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SUMMARY OF MASTER’S DISSERTATION

Student

Identification 81133601 Name Takashi Mori
Number

Title
Control System Design of An Ultra Compact Electric Vehicle with Four In-Wheel Motors for
Enhancing Its Handling and Stability

Abstract

In this thesis, design of control system for electric vehicle with four in-wheel motors made smaller and lighter
weight, which is expected to grow popular as Ultra Compact Vehicle in the future, is carried out based on
Model-Based systems Engineering.

The system-level design of the control system is carried out, where the concept design and the functional
architecture are decided. In order to realize the functional architecture decided, the control system is designed
and its control performance is verified by carrying out simulations. Also, it is validated by simulations that the
control system can fulfill the requirement “performance of handling and stability as well as conventional car”.

The followings are contents of each chapter in this thesis.

In Chapter 2, the process for system-level design of the control system for electric vehicle with four in-wheel
motors is shown. Based on MBSE, the control design process by ensuring traceability among requirement
analysis, functional model, logical model and physical model is shown. In requirement analysis, the requirement
“driving stability on low rolling resistance” is derived by the one “small and light weight” and the one “Driving
Stability”. The use cases of “abrupt steering” and “‘car moving in crosswind” are picked up as the case in which
driving stability is needed. In the sequence diagrams of each case, element blocks are defined in order to analyze
on context level and interaction between each blocks and function of blocks are clarified. Based on the functions
derived from the sequence diagram, the requirement is made detail.

In Chapter 3, design of Direct Yaw rate Control is done. Direct Yaw rate Control is selected as one of candidate
architecture fulfilling the functional architecture which is clarified in Chapter 2. A model for verification of
control performance of the DYC system is developed with using the model of an ultra compact electric
vehicle with four in-wheel motors JSAE-SICE Benchmark Problem No.3. The design of control system and
validation of it are done with using the simulation results of the model.

In Chapter 4, H,, controller is designed. On this controller, steer angles of front tires are defined as output and
yaw rate and lateral distance are defined as input. By system identification of the model of JSAE-SICE
Benchmark Problem No.3, low-dimensional model is derived. A driving stability control system using H,,
control theory is made using low-dimensional model. Then, simulation with the model of vehicle with four
in-wheel motors is carried out in order to validate the performance of control system.

Key Word(5 words)
Ultra Compact Electric Vehicle, In-Wheel Motor, Model-Based Systems Engineering,

driving stability, H., Control
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Table 1.1 Vehicle specifications

IWM vehicle Conventional car
Weight 510kg 1300kg
Wheel Base 2000mm 2600mm
Width 1190mm 1760mm
Height 1460mm 1515mm
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Fig. 2.8 Logical model of in-wheel motor vehicle
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Fig.2.10 Vehicle model consisting of parts of chassis, power train and brake
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Fig. 3.1 Control system architectures for Direct Yaw moment Control
M=0Gg(B—B)+G,i—v) (3.5)

ZIT, Gy G, IEENEIEBVALI—L—NIETEZT 4 — Ry AT
b5, XEBLTHEZLIHIE T —FE—RX 2 MM Z4gll ol 5720, filffa—E—
AV MM % Ly RTRLUTE - ARGt OBE il LOH#E3 2k 5. £ L
T, BEREZENENOHT « Hlan i, X3.200 X 5 \WECEREY /13 L OB /) &2 58 4E
SHLHLDETD. Fe, THOOEEN B LOHIE )G, #Hig43R L T4t
NENDIWMHT) V7 ZRDTWD. T2& 20X, #ilfEla —E—2 > MM BNIEOfEE
EDLAITIE, ZE A RSN E RIS & o> TV D7, HRIORTEERIWMIZ IZHIE) kL
7 WD, R ORTEERIWMIZIXERE) ML 2 B30nb 2k b,

