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DEYV hierarchical control strategy based on stability
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Abstract: Given the flexible distribution of distributed drive electric vehicle(DEV) torque, an
optimal torque coordinated distribution control strategy was proposed on the basis of
hierarchical control to improve the vehicle handling stability. The control strategy was designed
with upper and lower layers of controllers. The upper layer acted as a centralized controller,
with the desired yaw rate as the target, and calculated the total driving torque required to
maintain the vehicle in a stable operating state according to the current vehicle state and road
surface conditions, and distributed it to each of the driving wheels. The lower layer acted as a
distribution controller, each driving wheel slip rate being a control variable. The PID control

algorithm was used to apply compensation torque to each driving wheel, so that the slip rate
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was approximating the optimal slip rate to improve the vehicle handling stability. The
corresponding simulation models and controllers were established in Matlab/Simulink, and the
corresponding control strategies were designed to simulate and verify the multi-case simulation
of different road surfaces. The results show that the control strategy of the controller can make
good use of adhesion of the road surface, which has improved the slip phenomenon in some measure
when the vehicle starts, so as to improve the handling stability of the whole vehicle when turning.

Keywords: distributed-driven; electric vehicle; hierarchical control; torque distribution

43 #i 3 IR Bl B 375 2 (distributed-driven electric vehicle, DEV) ¥ f#i T IS £k 25 44, ELA 4519 Bk AL
RS BN 1A R IE A . T RERE AR DEV B BK 3h 1 F ikl S0 o w8 A R e 15 4
FL 2 YRR AE A (] 3 TR B0 T B BR800 o DA 32 i L 3l MR Tk L B LR YA PERE .

DEV — J{5 #4238 28 J 4 1y 22 4R 285 SR T B 42 ) 5% W o AR A5 JUT 5 1900 100 R R 428 ) 2 o =R T 1 A
i ) B V0 %k A R A SO I O E AT B A ] s 36 F EKF (extended Kalman filter, §J@ R /K &2
T8 A AT 7R S X AR AT B A — AR LR TR O R R 5 DL R B
% I i /IME R Ak B b oR 500 R A3 D T DT B3 1 2R 1 5 1 2l SRR B AR s ol
TR RS 0 g 9 1) SRS > 9 g A o 3 8 R L o 4 ) 3K 30 2 R L B R T A IR B B T ) 3K
SRR R R AR R AT AT B AR E SR ORI R SR E T E RN B REA
R R b M= R D o =1 S N e e W D ol 1 D G 73 W YA ) L E) R SN R 2 R g 1 T R
SR FH 187 Ak 8 7 3R 45 ) T T 3 RS Tk 40 2 0 B A A L 40 0 TE = KRN B T X BT R A
LERTEATIE T L5 05 BB UE - LA IR = DEV 3K 5 5 1 1 i S % 1) B VR RS 8 1

1 BEHHFKRE

1.1 EH/Hh=EEE
BT « NI iz Bl iy Gl R 1R s Bl L 58 = il A

BG4 MRIRIGIES Y A T DEV B4R .
H B2 #E gl Jy 2 A B 1 TR
B3 Iy F
mo, = (Fy+F.)cosd+ Fo+F,, — (F 4 F,.)sind+ 1
e - LY L
m Uy = Fon 4 Fyw & (Fan + Far)sing + (Fya + F ) cosd — m v,
s (2) w/
/
I.oo = D[(F‘,nJrF,fr)Sin(?TL(FynJrFyf,)cosé‘]f[[r(Fyrle F, F
o) + %w (F.p — Fup)cosd+ (Fo — Fog)cosd ]+ Foy — F, F,,
F.+ (F,g — F,.)sind; (3)
| I |
B = arctan Y, 4)

. B 1 LAMEEYE e
KD~ m SRR kg v, vo, 50908 ZEHY\ ) F RS Fig.1 7-DOF vehicle dynamics model
W m/s 30w 53500 R W56 5 R B B4 A B L rad s rad /s By JF L 430008 2240 BT 32 9\ ) ) L 8 )
J1NGHA = FORAT S 8 = Lo R A R G R ED s Ll 23 B0 TR B TS S
0B B S e B s 1, O AR R L Sl B ke« m® 5 3 O BC U £ L rad
1.2 BRI NFEE
B R A S PR 5 T e S ) O — R ) S MR RE RN SE M B R TR R IR RE . R AR B2



66 W LR 2= B 2 %325

B i) Dugoffl 5 i ol Jy 2 R0 38 ] g %?IE’J#‘FJE/‘EEfr%QEAE’J?MﬁJJﬁ*%ﬁﬁ T REAR 2 iR
2 1R Dugoff SR {5 /0 1 R 80 A TR A MCU BEAT PR TR . R i3l 220 fe

s,
Foy = C g /G
o tana;;
Fo = C {5791 Gy); (5)
mgl; h, h L;
4 toma, e L
o = sy " s+ " L LG T D

KGO F, Fo JFo 3 e I Br 52 9 1m) Jy B ) g FR e ) 7 . NG C, (43 5 D 58 i i 9 1w R ) W 32
N/m;h, R 50 25 1= BE s msa, vay, 43 90 9 1) o B AR 1 B . m/st . M =L B, L =100
=1l r,rl,rr B}, BEHFENER—+.—— -+ .+ —, Hp

