 2 C2r tr"2 —

h1f (—=((m1 (—=((Cpfl hOf)/u0) — (Cpfr h0f)/u0 — (Cprl h0r)/u0 — (Cprr h0r)/u0))/(m + 4 ml)) —
(CpflhOf)/u0) — h1f (—((m1 (—=((Cpfl hOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr)/ul — (Cprr hOr)/u0))/
(m+4ml)) — (Cpfr hOf)/u0) — hlr (—((m1 (=((Cpfl hOf)/u0) — (Cpfr hOf)/u0 — (Cprl hOr) /ul —
(Cprr hOr)/u0))/(m + 4 ml1)) — (Cprl h0Or)/u0) — hlr (—((m1 (—((Cpfl hOf)/u0) — (Cpfr h0f)/ul —
(Cprl hOr) /u0 — (Cprr hOr)/u0))/(m + 4 m1)) — (Cprr hOr)/u0) + (Cpfl hOf ROtire)/ul +

(Cpfr hOf ROtire)/u0 + (Cprl hOr ROtire)/u0 + (Cprr hOr ROtire)/u0)
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a66 = —(1/(Jxz (—Ix Iz + Jxz"2) ))Ix (—]xz (=If (—=((m1 (=((Cpfllf)/u0) — (Cpfr lf)/ul + (Cprllr)/ul +
(Cprr Ir)/u0))/(m + 4m1)) — (CpfLIf)/u0) — If (=((m1 (=((CpfLif)/u0) — (Cpfr If)/ul + (Cprllr)/ul +
(Cprr Ir)/u0))/(m + 4ml)) — (Cpfr If)/u0) + Ir (—((m1 (—((Cpfllf)/u0) — (Cpfr lf)/ud + (Cprl lr)/ul +
(Cprr Ir)/u0))/(m + 4 m1)) + (Cprl lr) /u0) + Ir (—((m1 (—=((Cpfl1lf)/u0) — (Cpfrlf)/ul + (Cprlir)/ul +
(Cprr Ir)/u0))/(m + 4 ml)) + (Cprr lr)/u0)) — Iz (—h1f (—((Mm1 (—((Cpfllf)/u0) — (Cpfrlf)/ul +
(Cprlir)/ul + (Cprr Ir)/u0))/(m + 4 m1)) — (CpflIf)/u0) — h1f (—=((m1 (=((CpfLIf)/u0) -
(Cpfrlf)/ud + (Cprllr)/ul + (Cprr lr)/u0))/(m + 4 m1)) — (Cpfr If)/u0) — hlr (—((m1 (—((Cpfllf)/
u0) — (Cpfr lf)/ud + (Cprl ir)/ul + (Cprr lr)/u0))/(m + 4 m1)) + (Cprl lIr)/u0) —

hlr (—=((m1 (=((Cpflif)/u0) — (Cpfr If)/ul + (Cprllr)/ul0 + (Cprr lr)/u0))/(m + 4 m1)) +

(Cprr Ir)/u0) + (Cpfl1lf ROtire)/u0 + (Cpfr lf ROtire)/u0 — (Cprl lr ROtire)/u0 — (Cprr lr ROtire)/u0)) +
(1/Jxz)(=h1f (=((m1 (=((CpfLLf)/u0) — (Cpfr If)/ul + (Cprl Ir)/ul + (Cprr Ir)/u0))/(m + 4 m1)) —
(CpfLIf)/u0) — h1f (=((m1 (=((CpfLIf)/u0) = (Cpfr If)/ul + (Cprllr)/ul + (Cprr Ir) /u0))/(m +

4m1l)) — (Cpfrlf)/u0) — hlr (—((m1 (—((Cpfllf)/u0) — (Cofr If)/u0 + (Cprllr)/ul +

(Cprr lIr)/u0))/(m + 4m1)) + (Cprl Ir)/u0) — hlr (—((m1 (—((Cpfllf)/u0) — (Cpfr lf)/ul +

(Cprllr)/ul + (Cprr Ir)/u0))/(m + 4 ml1)) + (Cprr Ir)/u0) + (Cpfl lf ROtire)/u0 + (Cpfr lf ROtire)/ul —
(Cprl Ir ROtire) /u0 — (Cprr lr ROtire)/u0)

a622 = ((2 (Cpfl + Cpfr)hlr m1)/(m + 4 ml) — h1f (Cpfl — (Cpfl+ Cpfr)ml/(m + 4 ml)) — h1f (Cpfr —
(Cofl+ Cpfryml/(m + 4 ml)) — Cpfl ROtire — Cpfr ROtire)/Jxz — (1/(Jxz (—Ix Iz +

Jxz"2) NIx (—Jxz (—((2 (Cpfl + Cpfr)lr m1)/(m + 4 ml)) — If (Cpfl— (Cpfl+ Cpfr)ml/(m+4ml)) —

If (Cpfr —(Cpfl+ Cpfryml/(m+4ml)))—1z ((2 (Cpfl+ Cpfr)hlr m1)/(m + 4 ml) — h1f (Cpfl —
(Cofl+ Cpfryml/(m + 4ml)) — h1f (Cpfr — (Cpfl + Cpfr)m1l/(m + 4 ml)) — Cpfl ROtire — Cpfr ROtire))

2:-3-2 BANETIL
# A ¥ E7 /L% Magic Formula & W — R B2 X (2.57) 1277,
Y=D-sin[C-tanY{B-x—E(B-x—tan*B-x)}]+S, =27 L x=X+5y (2.57)

F7- (2.57) OFHENRNTFTA—ZOMEORRXEZ K 2.7 IZRT.

» Peak pointC

Maximum Sy 0/\

lue D
T "\ Rigidity BCD x
.
0 s, X
Peak shape E

Fig. 2.7 Outline of tire characteristics
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LLFIZ BAR B 72 Magic Formula sU& /R 9728, FEM 22 B Ak 135 5 S0k o L L 7.

M M7 =B OB EMT 25E6)
Hlw D 2 A Y i LA A TREL TERRLT D08, TOMOESRERTH 5.

Fpyorir = Dyfi- Si"[Cyfl ) tan_l{Byfl “Byp — Eyfl(Byfl “Byp — tan_l(Byfl 'ﬁyfl))}] + Svyri
=72 L

Byri = Bri + Suysi
Foorim = Fronompr — kay (Zlfi_M - ZOfl_M)

FzOfi_M — Fzonomfl

dfzp1 =
“f le)namfl

Cyr1 = Pcyr

Dyt = (Poy1 + Poyz - Afzr) - (1 = Poya - ¥ei°) * Feopim

. - Fszl_M
Byﬂ : Cyﬂ' Dyﬂz Pry1 * Fz(momﬂ *sin (2 tan™! (# ’ (1 — Pkys |Yﬂ|)
Ky2 z0nomfl

B Byri - Cypi- Dyp

vl =
Cyri- Dypi

Eyp = (pEyl + PEy2 dfzfl) : {1 - (pEyS + Peys }’ﬂ)s.gn(ﬁyﬂ)}

Suyrt = (Puyr + Payz - Afzp1) + Prys - Ve

Svyft = Frofim {(pVyl + Pryz dfzﬂ) + (pVyS + Prya dfzﬂ) : Yﬂ}
Aite 1 (M7 v =H#FChitt hORERT25E) -

Bl D S A Y Nz diim/EMTRELTERLT 20, TOMOEmLREERTH 5.

FPxOfl_T = Dxfl ' Sin[fol ' tan_l{Bxfl “Sxf1 Exfl(Bxfl “Sxf1 tan_l(Bxfl ' Sxfl))}] + Sfol
=72 L

Sxft = Sf1 + Suxsi
Fuorim = Faonomst — K17 (Zipi m — Zopi m)

Fszl_M - Fz()nomfl
dfzfl =

Fanome

Cxr1 = Pext
Dy = (PDx1 + Ppxz dfzfl) : (1 — Ppx3 * }’ﬂz) “Foorim
Bysi* Cerrs Das1= Foopi o * (Pt + Prexz * Afzpt) - €X0(Pras * Afzf1)

Byf1 * Cxpr Dygy

B l =
o Cxri * Dxpr

Exﬂ = (pExl + Pex2 dfzfl + PEx3 - dfzflz) ' {1 — PEx4 ° Sgn(sxﬂ)}
Shxft = Pux1 + Puxz - Az

Svxrt = Faorim (PVx1 + Pyxz - dfzfl)

(2. 58)

(2.59)
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BERT (Rt IER O T TORT) -
FyO = JF'P;v() : Gys +5Vys
oo cos[Cys - tan™ By - s¢ — Eyg(Bys - ss — tan™*(Bys - 55))}]
7 cos|Cys tan By + Syys — Eys(Bys * Suys — tan=(Bys * Syys))}]

S¢=S§ +5Hys

BaRIR S (BOEH O TOR)) -

Fyo = Fpyo GxB

Gop = cos[Cyp - tan By - Bs — Exg (Byp - Bs —tan™ (Byg - Bs))}]
cos[Cyp tan~YByg - Suxp — Exp(Byg - Suxp — tan™"(Byp - Suxg))}]

Bs = B + Suxp

2:3:-3 BAVYETILOEEE
T, AAYETLVEEKRMICHECTE IR E CEM LR L RT.

ZA YR
MAOOFAERTILEEZBE LR N2 EE T 2BEET L2 0T,

F_py = Fz0 (PVY1 + (Fz0 — Fz0nom)PVY2 /FzOnom) + Fz0 (PDY1 + (Fz0 — FzO0nom)PDY2/
Fz0nom)Sin[PCY1 ArcTan[(FzOnom (beta + PHY1 + (Fz0 — FzOnom)PHY2/

Fz0nom)PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY?2)]])/(Fz0 PCY1 (PDY1 + (Fz0 — FzOnom)PDY2/

(2.60)

(2.61)

Fz0nom) ) — (PEY1 + (Fz0 — FzOnom)PEY?2 /FzOnom)(1 — PEY3 Sign[beta])(—ArcTan[(FzO0nom (beta +
PHY1 + (Fz0 — Fz0nom)PHY2/FzOnom)PKY1 Sin[2 ArcTan[Fz0/(Fz0nom PKY2)]])/(Fz0 PCY1 (PDY1 +

(Fz0 — Fz0nom)PDY?2 /Fz0nom) )] + (FzOnom (beta + PHY1 + (Fz0 — FzOnom)PHY2/

Fz0nom)PKY1 Sin[2 ArcTan[Fz0/(Fz0nom PKY?2)]])/(Fz0 PCY1 (PDY1 + (Fz0 — FzOnom)PDY2/

Fz0nom) ))]]

(2.62)

18



A YR

MIGALITTEB O Y G VEEIY TITS b Bl —F U v 7 "0 =D& 2 J % AL Magic

dFpy = —((Fz0 (PDY1 + ((Fz0 — FzOnom) PDY2)/Fz0nom) (beta + PHY1 + ((Fz0 —

Fz0nom) PHY?2)/FzOnom) (RVY1 + ((Fz0 — FzOnom) RVY2)/

Fz0Onom) RVY4"2 Sin[RVY5 ArcTan[(RHY1 + ((Fz0 — FzOnom) RHY2)/Fz0nom) RVY6]])/(1 +
(beta + PHY1 + ((Fz0 — FzOnom) PHY2)/Fz0nom)"2 RVY4"2)*(3/2)) + (Fz0 PCY1 (PDY1 +
((Fz0 — FzOnom) PDY2)/Fz0nom) Cos[PCY1 ArcTan[(Fz0nom (beta + PHY1 + ((Fz0 —
Fz0nom) PHY?2)/FzO0nom) PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY2)]])/(Fz0 PCY1 (PDY1 +
((Fz0 — FzOnom) PDY2) /Fz0nom)) — (PEY1 + ((Fz0 — FzOnom) PEY2)/Fz0Onom) (1 —

PEY3 Sign|beta]) (—ArcTan[(FzOnom (beta + PHY1 + ((Fz0 — FzOnom) PHY?2)/

Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(Fz0nom PKY2)]])/(Fz0 PCY1 (PDY1 + ((Fz0 —

Fz0nom) PDY2)/Fz0nom))] + (FzOnom (beta + PHY1 + ((Fz0 — FzOnom) PHY2)/

Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(Fz0nom PKY?2)]])/(Fz0 PCY1 (PDY1 + ((Fz0 —

Fz0nom) PDY2)/Fz0nom)))]] ((FzOnom PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY2)]])/

(Fz0 PCY1 (PDY1 + ((Fz0 — FzOnom) PDY2)/Fz0nom)) — (PEY1 + ((Fz0 — FzOnom) PEY2)/
Fz0nom) (1 — PEY3 Sign[beta]) ((FzOnom PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY?2)]])/

(Fz0 PCY1 (PDY1 + ((Fz0 — FzOnom) PDY2)/Fz0Onom)) — (FzOnom PKY1 Sin[2 ArcTan[Fz0/
(Fz0nom PKY?2)]])/(Fz0 PCY1 (PDY1 + ((Fz0 — FzOnom) PDY2)/Fz0nom) (1 +

(Fz0nom"2 (beta + PHY1 + ((Fz0 — FzOnom) PHY?2)/Fz0nom)"2 PKY1"2 Sin[2 ArcTan[Fz0/
(FzOnom PKY2)]]*2)/(Fz0"2 PCY1~2 (PDY1 + ((Fz0 — FzOnom) PDY2)/Fz0nom)"2)))) +
(PEY1 + ((Fz0 — FzOnom) PEY2)/Fz0nom) PEY3 (—ArcTan[(FzOnom (beta + PHY1 + ((Fz0 —
Fz0nom) PHY?2)/Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY2)]])/(Fz0 PCY1 (PDY1 +
((Fz0 — FzOnom) PDY2)/Fz0nom))] + (FzOnom (beta + PHY1 + ((Fz0 — FzOnom) PHY?2)/
Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY?2)]])/(Fz0 PCY1 (PDY1 + ((Fz0 —

Fz0nom) PDY2)/Fz0nom))) (Sign"¥[Prime])[beta]))/(1 + ((FzOnom (beta + PHY1 + ((Fz0 —
Fz0nom) PHY?2)/Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY2)]])/(Fz0 PCY1 (PDY1 +
((Fz0 — FzOnom) PDY2)/Fz0nom)) — (PEY1 + ((Fz0 — FzOnom) PEY2)/Fz0Onom) (1 —

PEY3 Sign[beta]) (—ArcTan[(FzOnom (beta + PHY1 + ((Fz0 — FzOnom) PHY2)/

Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(FzOnom PKY?2)]])/(Fz0 PCY1 (PDY1 + ((Fz0 —

Fz0nom) PDY2)/Fz0nom))] + (FzOnom (beta + PHY1 + ((Fz0 — FzOnom) PHY2)/

Fz0nom) PKY1 Sin[2 ArcTan[Fz0/(Fz0nom PKY?2)]])/(Fz0 PCY1 (PDY1 + ((Fz0 —

Fz0nom) PDY2)/Fz0nom))))"2)

Formula XZ AU v 7 B THOY LIzt D LT 5. BRMIZIZK (2.62) 2RV v 7 g Ty L.