32 RUERBAFIF LIHIE s X7 AORE

BRI % 52 CREME D SR AT DHRGER T, £ DYC D7 1 — RNy 7 71 v G,
G HEDIZ. ZOYIalb—rarTiE, RIAN—0On2 FVEREMAIL6 ° FREL

Fig. 3.2 Generating Yaw Moment with tire force

22



Mied, A—L— FOREITNEND, G, 0 &L GOHERE L. X332
JEGRERARSE SR > XY i OB 2 7”77, (ERE M OIS 2GR T, Sl e S LTy
VN 4 8 IWM B OJSE Z — REHICOR LTV D, (R OIGE LV 15 %REE KX

WHDOD, KWERTRT Gy=1800 DHFAITIEART, HIWFERD Gy=2000 DA,
JRDHBNZ XD Y FRDOENBIINZ HIDZ ERNDND. LLRR D, Gy=2000 O
Yitr, A——va— FRIIETRE S, BENIEATZRIZY SO DT~
WET DT80, Gy=1800 EPRE LT-. KIZ, Gy=1800 IZ[EE L, G,=0,50 DEHA THE
JEGABR & % e LTz 3.4 XY Vi Eoflf, X35 a—L— NIRRT X, B

D G, =0 DEEITIA, EHD G,=50 DIGAITITI—L— FAMflsh D Z &2b
b,

-1.2
-\
/” \
’ \
4 \
/

-1.3 1 \
— ! \
E H \
> I \

14 |
O\‘

-15 f,

0 50 100 150
X [m]

: G 4,=1800, : G 4=2000, — — — .:Without control, __ . __: Conventional car
Fig.3.3 \ehicle trajectory in crosswind test for G, effect
-1.35

2™~
/
-14
E
> —1.45
-1.5
50 100 150
X [m]
:G,=50, — - —.:G,=0, — . —: Conventional car

Fig.3.4 \ehicle trajectory result of Crosswind test for G, effect

23



E 0.01
o
s A
[ : \ \\
Q 0 o" &
© Ty .
m ' Py I‘ ,”
c% A ’
> —0.01 A
4

3 4 5 6 7 8 9 10
Time [s]

Fig.3.5 Yaw rate result of Crosswind test for Gy effect

3.6121% G, =1800, G, =50 & L7=3A I SN il OREIE 0 f, X 3.7 13 %
MOAES—L— bRl ORL TS, FERIFEROI—L—FThs. X 38
FHE I —E—2A 2 FM ZELTND.

e}

(o]
N

’.~.-I-I-I‘

N
1:
&,\
-—
.
4
(d

Slip Angle [rad/s]
N

-l\\\\
3 4 5 6 7 8 9 10
Time [s]

o
{o

Fig.3.6 Slip angle of Crosswind test for Gy effect

24



0.03
T 0.02 'f-\‘
& 001 i
[ — ' 0
) \ (e .'/ b
*C—U‘ 0 y i ‘o=l .,
¢ o NS |
s v H
© ‘\;
> -0.02-  \; Yaw Rate 1
=*=Target Yaw Rate
—-0.03 i i i i
3 4 5 6 7 8 9 10
Time [s]
Fig.3.7 Difference between yaw rate and target yaw rate
on Crosswind test for G,=1800, G,=50
20
15 Vs

o [~
5 \/\\

3 4 5 6 7 8 9 10

Fig.3.8 Control yaw moment M on Crosswind test for G,=1800, G,=50

33 ANV —rF =BT 5HIHY 2T ADKREE

Gy= 1800, G,=50 & L7=HADE TN L— v F = v P OGERE R %X 3.9~3.13 IT7R
I ERUIHAEAE S A7 4 H IWM I, BGERIIOER LI, — R THIE i S

25



Y [m]

K / N

&J V\-
2 20 40 60 80 100 120 140 160 180
X [m]
:G4=1800, G,=50, — . —: Without control, — — _ .: Conventional car