(2.63)
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Tire Lateral Force Characteristics « 10" Tire Lateral Force Differencial Characteristics
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Fig. 2.8 Tire characteristics(Typical)
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FERI T D & A ¥ ILET# O v — VIR 520G U CE AR D E & R 5 -0 &wmITFnEFhn
B DBREE 72D T2 TIREZR DZBINEE T ToOEH M EER O BRI 4 O Sl CpE %2 kD 5 7
DOMH R EZEAT S, KFETIIMMFBRERE LTHEREETAZOLOE AW, £-3R
DENFRAL O 7= 6 E A HERNTHE — & 100 km/h THEMAZ D> < D EIY L LRSS E 2 89 & %
YWEFEMERIC L 23R EIT-o 72, M FIEAZ@EICK 2.9 1277,
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Fig. 2.9 Analysis flow chart
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A ¥ 1L Al % fi Cp=55000 N/rad, #H#iCp=60000 N/rad Z HV 7=, [X 2.11 X 0 B0 FE O BN £
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Fig. 2.10 Vehicle locus at quasi
steady state turning
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Fig. 2.14 Tire equivalent cornering
power with respect to tire slip angle
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Fig. 2.11 Tire contact force with
respect to lateral acceleration
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Fig. 2.15 Tire equivalent cornering power with
respect to tire slip angle showing with contact load



Table 2.3 Tire contact force(F:) and equivalent cornering power(C,) under various lateral accelerations

G,{1/ad
Aylm/s?]

fr fl rl T fr fl rl "

0 4009.7 4009.7 2707.9 2707.9 -55114 -35114 -59324 -59324
1.000 42956 36982 25752 2866.2 -57945 -50823 -56061 -61999
2.000 4597.4 3398.0 2428.9 3011.0 -59596 -45722 -51541 -63083
3.000 4902.8 30951 2280.3 3156.9 -99634 -39826 -46149 _52666
4.000 5213.8 2788.1 2128.4 3304.7 -57698 -33297 -40016 -60510
5.000 55322 24756 19722 34549 -53296 26317 -33288 -56327
6.000 5860.7 2155.8 1810.0 36082 -45704 -19084 26124 -49761
7.000 6202.8 1827.5 1639.7 3764.6 -33762 -11807 _1g8709 -40379

EIE HKEILEETILORE

COETII2ETROLEZHBERIZET VICK LA HEIFERZESD SRS X0 2 3 #E
BTN EDEFHOLBEZITORIBIALOMENS LE, EHEOEEAREZHIT 5.

3:1 BEBLEETILOREEEEILICHT SBEHH

K 3.1 IZZHEHEMBILET NVIZE 2.2 OHBENRTA—F 52527502250 T, AiE#EE% 10 m/s
25 100 m/s £T 0.2 m/s A TELISETZEORMBO 2K EZRT. KREL T TR ERDOES
(a—)v, I—, T, EE, "y R) LERTFR, ATTVVITROTV—=TIZh T 6Nn5.
FloHEMATZEEEIC L ORI ENT D20 (HEEFEEOH 2 EBIIXIE) & HEBEICE T —EEL
RTLOD WO NHDZINHRTES., ZNIEHOVWTIEEFETETHELL NS, 4% LIELLD
M O & Bt EEICE SO REWER EROEEFCOWTHERT D Z & & LRI W TIE
HBROKHMHEICEE LETOIEDOT/FIZONTERLT H.

Root Locus U0=10[m/s] -> 100[m/s]
100 T T T T T T

NN |

unsprung mass
(4places)

20
\ steering

-40

Sprung mass 1

Imaginary
o
T

—60F 4

100 ! ! ! ! ! ! . ! .
—45 -40 -35 -30 -25 -20 -15 -10 -5 0 5
Real

Fig. 3.1 Root locus
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3:2 FTEETIELEDLE (BB

K32 ICZHHEERFBALET VEVEH2 AHEET VORIRELZ 10 n/s 705 100 m/s £T 0.2
n/s ZHCELESEEOI— LA N, BEHE, m—1 LA NORIBZ RS, ZHHERELLET L
WZHDOWTIEFE 2.2 IR THEERTA—ZXEZHWTCRDEERE o —VEEE—X 2 M2 10 fFI2L T
a— L EIH L b O Lz, BERTA—ZEHWTHAELE L OO FIXEELLIZFE
VIRBLBR S B CHBEL X v v 7RBN S RMEE D, TP+ — VEB A EZE L2 3 HHE
MIEET VL DRATHIRY O R MR BT 258 L7720, Flu— L EET—A2 b2 10 %
WL Ta— LEEHEZME LebOOMBMBNI VR 2 BREETLVOFEEBHERLS —HT 5. b0l
EDPDZAMERBALET VI FRET VR EMSOMEET VOIE L > TWVWD Z LR TX
5.

12
53]
10+ Full Vehicle Model with
Typical Parameter
8 L
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-
-5 6
(4]
E
4+t
FJ @
K.
Py
2l f /
*‘ Full Vehicle Model with 10 times Ix
0 Sesese G 1 L &
-20 -15 -10 -5 0 5
Real

Fig. 3.2 Root locus comparison between linearized model and planar model

BV 2 BHEET VOBRMBNI TROER HTRANSRD .

muy(p + 1) = —2C, f(ﬂ+—r—6)—2(3pr(,8—i—2r) (3.1)
1;=—xw@+%¢—®g+zg4ﬁ—%ﬁg (3.2)

LD, ERELBIEIEMELRORY vy 7 AL 5.
IIT o=f ThHND

9 = == (=2(Cpp + Cpr)v = 2(Cprly = CprLy)T) — 120 + 225 (3.3)
r= 1;10 (_Z(Cpfl‘f - CPTLT)v - Z(Cpfl‘fz + Cprl‘rz)r) +2 C%ZLI‘S (3.4)

TN VIR S B

Cpf+cpr Cprf CprLr _ Cpf
v muop mugp v
[ ] [ ] 9 ¢ L (3.5)
Cprf CprLy ZCprf +CprL,~ “prhf
I,ug I,ug I,

LD,
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3-3 [EMMEEEEOBEBIEE (EEI,SOERREE)

X 33258 2.2DFFENRT A =2 %AV Tu=30m/s TOMRIBALTT V& IERIEETT VORI
HEh e ENEB O R E RS A Y RAEIIRIEALE T VIZILRTE Cp = 55000 N/rad, %% Cp = 60000
N/rad, FEMEE T VIZIEB=0TOEAMCpEBMRIBALET L EFE LW (AifmE M Cp = 55000 N/rad
@ Fz0=4000 N, #%i#mZE{liCp = 60000 N/rad @ Fz0 =2500 N) Magic Formula ¥ 1 ¥ E7 /L% f\ 7=,
B 3.3 ZEMNCAEINEEFE 23 3.0 m/s? IC72 D KO LIt AIC LD AT v ST ATIORERE, 40
WIXEIEIAT) 002 m D AT v TEZEANNORRERT . MIBALET NV EIERIEET VO BV — B0
WTE 5.

lateral velocity vertical velocity

non-linear model
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Fig. 3.3 Time series data comparison between linear model and non-linear model with Magic Formula tire

3-4 —EHEMEETRETIEMTTHUELEREE (EEAETHLOUELER)
WM ETNS OUIE LERISE 2T+ 256, BUNMESLEE G ICE S S MIALE T L & EfliCp ¥
AXYERHWTHET T2 2 ERMbNATWND 9. RIFETIET CTIZL B HEFEREET VEBRIALE A
ThLOTEDET VI LERHEITH D O UBAISE OFBMEEE1T 5. &% MR g
XG0 % A W EIERIEE T /LIS LT O Bie M 2 R TR A, =0,1,2,3,4,5,6,7m/s? L 725 & 5 i
L7 BT, BFHNEE CORERNCX LE-—o I LM 0.005 rad (= 0.286 deg) DI/ NMEEL % 5 % T
ATy TINEE S FEEHAY A YIZ33ELRLCLOZHAWE. —HFOBIEET VX LTI,
ZTNENORNMEEIZxE L T8 233 B TRDEEK 23ISR TEMCpOMEEHEH Lz, 2O, B O
PRGN CIXE A, ERESE 2R EHAEE Y onEEEEmR T IS TH A, 2 TIRIER
s RN L Ox O BT, $BIEET MK U CTIIHRE O MINEE TEFH PR T 2 L9 1T
BN 2SO UOHE L CHEIRFMESEZHTHICHEZE LT VWE I L., EFERE K
M 7s o0 LEBREIToZBEOI— LA b, B—A%X 3.4-3.5 177, @XEBMEDO/NS
W H DD B LT E T BE B O BEINGE SR IR R 35 . KD b & BEINEE O G4 T THRIBALE T Vi
ZEHMEIFREETNVEFEN L0 —RE2T 52 LR HATED.
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Fig. 3.4 Steering response during steady Fig. 3.5 Steering response during steady
state turn (yaw rate) state turn (roll angle)
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Fig. 4.8 Root locus (Two times
damping rate both front and rear)
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Fig. 4.13 Root locus (1.5 times center of gravity height)
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Fig. 4.12 Root locus (1.5 times
rear tread)
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Fig. 4.14 Root locus on different roll stiffness at u0=100 km/h
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Fig. 4.16 Root locus on different tire characteristics at u0=100 km/h
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Fig. 4.18 Root locus on different damping characteristics
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Fig. 4.19 Root locus on different lateral acceleration (comparison of damping difference) at u0=100 km/h
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Table 4.1 Eigen value and eigen vector (No.1 and No.2)

Eigen value A State . Eigen vector No.1 Eigen vector No.2
No Real Imaginary | No Real Imaginary Real Imaginary
1 0 1.732) 1 X3 0.0000 -0.3536 0.0000 0.3536
2 0 -1.732) 2 X3 0.0000 0.3536 0.0000 -0.3536|
3 0 11 3 X1 0.6124 0.0000 0.6124 0.0000]
4 0 -1l 4 X5 -0.6124 0.0000 -0.6124 0.0000
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Fig. 4.23 Out-phase mode Fig. 4.24 Out-phase mode (conjugate)
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Table 4.2 Eigen value and eigen vector (No.3 and No.4)

Eigen value A State - Eigen vector No.3 Eigen vector No.4
No Real Imaginary | No Real Imaginary Real Imaginary
1 0 1.732) 1 X 0.00 -0.50 0.00 0.50
2 0 -1.732) 2 X5 0.00 -0.50 0.00 0.50
3 0 1l 3 X 0.50 0.00 0.50 0.00:
q 0 -1l 4 X3 0.50 0.00 0.50 0.00
o mode3 ‘; 06 moded
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Fig. 4.25 In-phase mode Fig. 4.26 In-phase mode (conjugate)
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Table 4.3 Eigen value and eigen vector (No.1 and No.2)

20

Eigen value A |State i Eigen vector No.1 Eigen vector No.2
No Real Imaginary Real Imaginary Real Imaginary
1 -0.25 1.714) 1 Xy -0.0510 -0.3499 -0.0510 0.3499
2 -0.25 -1.714) 2 Xo 0.0510 0.3499 0.0510 -0.3499
3 -0.25 0.968| 3 X3 0.6124 0.0000 0.6124 0.0000
4 -0.25 -0.968 4 Xo -0.6124 0.0000 -0.6124 0.0000
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2
03+ 03+ j
02+ 02+
0.1 0.1
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Fig. 4.30 Out-phase mode

Fig. 4.31 Out-phase mode (conjugate)
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Table 4.3 Eigen value and eigen vector (No.3 and No.4)

Eigen value A State — Eigen vector No.3 Eigen vector No.4
No Real Imaginary | No Real Imaginary Real Imaginary
1 -0.25 1.714) 1 X1 0.5000 0.0000 0.5000 0.0000
2 -0.25 -1.714 2 X5 0.5000 0.0000 0.5000 0.0000
3 -0.25 0.968 3 X -0.1250 0.4841 -0.1250 -0.4841
4 -0.25 -0.968, 4 X5 -0.1250 0.4841 -0.1250 -0.4841
mode3 moded
0.5 & T T 0.1 T T
3
04} of ?
03 -0.1
g g
€ 02 5 -02
E E
0.1+ -03
0 H -04
4
0.1 ‘ : : -05 3 ‘ : ‘
-0.2 -0.1 0 0.1 0.2 03 04 0.5 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5

Real

Fig. 4.32 In-phase mode

Real

Fig. 4.33 In-phase mode (conjugate)
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Table 4.4 Eigen value and eigen vector (roll and unsprung mass)

Eigen value A4 State — Eigen vector No.1 Eigen vector No.2
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u 6.27E-20 -3.3E-20 6.27E-20 3.26E-20
2 -40.2944 -93.246 2 v -0.0004 0.000514 -0.0004 -0.00051
3 -40.884 92.00236 3 w 4.42E-17 -9.3E-18 4.42E-17 9.28E-18
4 -40.884 -92.0024f 4 7} 0.011109 0.022027 0.011109 -0.02203
5 -40.3756 87.132] § q -2.8E-17 -1.1E-17 -2.8E-17 1.13E-17
6 -40.3756 -87.132 6 r 1.78E-05 -0.00027 1.78E-05 0.000274
7 -40.4341 84.94205 7 @ 0.000156 -0.00019 0.000156 0.000186
8 -40.4341 -84.942 8 (7} -1.3E-19 7.36E-19 -1.3E-19 -7.4E-19
9 -40 30.53948 9 P -2.5E-06 9.11E-07 -2.5E-06 -9.1E-07
10 -40 -30.5395 10 zrpy 0.002524 0.006259 0.002524 -0.00626
11 -2.33314 10.53023 11 zrp -0.00252 -0.00626 -0.00252 0.006259
12 -2.33314 -10.5302 12 zry 0.001302 0.001479 0.001302 -0.00148
13 -7.30475 6.97798 13 zn., -0.0013 -0.00148 -0.0013 0.001479
14 -7.30475 -6.97798 14 Zifr -0.00612 -0.00264 0.006116
15 -4.53349 8.472369 15 Zif 0.002643 0.006116 0.002643 -0.00612
16 -4.53349 -8.47237| 16 zryy -0.00119 -0.00162 -0.00119 0.001619
17 -3.64476 7.407228 17 zqy 0.001185 0.001619 0.001185 -0.00162
18 -3.64476 -7.40723| 18 Zl'ﬁ 0.676804 0 0.676804 0
19 0 0 19 Ziﬂ -0.6768 2.96E-15 -0.6768 -3E-15
20 0 0 20 zqy 0.19871 -0.04526 0.19871 0.045264
21 0 0O 21  z{ -0.19871 0.045264 -0.19871 -0.04526
22 0 0 22 ) 0 0 0 0
23 0 0 23 S 0 0 0 0
0.05 . mode1 0,05 . molde2
20
0.04 - 2! 0.04
0.03 - 0.03
0.02 ¢ 0.02
g 001 - p 001 A
%ﬂ 0 . o8 _gﬂ 0 e PREN
E oo1t ] £ 001 15
-002 - 1 -0.02 4
-003 - 1 -0.03 -
-004 - " 1 -0.04
21
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-08 -06 -04 -02 0 02 04 06 08 -08 -06 -04 -02 0 02 04 06 08
Real Real
Fig. 4.34 roll and unsprung mass mode Fig. 4.35 roll and unsprung mass mode (conjugate)
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Table 4.5 Eigen value and eigen vector (pitch, bounce and unsprung mass)

P i5

10
1

%

21
14

L

3

Eigen value A State . Eigen vector No.3 Eigen vector No.4
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u 1.63E-05 2.73E-06 1.63E-05 -2.7E-06
2 -40.2944 -93.244 2 v -6.3E-17 -5.5E-17 -6.3E-17 5.52E-17|
3 -40.884 92.00236 3 w 0.011667 0.026021 0.011667 -0.02602
4 -40.884 -92.0024 4 P -6.3E-17 9.47E-18 -6.3E-17 -0.5E-18
5 -40.3756 87.132| 5 q -0.00919 -0.01439 -0.00919 0.014388
6 -40.3756 -87.132) 6 r -1.9E-18 -4.1E-17 -1.9E-18 4.11E-17
7 -40.4341 84.94205 7 @ -6.9E-18 7.81E-18 -6.9E-18 -7.8E-18
8 -40.4341 -84.942 8 a -0.4E-05 0.000141 -0.4E-05 -0.00014
9 -40 30.53948 9 P -3.8E-19 2.99E-19 -3.8E-19 -3E-19
10 -40 -30.5395 10 z7yy -0.00261 -0.00678 -0.00261 0.006777
11 -2.33314 10.53023 11 zrp -0.00261 -0.00678 -0.00261 0.006777
12 -2.33314 -10.5302 12 zry -3.9E-05 -4.5E-05 -3.9E-05 4.49E-05
13 -7.30475 6.97798 13 zn.,. -3.9E-05 -4.5E-05 -3.9E-05 4.49E-05
14 -7.30475 -6.97798 14 Z1fr 0.00285 0.006414 0.00285 -0.00641
15 -4.53349 8.472369 15 Zify 0.00285 0.006414 0.00285 -0.00641
16 -4.53349 -8.47237| 16 zriy 3.56E-05 4.73E-05 3.56E-05 -4.7E-05
17 -3.64476 7.407228 17 zipy 3.56E-05 4.73E-05 3.56E-05 -4.7E-05
18 -3.64476 -7.40723| 18 Z{fr -0.70662 0 -0.70662 0
19 0 0 19 Ziﬂ -0.70662 6.24E-16 -0.70662 -6.2E-16
20 0 0 20 zqy -0.0058 0.001339 -0.0058 -0.00134
21 0 0 21  z{p -0.0058 0.001339 -0.0058 -0.00134
22 0 0 22 [} 0 0 0 0
23 0 0 23 Ky 0 0 0 0
003 : mode3 : 0.015 mode4
0025 - E 0.01
0.02 0.005
0.015 - of e
§ oort §-0005
Eﬂ 0.005 s Eﬂ -001 |
0- el % -0.015
-0.005 10 -002 |
-001 - -0.025
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Real

Fig. 4.36 pitch, bounce and unsprung mass mode

Real
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Fig. 4.37 pitch, bounce and unsprung mass mode(conjugate)
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Table 4.6 Eigen value and eigen vector (roll and unsprung mass)

Eigen value A4 State — Eigen vector No.5 Eigen vector No.6
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 u -1.5E-21 7.4E-20 -1.5E-21 -7.4E-20)
2 -40.2944 -93.246 v -0.00076 0.001121 -0.00076 -0.00112
3 -40.884 92.00236 w 2.63E-17 §.6E-17 2.63E-17 -8.6E-17|
4 -40.884 -92.0024 P 0.023524 0.042305 0.023524 -0.0423

5 -40.3756 87.132 3.76E-17 -1.9E-16 3.76E-17 1.9E-16

6 -40.3756  -87.132 T 2.09E-05 -0.00056 2.09E-05 0.000557

L 0 N ks W N e
=

7 -40.4341 84.94205 @ 0.000297 -0.00041 0.000297 0.000407
8 -40.4341 -84.942 7] -6.8E-19 -1.2E-19 -6.8E-19 1.23E-19
9 -40 30.53948 P -5.4E-06 2.24E-06 -5.4E-06 -2.2E-06|
10 -40 -30.5395 10 ZTfy 0.00108 0.001959 0.00108 -0.00196
11 -2.33314 10.53023 11 zry -0.00108 -0.00196 -0.00108 0.001959
12 -2.33314 -10.5302 12 zry -0.00274 -0.0067 -0.00274 0.006699
13 -7.30475 6.97798 13 zn., 0.00274 0.006699 0.00274 -0.0067|
14 -7.30475 -6.97798 14 Zifr -0.00131 -0.00165 -0.00131 0.001647
15 -4,53349 8.472369 15 Z1f1 0.001307 0.001647 0.001307 -0.00165
16 -4.53349 -8.47237| 16 zryy 0.002963 0.006394 0.002963 -0.00639
17 -3.64476 7.407228 17 zqy -0.00296 -0.00639 -0.00296 0.006394
18 -3.64476 -7.40723| 18 Z{ﬁ 0.196326 -0.04739 0.196326 0.047392
19 0 0 19 Ziﬂ -0.19633 0.047392 -0.19633 -0.04739
20 0 0 20 zqy -0.6767 3.81E-15 -0.6767 -3.8E-15
21 0 0O 21  z{ 0.676702 0 0.676702 0
22 0 0 22 ) 0 0 0 0
23 0 0 23 S 0 0 0 0
005 1 0.05
0.04 0.04 |
0.03 - 1 0.03 |
0.02 | 1 002 |
0.01 | 1 |
g ] 2 0.01
s 0 e ., E" ol e o,
£ o1 E o1 b
-0.02 F 1 -0.02
-0.03 | 4 -0.03 -
-0.04 |- 1 -004 |
-0.05 : -0.05 ! : | I
08 -06 -04 04 08 08 08 -06 -04 } 04 06 08
Real Real
Fig. 4.38 roll and unsprung mass mode Fig. 4.39 roll and unsprung mass mode (conjugate)
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Table 4.7 Eigen value and eigen vector (pitch, bounce and unsprung mass)

Eigen value A4 State — Eigen vector No.7 Eigen vector No.8
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u -3.2E-05 -7.7E-06 -3.2E-05 7.67E-06)
2 -40.2944 -93.246 2 v 3.04E-17 4.33E-17 3.04E-17 -4.3E-17|
3 -40.884 92.00236 3 w 0.017934 0.019243 0.017934 -0.01924
1 -40.884 -92.0024 4 P 6.4E-17 -1.3E-17 6.4E-17 1.31E-17
5 -40.3756 87.132) 5 q 0.012878 0.026832 0.012878 -0.02683
6 -40.3756 -87.132 6 T 3.26E-17 1.29E-16 3.26E-17 -1.3E-16]
7 -40.4341 84.94205 7 @ 5.25E-18 -1E-17 5.25E-18 1.02E-17
8 -40.4341 -84.942 8 (7] 0.000199 -0.00025 0.000199 0.000246
9 -40 30.53%948 9 P 9.96E-19 -1.1E-18 9.96E-19 1.08E-18
10 -40 -30.5395 10 zrpy 3.1E-05 6.08E-05 3.1E-05 -6.1E-05
11 -2.33314 10.53023 11 zrp 3.1E-05 6.08E-05 3.1E-05 -6.1E-05
12 -2.33314 -10.5302 12 zry -0.00272 -0.0074 -0.00272 0.007403
13 -7.30475 6.97798 13 zn., -0.00272 -0.0074 -0.00272 0.007403
14 -7.30475 -6.97798 14 Zifr -4E-05 -4.8E-05 -4E-05 4.84E-05
15 -4.53349 8.472369 15 Zif -4E-05 -4.8E-05 -4E-05 4.84E-05
16 -4.53349 -8.47237| 16 zryy 0.003228 0.00678 0.003228 -0.00678
17 -3.64476 7.407228 17 zqy 0.003228 0.00678 0.003228 -0.00678
18 -3.64476 -7.40723 18 Z‘l.f‘.r' 0.00572 -0.00141 0.00572 0.001414
19 0 0 19 Ziﬂ 0.00572 -0.00141 0.00572 0.001414
20 0 of 20 ziy -0.70644 0 -0.70644 0
21 0 0O 21  z{ -0.70644 -2.3E-15 -0.70644 2.35E-15
22 0 0 22 1) 0 0 0 0
23 0 0 23 Y 0 0 0 0
0.03 mode? 0.01 . mode8
. T T i 12
13
0.025 | s 0.005
18
0.02 z 0o- e =
0.015 | -0.005 15
g g 17
5 ool E“ -001
g 6 E
~ 0.005 | 7 -0.015
0 o s -002 - 3
19
-0.005 - -0.025
12 5
13
-0.01 : : ‘ ‘ : : -0.03 - : . : ‘ :
-08 -07 -06 -05 -04 -03 -02 -00 O Ol -08 -07 -06 -05 -04 -03 -02 -0.1

Real

Fig. 4.40 pitch, bounce and unsprung mass mode

Real

Fig. 4.41 pitch, bounce and unsprung mass mode(conjugate)
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Imaginary
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Table 4.8 Eigen value and eigen vector (steer, yaw, lateral velocity and roll)
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Eigen value A4 State — Eigen vector No.9 Eigen vector No.10
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u 3.56E-21 1.07E-20 3.56E-21 -1.1E-20
2 -40.2944 -93.246/ 2 v 0.000347 -0.04642 0.000347 0.046421
3 -40.884 92.00236/ 3 w -1.2E-18 -1.4E-17 -1.2E-18 1.38E-17
1 -40.884 -92.0024) 4 7} -0.0029 -0.04 -0.0029 0.039996
5 -40.3756 87.132| 5 q 2.55E-18 -1.9E-19 2.55E-18 1.93E-19
6 -40.3756 -87.132] 6 r -0.00498 -0.01984 -0.00498 0.019839
7 -40.4341 84.94205 7 (] -0.00044 0.000667 -0.00044 -0.00067
8 -40.4341 -84.942, 8 (7} -3.9E-20 -6.4E-20 -3.9E-20 6.36E-20
9 -40 30.53%948 9 P -0.00016 0.000373 -0.00016 -0.00037
10 -40 -30.5395 10 zrpy 0.000242 -0.00071 0.000242 0.000711
11 -2.33314 10.53023 11 zrp -0.00024 0.000711 -0.00024 -0.00071
12 -2.33314 -10.5302| 12 zry -0.00027 0.000787 -0.00027 -0.00079
13 -7.30475 6.97798 13 zn., 0.000268 -0.00079 0.000268 0.000787
14 -7.30475 -6.97798| 14 Zifr 9.21E-05 0.000201 9.21E-05 -0.0002
15 -4.53349 8.472369 15 Zzip -0.2E-05 -0.0002 -0.2E-05 0.000201
16 -4.53349 -8.47237| 16 zriy -6E-05 -0.00029 -6E-05 0.000287
17 -3.64476 7.407228 17 zq,y 5.95E-05 0.000287 5.95E-05 -0.00029
18 -3.64476 -7.40723| 18 Z{ﬁ, -0.00981 -0.00521 -0.00981 0.005208
19 0 0 19 Ziﬂ 0.00981 0.005208 0.00981 -0.00521
20 0 0 20 2z 0.01115 0.00967 0.01115 -0.00967
21 0 0 21  z{, -0.01115 -0.00967 -0.01115 0.00967
22 0 0 22 1) 0.015752 0.012027 0.015752 -0.01203
23 0 0 23 Y -0.99737 0 -0.99737 0
de9
. mode 0.05 mm:!ew
22
A 004 -
vE] ;; 003
1
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£
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g £ 001+
08
4 001
2
: : : : . -0.02 : ‘ .
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Real Real