Fig.3.9 \ehicle trajectory on Double Lane Change test

TRV 48 IWM HE TH 5. [X3.9 O XY Vi Lo S, R Sk i <o
SHTWZRU 4 8 IWM Bl 23R 2 (DR A IS 2 CHEITL— KR BB 2 & H DI
XFLC, AN X 4072 4 B IWM B X R K e F SRR 2B 2 D 2 L b
. K310 EFa—Lr—h, K3 IFHBEVAZRLTEY, H#cksTa—1L—h
DEEBINZ BN TWNDLDIZK LT, BBV AIFRESR>TLES>TNS. 3.12
IR LI — L — b2 — R8T, I—L— M2 EHRTRLTND. 3.13
WIS —FT— A P MAERL TS,

o
N

"
0.1 1 ,""t‘ \
o N\ o [

< o, WA\
g i W |
> -02 v
g M
-0.34!
[
04 2 3 4 5 6 7 8 9 10

Time [s]
Fig.3.10 Yaw rate on Double Lane Change test

26



0.03

0.02

0.01

i S
7.
)V

-0.01

X' ‘8(
\

Slip Angle [rad]
o

|
o
o
S

-0.03
Time [s]

Fig.3.11 Slip angle on Double Lane Change test

0.3
0.2 N * * N "y
)} /4 T
T o1l i\ !
B N7 Y\
= 0 ' \\ / l. ps, [} *
g |~ N\ 7 '
© —0.1 { [ v A
x —0. i Y \
C% -0.2 g N \- [ §
>— i' \0
-03 l' Yaw Rate m
04 ] f"Targgt yaw rate
"0 1 2 3 4 5 6 7 8 9 10

Time [s]

Fig.3.12 Difference between yaw rate and target yaw rate on Double Lane Change test

27



20 I\ r\\
,g 0 /\\J/ 7\ N
g [\ [
= -20 \/

-40)

2 3 4 5 6 7 8 9 10

0 1
Time [s]
Fig.3.13 Control yaw moment M on Double Lane Change test

28



34 B

BEREGRERIC BV TIE, B ADISENS, FEORN TN D 3~6 FbF TrIfekHE
M & R TRESBIBOABAELCTWDN, AN E S 6 F5 B AR TSI 0 12>
STHLTND Z ERDAD. WFRIC LTS, (EREROBEIEAMEREICI3EL T
WRRWe), I LROMEINULETH L.

BTN L—rF = PTlE, X3.80 XY P Lo i o, i #m <o <
ALTWZRUN 4 W IWM Bl 23R 2 \ZRB A28 2 CHEAT b — DK BB & D Dloxt
LG, Hl 28 S A7 4 i IWM B X SR I KA FINC R E B2 D 2 ERNbhd.
HIEC L > Ta—Lb— FOZRIMZ SN TWVDDIZK LT, #lE Y AITRkE< 2o
LE-oTWA.

LI EDOFERNS, DYC 126 ES3HENC LY, FEx L CIXEEa— 2~ EIR AU
SEHEMREICRD D ZENTE, £, 7N L= F 20 PTRETL— IR LE
UK BB E D 2 E3bnd. 72720, 33— L — hOMHENC TR D A O
flE+2 X547, fHTEZRFTOLERS .

29



W

R ERAE A 2 R T &35
H v 2T A ORE - WL

30



4 HERERAEAZHBAT LT OHL B 2T HADRE - WL

ARETIE, H, HIEREE 21T 5. H, fIErT L1, K41 1Rt 7 4 — B3y 7l
REAW, ELHHIEEE COLEEREORE S2HHEUTICT 5H#ETH 5. K
41 O G IT—ML7 7 b, K ITHEZERTHD. w IiSNIAT) EREBZHEL, &
YO ARRE) &, oz TR (FEREESCHEA ), SR E) 2rhEnE
T Elou BXOy X, SEATEBIRIE T, Eagn, EZENLOH B LT,
AN EBRDETHD.

X 4.1 DA %= FFOAREREIIATERT D

Bl=e[l= e 2]l a1
—AL 7Tk GITRI LT, il
u =Ky (4.2)

ZHANWTTZ 4 — Ny 7l Z T &, wind z £ TOEEREIE, RATLHZEICX
9,

z = G,,W
Gow = G171+ G1,K(I — G2,K) ™1 Gy (4.3)

G DRESOREL LT H, /W AZHAWS. LERGER G,y O H, /LAl
(Gawllw & EEX, WX TEERTD.