Fig. 4.42 steer and planer motion mode

Fig. 4.43 steer and planer motion mode (conjugate)
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Table 4.9 Eigen value and eigen vector (pitch, bounce)

Eigen value A4 State — Eigen vector No.11 Eigen vector No.12
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.2459¢ 1 u -0.00679 0.023603 -0.00679 -0.0236
2 -40.2944 -93.246 2 v -2.7E-15 5.4E-16 -2.7E-15 -5.4E-16
3 -40.884 92.00234 3 w -0.93564 0 -0.93564 0
4 -40.884 -92.0024{ 4 P 1.93E-15 -1.2E-15 1.93E-15 1.24E-15
5 -40.3756 87.132| 5 q 0.191298 -0.21975 0.191298 0.219751
6 -40.3756 -87.132 6 r -3.3E-16 9.79E-16 -3.3E-16 -0.8E-16
7 -40.4341 84.94205 7 @ -1.7E-17 -3.9E-16 -1.7E-17 3.94E-16
8 -40.4341 -84.942 8 (7] -0.02373 -0.01291 -0.02373 0.012909
9 -40 30.53948 9 P 1.12E-16 3.33E-17 1.12E-16 -3.3E-17|
10 -40 -30.5395( 10 z7py 0.055007 0.021917 0.055007 -0.02192
11 -2.33314 10.53023 11 zrp 0.055007 0.021917 0.055007 -0.02192
12 -2.33314 -10.5302 12  zry 0.000686 -0.00225 0.000686 0.002245
13 -7.30475 6.97798 13 zn., 0.000686 -0.00225 0.000686 0.002245
14 -7.30475 -6.97798| 14 Zyp 0.007161 0.009066 0.007161 -0.00907;
15 -4.53349 8.472369 15 Zif 0.007161 0.009066 0.007161 -0.00907;
16 -4.53349 -8.47237| 16 zryy 0.000261 -7.7E-05 0.000261 7.72E-05
17 -3.64476 7.407228 17 zqy 0.000261 -7.7E-05 0.000261 7.72E-05
18 -3.64476 -7.40723| 18 Z‘l.f‘r -0.11218 0.054257 -0.11218 -0.05426
19 0 0 19 Ziﬂ -0.11218 0.054257 -0.11218 -0.05426
20 0 0 20 =z 0.000203 0.002933 0.000203 -0.00293
21 0 0 21 2z, 0.000203 0.002933 0.000203 -0.00293
22 0 0 22 6 0 0 0 0
23 0 0 23 Ky 0 0 0 0
o1 moc‘ieﬂ . 025 - modei2
0.05 0.2+
0 e 0.15 |
& g
E -01 E 005+
-0.15 0f e
-02 -0.05 |
R 08 06 04 02 0 0.2 o 08 08  -04 02 0 02
Real Real
Fig. 4.44 pitch, bounce mode Fig. 4.45 pitch, bounce mode(conjugate)
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Table 4.10 Eigen value and eigen vector (yaw, lateral velocity and roll)

Eigen value A4 State — Eigen vector No.13 Eigen vector No.14
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u -3.3E-17 7.31E-17 -3.3E-17 -7.3E-17|
2 -40.2944 -93.246| 2 v 0.660132 0.008644 0.660132 -0.00864
3 -40.884 92.00236, 3 w -2.8E-16 -1.9E-15 -2.8E-16 1.94E-15
1 -40.884 -92.0024| 4 P 0.714958 0 0.714958 0
5 -40.3756 87.132| 5 q 7.57E-16 3.61E-16 7.57E-16 -3.6E-16|
6 -40.3756 -87.132| 6 T -0.02634 -0.15956 -0.02634 0.159558
7 -40.4341 84.94205 7 @ -0.05118 -0.04889 -0.05118 0.048887
8 -40.4341 -84.942| 8 (7] -2.7E-17 -7.7E-17 -2.7E-17 7.67E-17|
9 -40 30.53948 9 P -0.00902 0.013222 -0.00902 -0.01322
10 -40 -30.5395| 10 zrpy 0.036699 0.031228 0.036699 -0.03123
11 -2.33314 10.53023 11 zrp -0.0367 -0.03123 -0.0367 0.031228
12 -2.33314 -10.5302| 12 zry -0.03979 -0.03354 -0.03979 0.033539
13 -7.30475 6.97798| 13 zn., 0.039791 0.033539 0.039791 -0.03354
14 -7.30475 -6.97798| 14 Zifr 0.00245 0.00617 0.00245 -0.00617
15 -4.53349 8.472369 15 Zif -0.00245 -0.00617 -0.00245 0.00617
16 -4.53349 -8.47237| 16 zriy 0.001409 -0.00313 0.001409 0.003126
17 -3.64476 7.407228 17 zZiyy -0.00141 0.003126 -0.00141 -0.00313
18 -3.64476 -7.40723| 18 z{ fr -0.06096 -0.02797 -0.06096 0.027974
19 0 ol 19 z; fl 0.060957 0.027974 0.060957 -0.02797
20 0 0 20 ziy 0.011519 0.032663 0.011519 -0.03266
21 0 0f 21 =z, -0.01152 -0.03266 -0.01152 0.032663
22 0 0 22 ) 0 0 0 0
23 0 0 23 Y 0 0 0 0
model3 mode14
0.04 oF0 ‘ T T ‘ 0.16 | g : ‘
0.02 - 19 : 0.14 -
f _o?
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15
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Real Real
Fig. 4.46 yaw, lateral velocity and roll mode Fig. 4.47 yaw, lateral velocity and roll mode (conjugate)
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Table 4.11 Eigen value and eigen vector (pitch, bounce)

Eigen value A4 State — Eigen vector No.15 Eigen vector No.16
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u 0.028525 0.025715 0.028525 -0.02571
2 -40.2944 -93.246 2 v 1.46E-14 -2.4E-15 1.46E-14 2.37E-15
3 -40.884 92.00236 3 w -0.91482 0 -0.91482 0
1 -40.884 -92.0024 4 7} 3.09E-15 -5.2E-14 3.09E-15 5.17E-14
5 -40.3756 87.132) 5 q 0.05242 -0.35778 0.05242 0.357779
6 -40.3756 -87.132 6 r -2E-15 1.22E-15 -2E-15 -1.2E-15
7 -40.4341 84.94205 7 (] -5.1E-15 1.96E-15 -5.1E-15 -2E-15
8 -40.4341 -84.942 8 (7} -0.0354 0.012757 -0.0354 -0.01276
9 -40 30.53%948 9 P 2.49E-16 1.22E-16 2.49E-16 -1.2E-16]
10 -40 -30.5395 10 zrpy 3.42E-05 -0.00165 3.42E-05 0.001645
11 -2.33314 10.53023 11 zrp 3.42E-05 -0.00165 3.42E-05 0.001645
12 -2.33314 -10.5302 12 zry -0.0847 0.03603 -0.0847 -0.03603
13 -7.30475 6.97798 13 zn., -0.0847 0.03603 -0.0847 -0.03603
14 -7.30475 -6.97798 14 Zifr 0.000134 -0.00024 0.000134 0.000241
15 -4.53349 8.472369 15 =zZipy 0.000134 -0.00024 0.000134 0.000241
16 -4.53349 -8.47237| 16 zryy -0.00647 -0.005 -0.00647 0.005004
17 -3.64476 7.407228 17 zq,, -0.00647 -0.005 -0.00647 0.005004
18 -3.64476 -7.40723 18 Z{ﬁ, 0.001429 0.002227 0.001429 -0.00223
19 0 0 19 Ziﬂ 0.001429 0.002227 0.001429 -0.00223
20 0 0 20 zq9 0.071743 -0.03215 0.071743 0.03215
21 0 0 21 2z, 0.071743 -0.03215 0.071743 0.03215
22 0 0 22 1) 0 0 0 0
23 0 0 23 Y 0 0 0 0
0.05 mode15 04 mode 16
. T 127 X
J 8
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-0.1 0.25 -
_g-o.ls g 02
& ]
g 02 g 05t
-0.25 0.1
-0.3 0.05 - 20
21
-0.35 5 0-r e 3 ’
-04 - L L L L L J -005 L L L L 1 13 1
-1 -0.8 -06 -04 -0.2 0 0.2 -1 -08 -06 -04 -02 0
Real Real

Fig. 4.48 pitch, bounce mode
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Table 4.12 Eigen value and eigen vector (yaw, lateral velocity)

Eigen value A4 State — Eigen vector No.17 Eigen vector No.18
No Real Imaginary | No Real Imaginary Real Imaginary
1 -40.2944 93.24596 1 u 9.48E-17 2.01E-16 9.48E-17 -2E-16)
2 -40.2944 -93.246 2 v 0.033068 0.575334 0.033068 -0.57533
3 -40.884 92.00236 3 w -5.1E-15 -1.3E-15 -5.1E-15 1.33E-15
1 -40.884 -92.0024 4 P 0.782612 0 0.782612 0
5 -40.3756 87.132) 5 q 7.26E-16 -1.4E-15 7.26E-16 1.4E-15
6 -40.3756 -87.132 6 T 0.090026 -0.03066 0.090026 0.030664
7 -40.4341 84.94205 7 @ -0.04185 -0.08506 -0.04185 0.085061
8 -40.4341 -84.942 8 (7] -1.9E-16 -1.4E-18 -1.9E-16 1.38E-18
9 -40 30.53%948 9 P -0.00815 -0.00814 -0.00815 0.008145
10 -40 -30.5395 10 zrpy 0.030919 0.054462 0.030919 -0.05446
11 -2.33314 10.53023 11 zrp -0.03092 -0.05446 -0.03092 0.054462
12 -2.33314 -10.5302 12 zry -0.03361 -0.05849 -0.03361 0.058493
13 -7.30475 6.97798 13 zn., 0.033613 0.058493 0.033613 -0.05849
14 -7.30475 -6.97798 14 Zifr 0.0011 0.010609 0.0011 -0.01061
15 -4.53349 8.472369 15 Zif -0.0011 -0.01061 -0.0011 0.010609
16 -4.53349 -8.47237| 16 zryy 0.002222 -0.0053 0.002222 0.005302
17 -3.64476 7.407228 17 zqy -0.00222 0.005302 -0.00222 -0.0053
18 -3.64476 -7.40723| 18 Z‘l.f‘r -0.08259 -0.03052 -0.08259 0.03052
19 0 0 19 Ziﬂ 0.082592 0.03052 0.082592 -0.03052
20 0 0 20 zq9 0.031172 0.035786 0.031172 -0.03579
21 0 0 21 2z, -0.03117 -0.03579 -0.03117 0.035786
22 0 0 22 1) 0 0 0 0
23 0 0 23 Y 0 0 0 0
0.6 —3 '31°de1? N 0.1 ‘ rnodei«&}
r 712
18g61 6
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19
13
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Real Real
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Fig. 4.50 yaw, lateral velocity mode

Fig. 4.51 yaw, lateral velocity mode (conjugate)
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Table 4.13 Eigen value and eigen vector (yaw, lateral velocity)

Eigen value No 1.2 5.6 3.4 7.8 9.10 13.14 17.18 11,12 15.16
HEE e Real -40.29044  -40.3756  -40.884  -40.4341 -40 730475 -3.64476  -233314  -4.53340

No
Imaginary +93.24596 +87.132 192.00236 T 84.9420 +30.53948 +6.97798 + 7.407228 *10.53023 + 8.472369

value
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FBOHE REETLORREOREN (24 VERBRFEOER)
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Fig. 5.1 Tire lateral force with respect to contact force
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5-1-2 % 4% ® DYNAMIC LOSS
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Cp = Cyp(F) and o = o(F,) (5.5)
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Fig. 5.6 Tire cornering power and relaxation length with respect to contact force
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Fig. 5.7 Example of tire relaxation length
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Fig. 5.8 Example of dynamic loss (static loss including)
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Fig. 5.9 Tire equivalent cornering power Fig. 5.10 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.11 Tire equivalent cornering power Fig. 5.12 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.13 Tire equivalent cornering power Fig. 5.14 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.15 Tire equivalent cornering power Fig. 5.16 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.17 Tire equivalent cornering power Fig. 5.18 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.19 Tire equivalent cornering power Fig. 5.20 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.21 Tire equivalent cornering power Fig. 5.22 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
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Fig. 5.23 Tire equivalent cornering power Fig. 5.24 Root locus during sinusoidal road
during sinusoidal road input at u0=100 km/h input at u0=100 km/h
3C, 3Hz, z0=20mm 3C, 3Hz, z0=20mm
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Fig. 5.25 Root locus with tire relaxation length
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Fig. 6.1 Hill type model

Table. 6.1 Hill type model parameters
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Fig. 6.2 Mechanical properties of any muscle and tendon in the body
Left: tendon-length  Center: muscle length-muscle tension ~ Right: muscle load-velocity
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Fig. 6.3 Three-dimensional Musculoskeletal model
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Fig. 6.4 Analysis flow
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Fig. 6.5 Example of Rigid-body-link model
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Fig. 6.6 Schematic drawing of knee joint extension motion at knee joint angle calculation
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Fig. 6.7 Schematic drawing of knee joint extension motion when calculating rotational torque around the knee joint
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Fig. 6.8 Schematic drawing of each muscle when the knee joint is in extension motion
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Fig. 6.12 Attachment of an electromyograph to a subject

Fig. 6.14 Interior of the cabin during measurement
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Fig. 6.17 Roll behavior of vehicle performing slalom motion
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Fig. 6.21 example of measured reflexion marker coordinate
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Fig. 6.23 Musculoskeletal model scaled to the physique of the subject
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Fig. 6.24 Torques exerted on neck joint during lateral bending motion
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Fig. 6.35 Wheel torque sensor Installation
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Fig. 6.34 Check electrical parts with
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Fig. 6.36 Wiring work in the vehicle
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Fig. 6.37 Installation of motion Fig. 6.38 Check measurement

capture cameras system operating

Fig. 6.39 Installation of body markers Fig. 6.40 Check driving position

with sensors
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Fig. 6.41 Installation of Fig. 6.42 Installation of

electromyograph (EMG) reflection markers
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Fig. 6.43 Check motion captures Fig. 6.44 Check motion captures
working on test course working on test course (another side)

Fig. 6.45 Check motion captures Fig. 6.46 Actual vehicle test

working on test course (close view)

Fig. 6.47 Actual vehicle test Fig. 6.48 Check motion capture camera

sensitivity on night light
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Fig. 7.6 Time response on different damping characteristics
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(g 7angs5 L

1) ZEHEHFREIEN BEREHRY)

Remove["Global *"]

r1={{1,0,0},{0,Cos[phi[t]],Sin[phi[t]]},{0,-Sin[phi[t]],Cos[phi[t]]}};
r2={{Cos[the[t]],0,-Sin[the[t]]},{0,1,0},{Sin[the[t]],0,Cos[the[t]]}};
r3={{Cos[psi[t]],Sin[psi[t]],0},{-Sin[psi[t]],Cos[psi[t]],0},{0,0,1}};
r1i={{1,0,0},{0,Cos[phi[t]],-Sin[phi[t]]},{0,Sin[phi[t]],Cos[phi[t]]}};
r2i={{Cos[the[t]],0,Sin[the[t]]},{0,1,0},{-Sin[the[t]],0,Cos[the[t]]}};
r3i={{Cos[psi[t]],-Sin[psi[t]],0},{Sin[psi[t]],Cos[psi[t]],0},{0,0,1}};
rt2b=rl.r2;

rb2t=r2i.rli;

rb2g=r31i.(r2i.rli);

(* rd2t={{Cos[delta],-Sin[delta],0},{Sin[delta],Cos[delta],0},{0,0,1} }; *)

tend=5.00;
tstep=0.01;

(¥**x%k Parameters ******)
2=9.80665*1;
gdummy=9.80665;

(* To give dummy road slope *)
angleslope=-5.7/180*Pi*0;
rslope={{Cos[angleslope],0,Sin[angleslope]},{0,1,0},{-Sin[angleslope],0,Cos[angleslope]} };

gx=Part[rslope.{0,0,g},1];
gy=Part[rslope.{0,0,g},2];
gz=Part[rslope.{0,0,g},3];

FzO0fradj = 1e-9;
Fz0fladj = 1e-9;
FzOrladj = le-9;
FzOrradj = 1e-9;

t0=3.0;

alpha= 0.0175%0.55*4*1*UnitStep[t-t0]*0;

(*

alpha= 0.0175*0.55*4*Ramp[t-t0]/(tend-t0)*1;
)

deltafr=1/10000000*1+delta[t];
deltafl=1/10000000*1+delta[t];



Z0base=0.02*UnitStep[t-t0]*1;
Z0fr=Z0base;
Z0fl=Z0base;
Z0rl=Z0base;
Z0rr=Z0base;

Iztire=1.0;

u0=100.0/3.6;
(¥***** end of Parameters ******)

FzOnomfr=(Irnom/(1fnom+Irnom)*(m+4*m1))/2*gdummy;
FzOnomfl=(Irnom/(lfnom+Irnom)*(m+4*ml))/2*gdummy;
FzOnomrl=(l1fnom/(lfnom+Ilrnom)*(m+4*m1))/2*gdummys;
FzOnomrr=(Ifnom/(1fnom+Irnom)*(m+4*m1))/2*gdummy;

ut=Part[rb2t. {u[t],v[t],w[t]},1];
vt=Part[rb2t. {u[t],v[t],w[t]},2];
wt=Part[rb2t. {u[t],v[t],w[t]},3];

pt=Part[rb2t. {p[t],q[t],r[t]},1];
qt=Part[rb2t.{p[t],q[t],r[t]},2];
rt=Part[rb2t. {p[t],q[t],r[t]},3];

w2fr=Part[ {u[t],v[t],w[t]}+Cross[{p[t],q[t].r[t]},{ If,-tf,0}],3];
w2fl=Part[ {u[t],v[t],w[t]}+Cross[{p[t],q[t],r[t]},{ If, tf,0}1,3];
w2rl=Part[ {u[t],v[t],w[t]}+Cross[{p[t],q[t],r[t]},{-]r, tr,0}],3];
w2rr=Part[ {u[t],v[t],w[t]}+Cross[{p[t],q[t].r[t]},{-]r,-tr,0}],3];

ulfrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If,-tf,-h1{}],1];
ulflt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If, tf,-h1f}],1];
ulrlt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-Ir, tr,-h1r}],1];
ulrrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-Ir,-tr,-h1r}],1];

v1frt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If,-tf,-h1{}],2];
v1flt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If, tf,-h1f}],2];
vIrlt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-Ir, tr,-h1r}],2];
virrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-1r,-tr,-h1r}],2];

wlfr=Part[rt2b. {ul frt,v1frt,z1 frt'[t]},3];
wlfl=Part[rt2b.{ul flt,v1{lt,z1 flt'[t]},3];
wlrl=Part[rt2b. {ulrlt,v1rlt,z1rlt'[t]},3];
wlrr=Part[rt2b. {ulrrt,vIrrt,z1rrt'[t]},3];

uOfrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If,-tf,-h0f}],1];
uOflt=Part[ {ut,vt,wt}+Cross[{pt,qt,rt},{ If, tf,-h0f}],1];
uOrlt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-Ir, tr,-hOr}],1];

83



uOrrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-1r,-tr,-hOr}],1];

vOfrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If,-tf,-h0f}],2];
vOflt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ 1f, tf,-h0f}],2];
vOrlt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-Ir, tr,-hOr}],2];
vOrrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-1r,-tr,-h0r}],2];

(* in case of acounting ignoring drag and delta compensation *)

betafr=v0frt/u0frt-deltafr;
betafl=v0flt/u0flt-deltafl;
betarl=vOrlt/uOrlt;
betarr=vO0rrt/uOrrt;

(* road contact force *)

FzO0frt=-Kt(z1{rt[t]-Z0fr)
FzOflt=-Kt(z1{lt[t]-Z0fl)
FzOrlt=-Kt(z1rlt[t]-Z0rl)
FzOrrt=-Kt(z1rrt[t]-ZO0rr)

Fzfrt=-Kt(z1frt[t]-Z0fr)-m1*gz;
Fzflt=-Kt(z1{It[t]-Z0f])-m1*gz;
Fzrlt=-Kt(z1rlt[t]-Z0r])-m1 *gz;
Fzrrt=-Kt(z1rrt[t]-Z0rr)-m1*gz;

dfz=(Fz0-Fz0nom)/Fz0Onom;

Shy=(PHY 1+PHY2*dfz)+PHY3*gamma,;

Svy=Fz0*(PVY 1+PVY2*dfz)+(PVY3+PVY4*dfz)*gamma,
betat=beta+Shy;

Cy=PCY1;
Dy=(PDY1+PDY2*dfz)*((1-PDY3*gamma”2)*Fz0);

BCDy=PKY1*Fz0nom*Sin[2* ArcTan[Fz0/(PKY2*Fz0nom)]]*(1-PKY3*Abs[gammal]);

By=BCDy/(Cy*Dy);
Ey=(PEY I1+PEY2*dfz)*(1-(PEY3+PEY4*gamma)*Sign[beta]);

(* Fpy[beta ,gamma ,Fz0 ,FzOnom ] = Dy*Sin[Cy*ArcTan[betat*By-Ey*(betat*By-

ArcTan[betat*By])]]+Svy;*)

Fpy[beta ,gamma ,Fz0 ,FzOnom ,PCY1 ,PKY1 ]=Dy*Sin[Cy*ArcTan[betat*By-Ey*(betat*By-

ArcTan[betat*By])]]+Svy;

(**************** Fcy ***********************)

dfz=(Fz0-FzOnom)/Fz0nom;

Shys=RHY 1+RHY?2*dfz;
Svys=Dvys*Sin[RVY5*ArcTan[RVY 6*sst]]
betat=beta+Shy;

sst=sx+Shys;
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Dy=(PDY1+PDY2*dfz)*((1-PDY3*gamma”2)*Fz0);

Cys=RCY1;
Dvys=Dy*(RVY1+RVY2*dfz+RVY3*gamma)*Cos[ArcTan[RVY4*betat]]
Bys=RBY1*Cos[ArcTan[RBY2*(betat-RBY3)]];

Eys=REY 1+REY2*dfz

Gysn=Cos[Cys*ArcTan[Bys*sst-Eys*(Bys*sst-ArcTan[Bys*sst])]];
Gysd=Cos[Cys*ArcTan[Bys*Shys-Eys*(Bys*Shys-ArcTan[Bys*Shys])]];

Gys=Gysn/Gysd;

Fcy[beta ,sx ,gamma ,Fz0 ,FzOnom ,PCY1 ,PKY1 ]=Fpy[beta,gamma,Fz0,FzOnom,PCY1,PKY1]*Gys+Sv
ys;

dFcy[beta_,sx ,gamma ,Fz0 ,FzOnom ,PCY1 ,PKY1 ]=D[Fcy[beta,sx,gamma,Fz0,FzOnom,PCY1,PKY1],bet

al;

(**************** pr ***********************)

dfz=(Fz0-FzOnom)/Fz0Onom;
Shx=(PHX1+PHX2*dfz);
Svx=Fz0*(PVX1+PVX2*dfz)
sxt=sx+Shx;

Cx=PCX1;

Dx=(PDX1+PDX2*dfz)*((1-PDX3*gamma”2)*Fz0);
BCDx=Fz0*(PKX1+PKX2*dfz)*Exp[PKX3*dfz];

Bx=BCDx/(Cx*Dx);

Ex=(PEX1+PEX2*dfz+PEX3*dfz"2)*(1-PEX4*Sign[sxt]);

Fpx[sx_,gamma ,Fz0 ,FzOnom ]=Dx*Sin[Cx*ArcTan[sxt*Bx-Ex*(sxt*Bx-ArcTan[sxt*Bx])]]+Svx;

(**************** Fcx ***********************)

dfz=(Fz0-Fz0nom)/Fz0nom;
Shxb=RHX1;
betas=beta+Shxb;

Cxb=RCX1;
Bxb=RBX1*Cos[ArcTan[RBX2*sxt]];
Exb=REX1+REX2*dfz

Gxbn=Cos[Cxb*ArcTan[Bxb*betas-Exb*(Bxb*betas-ArcTan[Bxb*betas])]];
Gxbd=Cos[Cxb*ArcTan[Bxb*Shxb-Exb*(Bxb*Shxb-ArcTan[Bxb*Shxb])]];
Gxb=Gxbn/Gxbd;

Fex[beta ,sx ,gamma ,Fz0 ,FzOnom_ ]=Fpx[sx,gamma,Fz0,FzOnom]*Gxb;

(****************Relaxation Length ***********************)
SigmaA[Fz0 ,FzOnom ,gamma ]=PTY1*Sin[2*ArcTan[Fz0/(PTY2*Fz0nom)]]*(1-
PKY3*Abs[gamma])*RO0tire;

(*

dataSigma=Table[ {Fz0,SigmaAT[Fz0]},{Fz0,100,7000,100}]
g41=ListLinePlot[dataSigma,PlotRange->All,GridLines->Automatic,Frame->True]
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*)

(****************Calculate Tire Dynamics ***********************)

Retire[RO_,Fz0 ,FzOnom_,Kt ]=RO-
FzOnom/Kt*(DREFF*ArcTan[BREFF*Fz0/FzOnom]+FREFF*Fz0/FzOnom);

**)

RLtirefr=ROtire+(z1frt[t]-Z0fr);
RLtirefl=RO0tire+(z1flt[t]-Z011);
RLtirerl=RO0tire+(z1rlt[t]-Z0rl);
RLtirerr=ROtire+(z1rrt[t]-Z0rr);

Retirefr=Retire[ROtire,Fz0frt,FzOnomfr,Kt];
Retirefl=Retire[ROtire,Fz0flt,FzOnomfl,Kt];
Retirerl=Retire[ROtire,Fz0rlt,FzOnomrl,Kt];
Retirerr=Retire[ROtire,FzO0rrt,FzOnomrr,Kt];

omg0=u0/RO0tire;