”szlloo '= SUPg<wsoo T (sz(jw)) (44)
HEE H BNIIMBA T Wik U C, filffiE z 270 5 _X/PSL< M2 BH 2 72D T, fneE
B G DR E I A OO EHRT/HE T 5Hl#las K ZGH T XL vz &k s.

ZLTC, LT T FGICH L THLN—TRELZEIZL, (|Gl < yZ iz 3
WKEKRDD.

31



W

[

G

K [—

Fig.4.1 Feedback control system

H, S ORF# E L TIE, SELICTRWHIITFIETH D 2 &, v 3 ME, JEEEGER T
DEFANTE D LIz EnFTF NS,

A ENTHIEN ) & AimEAe A us, RIEAD ANy b a—Lb—hy T D5ar bn
— T DEFTEATD .

41 HIERRFH OO AT LEIE

Bt EAL DT D OFIHRRFHIH W DIRR T LT T NV EZ G T 572D, K7 A4 3—
DERACZATOIRRIE COEMEEFH ETH OV AT AREEIT . £, 4 WEEEHIC X
DIEEEFET LTV D 4 i IWM BT T UIzx LT, X420 X5 7080.4s, RIE
1 rad O =MWTEA 2 7L 2 DEHFEF Z R EINd %53 2 =2 L—3 3 > % Dymola I
TiTo7. REAS L Ul-ridmfe g ALy L3 —L—hyDINEEH 7Y 7
JAH 10ms OF —H L LT LT, K43 & 4.4 ([ZETHEE 60kmh (11.11m/s) T
BEHEESTH, 3s KR, Alfg~ Lrad O =AEHA v/ OV AEOMEEA % 0.4 INx - &
SOMERyY LI—L— by IEETT.

32



—
00

=
I~

Front steering angle [rad]
-

N

=
b

fum—
T

-

()
9%
=~
W
(@)}
-~
0
\O
—
<o

Fig.4.2 Impulsive front steering angle input

/

/

S

0 20 40 60 80 100 120 140 160

X [m]
Fig.4.3 Simulation result of Lateral displacement

33



yaw rate [rad/s]

0.02

-0.02

Time [s]

Fig.4.4 Simulation result of Yaw Rate
42 VAT AENTIZESBERTALET LV OEH

AR AN T — 2 Lo S ab—2a V CINE LBy b I —L—FyDHA
T —X |2t & 3%, Numerical Algorithms for Subspace State Space System Identification %
AR (NASID 1) &AW TY AT AREEIT 0T, HERO 7 H5 T I B A A
Nhe 3 —L— MEEE TOEEREIL 2 KENRPITH L2, v AT AFREDORER,
5 WOBEHIFHRET ARG LN, ZOET VAR R OET WVIZE# L,
4.4 125 ORGSR E T LV ORTREIEA AT us DORENLy LI —1L— 1y ET
DJAW IS 2T, BB ylus TIE, 0.02 ~0.025 Hz &\ 9 W E IR ECHR IS
=27 BHY, W pu; DAY, 1HZ FREE TORWEIRZET 52 ERbnDd

[ A AT

4 iig IWM B ET L OE— REHEZ R T 5720127212V AT ARITEDORE R, 15

bz 5 KEIEET VOIRREZE M FH A2 (4.5), 46)ICET. 22T, x ITkE~Y
MLTHY, HAT y ITHEEN y &I —L—b y D5, £, RilREAEA AT E us
ELTWA.

34



.'xr = Axr + Bu5 (45)

YV = [ i,/] = Cx, + Dug (4.6)
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[ 01 1 0 0 0]
|-w; o, O 0 0| [4 0 0
A=|0 0 o, m2(4=[0 4, 0 (4.7)
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Table 4.1 Eigenvalue of Identified model

5th order
model
oy -30.056
N 38.649
0y 0.070125
W5 0.15854
a -2.7092
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