Rdelta[deltat ]={{Cos[deltat],Sin[deltat],0},{-Sin[deltat],Cos[deltat],0},{0,0,1}};
uOfrd=Part[Rdelta[deltafr]. {uOfrt,vOfrt,0},1];

uOfld=Part[Rdelta[deltafl]. {u0flt,vOflt,0},17;

uOrld=Part[Rdelta[0.0]. {uOrlt,vOrlt,0},1];
uOrrd=Part[Rdelta[0.0].{uOrrt,vOrrt,0},17;

Fy[beta ,sx ,Fz0_] =Fcy[beta,sx,gamma,Fz0,FzOnom,PCY 1Front,PKY 1Front]/.Sign[beta ]->1.0;
Fx[beta ,sx ,Fz0 ]=Fcx[beta,sx,gamma,Fz0,Fz0nom];
dFy[beta_,sx ,Fz0 ]=dFcy[beta,sx,gamma,Fz0,Fz0nom,PCY 1Front,PKY 1Front]/.Sign'[beta_]->0.0;

(*
<< Param_MFtire KIT P7 Math.m
*
)
<< Param_MFtire 55000 Math.m

FyT[beta ,sx ,Fz0 ]=Fy[beta,sx,Fz0]/. Tparam;
FxT[beta ,sx ,Fz0 ]=Fx[beta,sx,Fz0]/. Tparam;
SigmaAT[Fz0 ]=SigmaA[Fz0,FzOnom,gammal]/.Tparam,;

(*

Cpfr = dFcy[betafr,0,0,Fz0frt+eps,Fz0nomfr,PCY 1Front,PKY 1Front]/.Sign'[beta ]->0.0;
Cpfl = dFcy[betafl,0,0,Fz0flt+eps,FzOnomfl,PCY 1 Front,PKY 1 Front]/.Sign'[beta_]->0.0;
Cprl = dFcy[betarl,0,0,Fz0rlt+eps,FzOnomr],PCY 1Rear,PKY 1Rear]/.Sign'[beta_]->0.0;
Cprr = dFcy[betarr,0,0,Fz0rrt+eps,FzOnomrr,PCY 1 Rear,PKY 1Rear]/.Sign'[beta_]->0.0;

*)

eps=0.000000001;
Fyfrd = FyT[betafr,0.0,Fz0frt+eps];

86



Fyfld = FyT[betafl,0.0,Fz0flt+eps];
Fyrld = FyT[betarl,0.0,Fz0rlt+eps];
Fyrrd = FyT[betarr,0.0,Fz0rrt+eps];

(*

Cpfr = 55000.0;
Cpfl = 55000.0;
Cprl = 60000.0;
Cprr = 60000.0;
Fyfrd = Cpfr*betafr;
Fyfld = Cpfl*betafl;
Fyrld = Cprl*betarl,;
Fyrrd = Cprr*betarr;
*)

Fxfrd=0.0;
Fxf1d=0.0;
Fxrld=0.0;
Fxrrd=0.0;

(* Taking into account Relaxation Length *)
lamdafrX=0.1;

lamdaflX=0.1;

lamdarlX=0.1;

lamdarrX=0.1;

eqFxfr=FxfrRX'[t] == u0/lamdafrX*(-FxfrRX[t] + Fxfrd);
eqFxfI=FxfIRX'[t] == u0/lamdaflX*(-FxfIRX[t] + Fxfld);
eqFxrl=FxrIRX'[t] == u0/lamdarlX*(-FxrlRX[t] + Fxrld);
eqFxrr=FxrrRX'[t] == u0/lamdarrX*(-FxrrRX[t] + Fxrrd);

eqFyfr=FyfrRX'[t] == u0/lamdafr*(-FyfrRX[t] + Fyfrd);
eqFyflI=FyfIRX'[t] == u0/lamdafl*(-FyfIRX[t] + Fyfld);
eqFyrl=FyrIRX'[t] == u0/lamdarl*(-FyrIRX[t] + Fyrld);
eqFyrr=FyrrRX'[t] == u0/lamdarr*(-FyrrRX[t] + Fyrrd);

(* compensate delta angle *)

Fxfrt = FxfrRX[t]*Cos[deltafr]-FyfrRX[t]*Sin[deltafr];
Fxflt = FxfIRX[t]*Cos[deltafl]-FyfIRX[t]*Sin[deltafl];
Fxrlt = FxrIRX]t];

Fxrrt = FxrrRX[t];

Fyfrt = FxfrRX[t]*Sin[deltafr]+FyfrRX[t]*Cos[deltafr];
Fyflt = FxfIRX[t]*Sin[deltafl]+FyfIRX[t]*Cos[deltafl];
Fyrlt = FyrIRXTt];
Fyrrt = FyrrRX[t];

Fzl{r=-K2f(Zfr[t]-Z1fr[t])-C2f(w2fr-w1fr);
Fz1f1=-K2f(Zf1[t]-Z1f1[t])-C2f(w2fl-w11l);
Fz1rl=-K2r(Zrl[t]-Z1r1[t])-C2r(W2rl-w1rl);



Fzlrr=-K2r(Zrr[t]-Z1rr[t])-C2r(w2rr-wlrr);

Fx0ttlm=Fxfrt+Fxflt+Fxrlt+Fxrrt;
FyOttim=Fyfrt+Fyflt+Fyrlt+Fyrrt;

Fx1frm=Fxfrt-Fx0ttlm*m1/(m+4*ml);
Fx1flm=Fxflt-Fx0ttlm*m1/(m+4*m1);
FxIrlm=Fxrlt-Fx0ttlm*m1/(m+4*m1);
Fxlrrm=Fxrrt-Fx0ttlm*m1/(m+4*ml);

Fylfrm=Fyfrt-FyOttim*m1/(m+4*ml);
Fylflm=Fyflt-FyOttim*m1/(m+4*m1);
Fylrlm=Fyrlt-FyOttlm*m1/(m+4*m1l);
Fylrrm=Fyrrt-FyOttlm*m1/(m+4*ml);

Fzlfrm=(Fz1fr - Fx1frm*Cos[phi[t]]*Sin[the[t]] + Fylfrm*Sin[phi[t]])/(Cos[phi[t]]*Cos[the[t]]);
Fz1flm=(Fz1{l - Fx1flm*Cos[phi[t]]*Sin[the[t]] + Fylflm*Sin[phi[t]])/(Cos[phi[t]]*Cos[the[t]]);
Fzlrlm=(Fzlrl - Fx1rlm*Cos[phi[t]]*Sin[the[t]] + Fylrlm*Sin[phi[t]])/(Cos[phi[t]]*Cos[the[t]]);
Fzlrrm=(Fzlrr - Fxlrrm*Cos[phi[t]]*Sin[the[t]] + Fylrrm*Sin[phi[t]])/(Cos[phi[t]]*Cos[the[t]]);

Fx1fr=Part[rt2b.{Fx1frm,Fylfrm,Fz1frm},1];
Fx1fl=Part[rt2b. {Fx1flm,Fylflm,Fz1{flm},1];
FxIrl=Part[rt2b. {Fx1rlm,Fylrlm,Fz1rlm},1];
Fx1rr=Part[rt2b.{Fx1rrm,Fylrrm,Fz1rrm},1];

Fylfr=Part[rt2b.{Fx1frm,Fylfrm,Fz1frm},2];
Fylfl=Part[rt2b. {Fx1flm,Fy1flm,Fz1flm},2];
Fylrl=Part[rt2b. {Fx1rlm,Fylrlm,Fz1rlm},2];
Fylrr=Part[rt2b.{Fx1rrm,Fylrrm,Fz1rrm},2];

Fxg=m*Part[rt2b.{gx,gy,gz},1];
Fyg=m*Part[rt2b.{gx,gy,gz},2];
Fzg=m*Part[rt2b. {gx,gy,gz},3];

Mx0frm=Fyfrt*RO0tire;
Mx0flm=Fyflt*RO0tire;
MxO0rlm=Fyrlt*ROtire;
MxOrrm=Fyrrt*ROtire;

MyOfrm=-Fxfrt*RO0tire;
MyOflm=-Fxflt*ROtire;
MyOrlm=-Fxrlt*RO0tire;
MyOrrm=-Fxrrt*RO0tire;

MxO0ttlm=Mx0frm+Mx0flm+MxO0rlm+Mx0Orrm,;
MyO0ttlm=My0frm+My0flm+MyOrlm+MyOrrm,;

MxOttlI=Part[rt2b. {Mx0ttlm,MyOttlm,0},1];
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MyOttl=Part[rt2b. {MxO0ttlm,MyOttlm,0},2];
MzOttl=Part[rt2b. {Mx0ttlm,MyOttlm,0},3];

Mxg= Fyg*(hlft+hlr)/2;
Myg= -Fxg*(h1f+hlr)/2;
(* sign fixed 2017.01.11 *)

Fx=(Fx1fr+Fx1fl+Fx1rl+Fx1rr-Fxg)*1;
Fy=(Fylfr+Fylfl+Fylrl+Fylrr-Fyg)*1;
Fz=(Fzlfr+Fz1{l+Fzlrl+Fzlrr-Fzg)*1;

Mx=( -Fzl1fr tf + Fz1{l tf + Fzlrl tr - Fzlrr tr + 1*(h1f Fylfr + h1f Fylfl + hlr Fylrl + hlr

Fylrr)+MxOttl*1+Mxg*1 )*1;

My=( -Fzlfr If - Fz1fl If + Fzlrl Ir + Fzlrr Ir - 1*(h1f Fx1fr + h1f Fx1fl + hlr FxIrl + hlr

Fx1lrr)+MyOtt1*1+Myg*1  )*1;

Mz=( (+Fylfr If + Fylfl If - Fylrl Ir - Fylrr Ir)*1+ 1*(tf Fx1fr - tf Fx1fl - tr Fx1rl + tr

Fx1rr)*1+Mz0ttl*1 )*1 ;

(* skl ko kckokek ek k ek End of Yella LOgiC st sk sk sk sk sk sk sk sk sk skeosk skoskosk skokoskoskosk sk *)

(* edited 2016.10.16 *)

eqdelta=delta"[t]-(Ks*alpha-(Fyfrt+Fyflt)*ksi-Cs*delta'[t]-Ks*delta[t])/Is==0;

equs2fr=z1frt"[t]-(-Fz1frm+Fzfrt)/m1==0;
equs2fl=z1flt"[t]-(-Fz1 flm+Fzflt)/m1==0;
equs2rl=z1rlt"[t]-(-Fz1rlm+Fzrlt)/m1==0;
equs2rr=zlrrt"[t]-(-Fzlrrm+Fzrrt)/m1==0;

eqZfr= Zfr'[t]-w2fr==0;
eqZfl= ZfI'[t]-w2{l==0;
eqZrl= Zrl'[t]-w2rl==0;
eqZrr= Zrr'[t]-w2rr==0;

eqZ1fr=Z11fr'[t]-w1fr==0;
eqZ1fl=Z111'[t]-w1fl==0;
eqZlrl=Z1r1'[t]-wlrl==0;
eqZlrr=Z1rr'[t]-wlrr==0;

Cdrag=5.0%*0;

eqx=m(u'[t]+q[t] w[t]-v[t] r[t])==Fx-Cdrag*u[t]"2;
eqy=m(v'[t]+u[t] r[t]-p[t] w[t)==Fy;
eqz=m(w'[t]+p[t] v[t]-u[t] q[t])==Fz;

eqmx=p'[t] Ix-r'[t] Jxz+q[t] r[t](Iz-1y)-p[t] q[t] Txz==MX;
eqmy=q'[t] Iy+p[t] r[t] (Ix-Iz)+(p[t]"2-r[t]"2)Ixz==My;
eqmz=r'[t] 1z-p'[t] Jxz+p[t] q[t](Iy-Ix)+q[t] r[t] Jxz==MzZ;

eqphi=phi'[t]==p[t]+q[t] Tan[the[t]]Sin[phi[t]]+r[t] Tan[the[t]]Cos[phi[t]]
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eqthe=the'[t]==q[t] Cos[phi[t]]-r[t] Sin[phi[t]]
eqpsi=psi'[t]==r[t] Cos[phi[t]]/Cos[the[t]]+q[t] Sin[phi[t]]/Cos[the[t]]

ug[t]=Part[rb2g. {u[t],v[t],w[t]},1];
vg[t]=Part[rb2g.{u[t],v[t],w[t]},2];
wg[t]=Part[rb2g. {u[t],v[t],w[t]},3];
equ=X'[t]==ug[t];
eqv=Y'[t]==vg[t];
eqw=Z'[t]==wg][t];

<<Param AMatrix Math.m

sol=NDSolve[ {eqx,eqy,eqz,eqmx,eqmy,eqmz,eqphi,eqthe,eqpsi,equs2fr,equs2fl,equs2rl,equs2rr,eqZfr,eqZfl,eq
Zrl,eqZrr,eqZ1fr,eqZ1fl,eqZ1rl,eqZ1rr,equ,eqv,eqw,eqdelta,eqFyfr,eqFyfl,eqFyrl,eqFyrr,eqFxfr,eqFxfl,eqFxrl,
eqFxrr,u[0]==u0,v[0]==0,w[0]==0,p[0]==0,q[0]==0,r[0]==0,phi[0]==0,the[0]==0,psi[0]==0,z1 frt'[0]==0,z1flt
'[0]==0,z1rlt'[0]==0,z1rrt'[0]==0,z1frt[0]==0,z1{It[0]==0,z1rlt[0]==0,z11rt[0]==0,Zfr[0]==0,Zfl1[0]==0,Zrl[ 0]
==0,Zrr[0]==0,Z21{r[0]==0,Z11[0]==0,Z1r]1[0]==0,Z1rr[0]==0,X[0]==0,Y[0]==0,Z[0]==0,delta'[0]==0,delta[0
1==0,FyfrRX[0]==0,FyfIRX[0]==0,FyrIRX[0]==0,FyrrRX[0]==0,FxfrRX[0]==0,FxfIRX[0]==0,FxrIRX[0]==0
LJFxrrRX[0]==0}/.AMatrixParam, {u,v,w,p,q,1,phi,the,psi,z1 frt,z1 flt,z 1 rlt,z1rrt,Zfr,Zf1,Zrl, Zrr,Z 1 fr,Z111,Z111,Z1
,X,Y,Z,delta, FyfrRX, FyfIRX,FyrIRX,FyrrRX,FxfrRX,FxfIRX,FxrIRX,FxrrRX},{t,0,tend}];

ddd=Catenate[Table[ {u[t],v[t],w[t],p[t],q[t],r[t],phi[t],the[t],psi[t],z]1frt[t],z]1 flt[t],z1rlt[t],z]1rrt[t],FzOfrt, FzOflt

,Fz0rlt,FzOrrt,Fzfrt, Fzflt,Fzrlt,Fzrrt,betafr,betafl,betarl,betarr, Fyfrt, Fyflt, Fyrlt, Fyrrt, Fxfrt, Fx flt, Fxrlt, Fxrrt, X[t]

LY [t]L,Z[t] FyfrRX[t], FyfIRX[t],FyrIRX[t],FyrrRX[t],FxfrRX[t],FxfIRX[t], FxrIRX[t],FxrrRX[t]}/.s0l,{t,0,tend,t
step}]/.AMatrixParam/.Tparam];

ttt=Range[0,tend,tstep]

ts1=TimeSeries[ddd[[All,1]], {ttt}]
ts2=TimeSeries[ddd[[AlL,2;;3]], {ttt}]
ts3=TimeSeries[ddd[[All,4;;5]], {ttt}]
ts4=TimeSeries[ddd[[All,6]], {ttt}]
ts5=TimeSeries[ddd[[All,22;;257], {ttt}]
XY={ddd[[All,34;;35]]}

gl=ListLinePlot[ts],PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels->"u"]
g2=ListLinePlot[ts2,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels->{"v","w"} ]
g3=ListLinePlot[ts3,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels->{"p","q"}]
g4=ListLinePlot[ts4,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels->"r"]
g5=ListLinePlot[ts5,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels-
>{"betafr","betafl","betarl","betarr"} ]
g50=ListLinePlot[XY,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels->"X-Y locus"]

ddd1=Catenate[Table[ { Fxfrd,Fxfld,Fxrld,Fxrrd,RLtirefr,RLtirefl,RLtirer],RLtirerr,u0frd,u0fld,u0rld,u Orrd, Fxf
rRX[t],FxfIRX[t],FxrIRX[t],FxrrRX[t]}/.sol,{t,0,tend,tstep}]/. AMatrixParam/. Tparam];
ts11=TimeSeries[ddd1[[All1;;4]],{ttt}]

ts12=TimeSeries[ddd1[[All,5;;8]], {ttt}]

ts13=TimeSeries[ddd1[[All,9;;12]], {ttt}]

ts14=TimeSeries[ddd1[[All,13;;16]], {ttt}]
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gll=ListLinePlot[ts11,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels-
>{"Fxfrd","Fxfld","Fxrld","Fxrrd"}]
gl2=ListLinePlot[ts12,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels-
>{"RLtirefr","RLtirefl","RLtirer]","RLtirerr"} ]
gl13=ListLinePlot[ts13,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels-
> {Mutfe”,"utfl","utrl","utrr" } ]
gl4=ListLinePlot[ts14,PlotRange->All,GridLines->Automatic,Frame->True,PlotLabels-
>{"u0frd","u0fld","u0rld","u0rrd" }]

bbb=Transpose[Catenate[ Table[ {u[t],v[t],w[t],p[t],q[t],r[t],phi[t],the[t],psi[t],z]1frt[t],z]1 flt[t],z1rlt[t],z1rrt[t],F
z0frt,FzOflt,FzOrlt,FzOrrt, Fzfrt, Fzflt, Fzrlt,Fzrrt,betafr,betafl,betarl,betarr, Fyfrt, Fyflt, Fyrlt, Fyrrt, Fxfrt, Fx fit, Fxrl
t,Fxrrt, X[t],Y[t],Z[t],FyfrRX[t],FyfIRX[t],FyrIRX[t],FyrrRX[t],FxfrRX[t],FxfIRX[t],FxrlIRX[t],FxrrRX[t],delt
a[t]}/.sol,{t,0,tend,tstep}]/.AMatrixParam/.Tparam]];

aaa=Transpose[Join[ {ttt}, bbb]] // TableForm
(*

Export["out_jt.csv", aaa]
Export["out_z0.csv", aaa]

*)
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2) ZEHHEFBEFIEXNOHEBL BRMREEL)

Remove["Global *"]
r1={{1,0,0},{0,Cos[phi],Sin[phi]},{0,-Sin[phi],Cos[phi]}};
r2={{Cos[the],0,-Sin[the]},{0,1,0},{Sin[the],0,Cos[the]}};
r3={{Cos[psi],Sin[psi],0},{-Sin[psi],Cos[psi],0},{0,0,1} };
rli={{1,0,0},{0,Cos[phi],-Sin[phi]},{0,Sin[phi],Cos[phi]}};
r2i={{Cos[the],0,Sin[the]},{0,1,0},{-Sin[the],0,Cos[the]}};
rt2b=rl.r2;

rb2t=r2i.rli;

(* g=0: %)

ut=Part[rb2t. {u,v,w},1];
vt=Part[rb2t.{u,v,w},2];
wt=Part[rb2t.{u,v,w},3];

pt=Part[rb2t.{p,q.r},1];
qt=Part[rb2t.{p,q,r},2];
rt=Part[rb2t. {p,q,r},3];

w2fr=Part
w2fl=Part
w2rl=Part

{u,v,w}+Cross[ {p,q,r},{ 1f,-tf,0}1,3];
{p.q.r}, { If, t£,0}],3

[

[

[{p,q.r},{-Ir, tr,0}],3
{u,v,w}+Cross[ {p,q,r},{-Ir,-tr,0}1,3];

—_

s

{u,v,w}+Cross

5

s_ls_l

{u,v,w}+Cross

5

w2rr=Part

—_ /.
—_

s

ul frt=Part[ {ut,vt,wt}+Cross
ulflt=Part[ {ut,vt,wt}+Cross
ulrlt=Part[ {ut,vt,wt}+Cross
ulrrt=Part[ {ut,vt,wt}+Cross

{pt.qt,rt},{ If,-tf,-h1f}],1]
{pt,qt,rt},{ If, tf,-h1f}],1]
{ ]
{ ]

s
s

>

[ [ 1,1

[ [ 1,1

[ [{pt.qt,rt},{-Ir, tr,-h1r}],1];
[ [{pt.qt,rt},{-1r,-tr,-h1r}],1];
vifrt=Part[ {ut,vt,wt}+Cross
v1flt=Part[ {ut,vt,wt}+Cross
virlt=Part[ {ut,vt,wt}+Cross

virrt=Part[ {ut,vt,wt}+Cross

{pt.qt,rt},{ If,-tf,-h1£}],2];
{pt,qt.rt},{ If, tf,-h1f}],2
{pt,qt,rt},{-Ir, tr,-h1r}],2
{pt,qt,rt},{-lr,-tr,-h1r}],2];

s

[ [
[ [ I;
[ [ I;
[ [

(*
ylfrt=z1frt;
dylfrt=dz1frt=y2frt;
dy2frt=ddz1frt;

wlfr=Part[rt2b. {ulfrt,v1frt,dz1frt},3];
wlfl=Part[rt2b. {ulflt,v1flt,dz1flt},3];
wlrl=Part[rt2b.{ulrlt,v1rlt,dz1rlt},3];
wlrr=Part[rt2b. {ulrrt,v1rrt,dzlrrt},3];

*)

dylfrt=y2frt;
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dy1flt=y2flt;
dylrlt=y2rlt;
dylrrt=y2rrt;

wlfr=Part[rt2b. {ulfrt,v1frt,y2frt},3];
wlfl=Part[rt2b.{ulflt,v1flt,y2{lt},3];

[rt2b. {ulrlt,v1rlt,y2rlt},3];
wlrr=Part[rt2b. {ulrrt,v1rrt,y2rrt},3];

wlrl=Part

>

uOfrt=Part[ {ut,vt,wt}+Cross
uOflt=Part[ {ut,vt,wt}+Cross
uOrlt=Part[ {ut,vt,wt}+Cross
uOrrt=Part[ {ut,vt,wt}+Cross

{pt,qt,rt},{ If,-tf,-h0f}],
{pt.qt,rt},{ If, tf,-h0f}],
{pt,qt,rt},{-lr, tr,-hOr}],
{pt,qt,rt},{-Ir,-tr,-h0r}],

>

b}

>

[ 1
[ 1
[ 1
[ 1

—_ — /o

]
]
]
]

vOfrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If,-tf,-h0f}],2];
vOflt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{ If, tf,-hOf}],
vOrlt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt},{-Ir, tr,-hOr}],
vOrrt=Part[ {ut,vt,wt}+Cross[ {pt,qt,rt}, {-1r,-tr,-h0r}],2];

2];
21;

[ [
[ [
[ [ ;
[ [

(* in case of acounting ignoring drag and delta compensation *)

betafr=v0frt/ulfrt;
betafl=v0flt/u0flt;
betarl=vOrlt/uOrlt;

betarr=vOrrt/uOrrt;

(* road contact force *)
(* ylfrt=z1frt; *)

(*

FzOfrt=-Kt(y1 frt-Z0fr)

FzOflt=-Kt(y1flt-Z0fl)

FzOrlt=-Kt(y1rlt-Z0rl)

FzOrrt=-Kt(y1rrt-Z0rr)

Fzfrt=-Kt(z1frt-Z0fr)-m1 g;
Fzflt=-Kt(z1£1t-Z0fl)-m1 g;
Fzrlt=-Kt(z1rlt-Z0rl)-m1 g;
Fzrrt=-Kt(zlrrt-Z0rr)-m1 g;
*)

Fzfrt=-Kt(y1frt-Z0fr)-m1 g;
Fzflt=-Kt(y1flt-Z0fl)-m1 g;
Fzrlt=-Kt(y1rlt-Z0rl)-m1 g;
Fzrrt=-Kt(ylrrt-Z0rr)-m1 g;
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(*

dfz=(Fz0-Fz0nom)/Fz0Onom,;

Shy=(PHY 1+PHY2*dfz)+PHY3*gamma;
Svy=Fz0*(PVY1+PVY2*dfz)+(PVY3+PVY4*dfz)*gamma;
betat=beta+Shy;

Cy=PCY1;

Dy=(PDY1+PDY2*dfz)*((1-PDY3*gamma”2)*Fz0);
BCDy=PKY1*FzOnom*Sin[2*ArcTan[Fz0/(PKY2*Fz0nom)]]*(1-PKY3*Abs[gammal]);

By=BCDy/(Cy*Dy);

Ey=(PEY1+PEY2*dfz)*(1-(PEY3+PEY4*gamma)*Sign[beta]);

Fpy[beta ,gamma ,Fz0 ,FzOnom_ ] = Dy*Sin[Cy*ArcTan[betat*By-Ey*(betat*By-ArcTan[betat*By])]]+Svy;

eps=0.000000001;

Fyfrd = Fpy[betafr,0,Fz0frt+eps,FzOnomfr];
Fyfld = Fpy[betafl,0,Fz0flt+eps,FzOnomfl];
Fyrld = Fpy[betarl,0,FzOrlt+eps,FzOnomrl];
Fyrrd = Fpy[betarr,0,Fz0rrt+eps,FzOnomrr];

*)

deltafr=d1;
deltafl=d1;

Fyfrd = -Cpfr*(betafr-deltafr);
Fyfld = -Cpfl*(betafl-deltafl);
Fyrld = -Cprl*betarl
Fyrrd = -Cprr*betarr

Fxfrd=0;
Fxfld=0;
Fxrld=0;
Fxrrd=0;

(* compensate delta angle *)

Fxfrt = Fxfrd*Cos[deltafr]-Fyfrd*Sin[deltafr];
Fxflt = Fxfld*Cos[deltafl]-Fyfld*Sin[deltafl];
Fxrlt = Fxrld;
Fxrrt = Fxrrd;

Fyfrt = Fxfrd*Sin[deltafr]+Fyfrd*Cos[deltafr];
Fyflt = Fxfld*Sin[deltafl]+Fyfld*Cos[deltafl];

Fyrlt = Fyrld;
Fyrrt = Fyrrd;
(*

Fxfrt = Fxfrd;
Fxflt = Fxfld;



Fxrlt = Fxrld;

Fxrrt = Fxrrd;

Fyfrt = Fyfrd;
Fyflt = Fyfld;
Fyrlt = Fyrld;
Fyrrt = Fyrrd;
)

(*
Fz1fr=-K2f(Zfr-Z1fr)-C2f(w2fr-w1fr);
Fz1{1=-K2f(Zfl-Z1{1)-C2f(w2 fl-w1fl);
Fz1rl=-K2r(Zrl-Z111)-C2r(w2rl-wlrl);
Fzlrr=-K2r(Zrr-Z11r)-C2r(w2rr-wlrr);
*)

Fzl1fr=-K2f*ZRfr-C2f*dZRfr;
Fz1fl=-K2f*ZRfl-C2f*dZR fl;
Fzlrl=-K2r*ZRrl-C2r*dZRrl;
Fzlrr=-K2r*ZRrr-C2r*dZRurr;

FxO0ttlm=Fx frt+Fxflt+Fxrlt+Fxrrt;
FyOttim=Fyfrt+Fyflt+Fyrlt+Fyrrt;

Fx1frm=Fxfrt-Fx0ttlm*m1/(m+4*ml);
Fx1flm=Fxflt-FxOttlm*m1/(m+4*m1);
Fx1rlm=Fxrlt-Fx0ttlm*m1/(m+4*m1);
Fx1rrm=Fxrrt-Fx0ttlm*m1/(m+4*ml);

Fylfrm=Fyfrt-FyOttlm*m1/(m+4*ml);
Fylflm=Fyflt-FyOttlm*m1/(m+4*m1);
Fylrlm=Fyrlt-FyOttlm*m1/(m+4*ml);
Fylrrm=Fyrrt-FyOttlm*m1/(m+4*ml);

Fzlfrm=(Fz1fr - Fx1frm*Cos[phi]*Sin[the] + Fylfrm*Sin[phi])/(Cos[phi]*Cos[the]);
Fz1flm=(Fz1fl - Fx1flm*Cos[phi]*Sin[the] + Fylflm*Sin[phi])/(Cos[phi]*Cos[the]);
Fzlrlm=(Fz1rl - Fx1rlm*Cos[phi]*Sin[the] + Fylrlm*Sin[phi])/(Cos[phi]*Cos[the]);
Fzlrrm=(Fzlrr - Fxlrrm*Cos[phi]*Sin[the] + Fylrrm*Sin[phi])/(Cos[phi]*Cos[the]);

Fx1fr=Part[rt2b. {Fx1frm,Fylfrm,Fz1frm},1];
Fx1fl=Part[rt2b. {Fx1flm,Fylflm,Fz1flm},1];
Fx1rl=Part[rt2b. {Fx1rlm,Fylrlm,FzIrlm},1];
Fx1rr=Part[rt2b. {Fx1rrm,Fylrrm,Fz1rrm},1];

Fylfr=Part[rt2b. {Fx1frm,Fylfrm,Fz1{rm},2];
Fylfl=Part[rt2b. {Fx1flm,Fylflm,Fz1flm},2];
Fylrl=Part[rt2b. {Fx1rlm,Fylrlm,Fz1rlm},2];
Fylrr=Part[rt2b. {Fx1rrm,Fylrrm,Fz1rrm},2];
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Fxg=Part[rt2b.{0,0,m g},1];
Fyg=Part[rt2b.{0,0,m g},2];
Fzg=Part[rt2b.{0,0,m g},3];

Mx0frm=Fyfrt*ROtire;
Mx0flm=Fyflt*RO0tire;
MxO0rlm=Fyrlt*RO0tire;
MxOrrm=Fyrrt*RO0tire;

MyOfrm=-Fxfrt*RO0tire;
MyOflm=-Fxflt*RO0tire;
MyOrlm=-Fxrlt*RO0tire;
MyOrrm=-Fxrrt*RO0tire;

Mx0ttim=Mx0frm+Mx0flm+Mx0rlm+MxO0rrm;
MyOttlm=My0frm+My0flm+MyOrlm+MyOrrm;

MxO0ttl=Part[rt2b. {Mx0ttlm,MyO0ttlm,0},1];
MyOttl=Part[rt2b. {Mx0ttlm,MyOttlm,0},2];
MzOttl=Part[rt2b. {Mx0ttlm,MyOttlm,0},3];

Mxg= Fyg*(hlf+hlr)/2;
Myg= -Fxg*(h1f+hlr)/2;
(* sign fixed 2017.01.11 *)

Fx=Fx1fr+Fx1fl+Fx1rl+Fx1rr-Fxg;

Fy=Fylfr+Fylfl+Fylrl+Fylrr-Fyg;

Fz=Fzlf{r+Fz1fl4+Fzlrl+Fzlrr-Fzg;

Mx=( -Fzlfr tf + Fz1fl tf + Fzlrl tr - Fzlrr tr + (h1f Fylfr + h1f Fylfl + hlr Fylrl + hlr Fylrr)+MxO0ttl+Mxg );
My=( -Fzlfr If - FzIfl If + Fzlrl Ir + Fzlrr Ir - (h1f Fx1fr + h1f Fx1fl + hlr Fx1rl + hlr Fx1rr)+MyOttl+Myg );
Mz=( (+Fylfr If + Fylfl If - Fylrl Ir - Fylrr Ir)+ (tf Fx1fr - tf Fx1fl - tr Fx1rl + tr Fx1rr)+Mz0ttl ) ;

(* st sfe s s sk sie sk sk ke sfe ske sk sfeske sk sfeskeok End Oerlla LOgiC st sk sk st sfe sie sk sk sk sfe sk sk sk ske ke sk sk seske sk *)

(* edited 2016.10.16 *)

(* dy2frt=ddz1frt; *)

(*
ddzlfrt=(-Fz1frm+Fzfrt)/ml;
ddz1flt=(-Fz1 flm+Fzflt)/m1;
ddzlrlt=(-Fzlrlm+Fzrlt)/m1;
ddzlrrt=(-Fzlrrm+Fzrrt)/ml;
*)
dy2frt=(-Fz1frm+Fzfrt)/ml;
dy2flt=(-Fz1flm+Fzflt)/m1;
dy2rlt=(-Fz1rlm+Fzrlt)/m1;
dy2rrt=(-Fzlrrm+Fzrrt)/m1;

ksi=0; (* ksi = & *)
dd1=d2;
dd2=(-Ks*d1-Cs*d2)/Is+Ks/Is*alpha-(Fyfrt+Fyflt)*ksi/Is;



dZfr=w2fr;
dZfl=w2fl;
dZrl=w2rl;

dZrr=w2rr;

dZ1fr=wlfr;
dZ1fl=wlfl,
dZ1rl=wlrl;

dZ1rr=wlrr;

dZRfr=dZfr-dZ1fr;
dZRf1=dZf1-dZ1fl;
dZRrl=dZrl-dZ11l,
dZRrr=dZrr-dZ1rr;

eqx=m(du+q w-v r)
eqy=m(dv+u r-p w)
eqz=m(dw+p v-u q)

eqmx=dp Ix-dr Jxz+q r(Iz-ly)-p q Jxz
eqmy=dq ly+p r (Ix-1z)+(p"2-1"2)Jxz
eqmz=dr Iz-dp Jxz+p q(ly-Ix)+q r Jxz

dphi=p+q Tan[the]Sin[phi]+r Tan[the]Cos[phi]
dthe=q Cos[phi]-r Sin[phi]
dpsi=r Cos[phi]/Cos[the]+q Sin[phi]/Cos[the]

sol1=Solve[eqx==Fx&&eqy==Fy& &eqz==Fz& &eqmx==Mx&&eqmy==My& &eqmz==Mz, {du,dv,dw,dp,dq,dr}]
fff0={du,dv,dw,dp,dq,dr}/.soll;
fEf1=fffo[[1]];

(* confirmed *)

fff2[u_,v_,w_,p_,q ,r ,phi_,the ,psi ,ZRfr ,ZRfl ,ZRrl ,ZRrr ,ylfrt ,yl1flt ,ylrlt ,ylrrt ,y2frt ,y2flt ,y2rlt ,y2rrt ,d1_
,d2_]=Join[fff1, {dphi,dthe,dpsi,dZR fr,dZRfl,dZRrl,dZRrr,dy1frt,dy1flt,dy1rlt,dylrrt,dy2frt,dy2flt,dy2rlt,dy2rrt,dd1,dd2}]

s

jacob[u_,v_,w_,p _,q_.r ,phi ,the ,psi ,ZRfr ,ZRfl ,ZRrl ,ZRrr ,ylftrt ,y1flt ,ylrlt ,ylrrt ,y2frt ,y2flt ,y2rlt ,y2rrt ,d
1 _,d2 1=D[fff2[u,v,w,p,q.r,phi,the,psi,ZRfr,ZRfl,ZRrl,ZRrr,y1frt,y 1 flt,y I rlt,y 1 rrt,y2 frt,y2flt,y2rlt,y2rrt,d1,d2], { {u,v,w,p.q
,,phi,the,psi,ZRfr,ZRfl,ZRrl,ZRrr,y1frt,y 1 flt,y I rlt,y 1 rrt,y2 frt,y2 flt, y2rlt,y2rrt,d1,d2 } } ]

(* jacobM0=jacob[u0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]//MatrixForma *)
jacobMO0L=jacob[u0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,07;
jacobMO=jacob[u0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0]//MatrixForm;

Export["SysAA_full_dlt.pdf", jacobMO, "PDF"]
(* Export["SysAA_full dlt.m", jacobMO0, "Text"] *)
(* Export["SysAA_full dIt List.m", jacobMOL, "Text"] *)
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(*Export["jacobMOL23.tsv",jacobMOL] *)

BB1=D[fff2[u ,v_,w_,p_,q .r ,phi_,the ,psi ,ZRfr ,ZRfl ,ZRrl ,ZRrr ,ylftrt ,yl1flt ,ylrlt ,ylrrt ,y2frt ,y2flt ,y2rlt ,y

2rrt_,d1_,d2 ],{{alpha}}]
BB1M=BB1//MatrixForm
(* Export["BB1.pdf", BBIM, "PDF"]*)
(* Export["BB1.m", BBIM, "Text"] *)

BB2=D[fff2[u ,v_,w_,p_,q .r ,phi ,the ,psi ,ZRfr ,ZRfl ,ZRrl ,ZRrr ,ylftrt ,yl1flt ,ylrlt ,ylrrt ,y2frt ,y2flt ,y2rlt ,y

2rrt_,d1_,d2 1,{{Z0fr,Z0f1,Z20r1,Z0rr}}]
BB2M=BB2//MatrixForm

(* Export["BB2.pdf", BB2M, "PDF"]*)
(* Export["BB2.m", BB2M, "Text"] *)

BB12=D[fff2[u_,v_,w_,p ,q ,r ,phi ,the ,psi ,ZRfr ,ZRfl ,ZRrl ,ZRrr ,ylftrt ,y1flt ,ylrlt ,ylrrt ,y2frt ,y2flt ,y2rlt ,

y2rrt_,dl_,d2 ],{{alpha,Z0fr,Z0f1,Z0rl,Z01r} }]
BB12M=BB12//MatrixForm

(* Export["BB12.pdf", BB12M, "PDF"]*)

(* Export["BB12.m", BB12M, "Text"] *)
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3) A ¥ T A—% (Cp=55000)

Tparam={PCX1->1.3178,
PDX1->1.0455,
PDX2->0.063954,
PDX3->0,
PEX1->0.15798,
PEX2->0.41141,
PEX3->0.1487*0.25,
PEX4->3.0004*0.13755,
PKX1->23.181,
PKX2->-0.037391,
PKX3->0.80348,
PHX1->0,

PHX2->0,

PVX1->0,

PVX2->0,

RBX1->13.276,
RBX2->-13.778,
RCX1->1.0,
REX1->0,
REX2->0,
RHX1->0,

PCY1Front->1.2676*1.2,
PCY1Rear->1.2676*1.1,
PDY1->0.90031,
PDY2->-0.16748,
PDY3->-0.43989,
PEY1->-0.3442,
PEY2->-0.10763,
PEY3->0.11513,
PEY4->-6.9663,
PKY1Front->-24.558*0.975,
PKY1Rear->-38.968%0.946,
PKY2->3.2658,
PKY3->-0.0054467,
PHY1->0,

PHY2->0,

PHY3->0,

PVY1->0,

PVY2->0,

PVY3->0,

PVY4->0,

RBY1->7.1433,
RBY2->9.1916,
RBY3->-0.027856,
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RCY1->1.0,
REY1->0,
REY2->0,
RHY1->0,
RHY2->0,
RVY1->0,
RVY2->0,
RVY3->0,
RVY4->0,
RVY5->0,
RVY6->0,

BREFF -> 0,
DREFF -> 0,
FREFF -> 0,

PTY1->2.1439,
PTY2->1.9829,

FzOnom->4750.0,

gamma->0.0};
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4) HENRRF A —X

AMatrixParam={
(*

u0->50.0,
2->9.80665,

*)

m->1250.0,
m1->30.0,

1x->680.0,
Iy->1920.0,
(*
1z->2300.0,
*)
Jxz->-18.0,

h0f->0.48,
hOr->0.48,
h1f->0.16,
hlr->0.16,

Cpfl->55000.0,
Cpfr->55000.0,
Cprl->60000.0,
Cprr->60000.0,

1f->1.0183,
Ir->1.5617,
tf->0.765,
tr->0.75,

1z->2581.41,
(*lz=Izt+4*1ztire+2*m 1 *(If*1f+t£*t£)+2 *m 1 * (e *1r+tr*tr); *)

K2£->50000.0,
K2r->22500,

C2£->3600.0*1.0,
C2r->3600.0*1.0,

Is->0.05,
Cs->4.0,
Ks->126.633,
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ksi->0.0,
K£->98000,
SteerRatio->1.0,

ROtire->0.32,

Kt->265000.0,

Ifnom->1.04,

Irnom->1.54,

lamdafr->0.3*1.0,
lamdafl->0.3*1.0,
lamdarl->0.3*1.0,
lamdarr->0.3*1.0

}s
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