‘U,x-‘f—l[w

af = 0 — arctan

a, = arctan

N 2 _A,] 7/11_, < 1
f(AI‘j) - H
Laa; =1

— piF oy (1A S;)
/(CxS;)7 F (Cotana, )"
36 W raran 5B I 56 RO DR A6 rad s 45 SR 2l Ve ¢

_ wwuwR — vy
5y = it 7

]

KD o HERMEIE  rad/s; R WIS AR ms o, 45 83 LS B 8% L rad /s 45 3R 3h
o

(6)

0, = (ot H )t ta, (B 1) (8)

L OF Y =1l B BEHFEERR+— Y =TI, rr B BEF RS+,
1.3 REENER

T 5K By B T T X AR i 4 o R WL HE AT R Ak L 45 A FR R Bl ) BT
S PR R N

dew.;
. —_ 2
TC(] 7 T(lij - wazj - Id

de °
KO Toy R HBERE A Toy A& WHLAY 7B N« ms e HIKSFE L E &
BON/(moe s L R THe SR ke » m® o SRS 4812 332 Ty e B A 4] 2
JIr 7 o o P AT A5 25 B Sl 8 00 5 R -1 05 R

Lo = Tay — FuyR, (10) E2 9Rah4iashZ S
A Ly A WS 48 A e gh i . kg » m*. Fig.2  Force model of

driving wheel motion
2 BitaRESSR

(9

2.1 ??a%ﬂ’%é?cf**’]

2 g B By R RV AR ) A1 DAy A s o e i ) 20 3R o2 8 v 4 S B 24 2 A R S
&mﬂ@i%&ﬁ%ﬁ@&#ﬂt?ﬂam,fr%i%éﬁuE?ﬁﬁﬁ%&%)éﬁ?%ﬁﬁﬁj‘ﬁﬂ%%%ﬂi&UﬁE%Hﬁ?Fﬂ
1S A4 A B AR B PRl 5 T 2 A ] e LA UK sl A 1 AR AR RO 5 A AR L 68 S A R A ) 5 9K Bl



%1 B AF T RUE MR DEV 232 15 i 5 g BF 5 67

O B A AT S I » ey PID 3 85315t 2% B Sy e PR BEAELY 6 3 U o O AN AL 2 LR 4R b 2o
v BCZE A5 KBl HE O e R DT A B 28 0 BE R KB e ISP R . B8 AR 0 L 3 R T AR A1 3 s

___BEREEEHE A AR
BBUTEE | | sestsyiicisi o [ A S L
LY R : R L2 A
UL < LUSE T [ |
—H 2 H R !
e T S T, i

e -5 | ;

i F, 1 ) i
I A Lt DT PSP
i LGB % P sy | !
: s | g : FAA !
PR P 2 |
Ve @ LS ——— ] ----- 1

Bl 3 e 43 T 43 J2 4 ) SR e
Fig.3 Hierarchical control strategy for torque distribution of whole vehicle
2.2 FtEREDEFSE—EIZEERSE
B R R R A 2 R A B 5 ) AR G0 S R A A R R AR R A A i AR R A D R R AR A
T PR 7 S0 SR A (R L DA AR R R AR AR E g S B A E R
LY ) B2 TR Oy

jlza‘)r - war + H5‘8+ H(;(S;
. (1)
Lo (s + ) = G G+ G

C[ —bCr aZCf +bzcr
v

KA. o WM rad; H, = & sHy, = G+ C. 3 Hy =— C3G, = iGy = aC; —

bC. 3Gy =— Crs G C, 09 2 e 58 00 4 W E - N/ rad
A1 203D (I Al f S B R AR A 5 SE PR R R M o 222
Aw = w: —w,
W Aw 7 A2 Y B IREEE S 2 AM = 1. Aw» ZEICTHIA 7 ZEXT IR B 48 BEAT AP BC A e 22 . O 17 o F 5
9% 2y 3 A A 1 X R T A R D R 1 A A T I A A % K B A ) R 2l e A 23 S

. aMI,
Tff - Tm 4R ’
Tfr = Tm;
12)
Trf - Tm;
B AMI,,
To=Tat =5 -

XA T, 255 G R A A N - m,
2.3 TEREEEHS—RBIRMNESBERETE

ST AE A5 K Sl 7 3RSl B WL A B R A A PR L BRIV R ) A 2% B Bl 48 HE AT % T O
o3 W FE 45 SRS 58 B4 0 e 1 DT e B AF B IE R HE . M IR S 4 4 T A2 R N O JF G 3 it . 4K 3l g bt 2
N5 22 doe (1 e R GR B 1500 ~ 23 VO L BBl Jy 3R B doe K fE 5 AR A R AR LR L IR 0 W & R R &
TR e R R s AN UG TR IR A7 Bl 2 IR 8 16 PR 308 L 2 0k 2R AR AR 1 5 T e AR e IR U Gk e M
S T ) R 0 B A Bl VR 25 . P T A R 3l 5 0 4 o DR O A A s o A e A0 U e AR BT Y
S R U Y R e A I 0 P SR N AR AR K Bl v L B R AR A AR R M R R L Sy
G- LZERITHE N 01X AT 5 N AR AT R4k . iC A SR Sh 4 W e Ry S Bk sh A Il ik 35 1 0 F. L B3 1 58
A Taspee F9NTE ST MY R AL 15



68 W TLR B B o 4 %32 %

lew - T(l 7F1R;
F, = uF; (13)

F”:%O
: 4

KA F, i r S8l J1 . N - RAEFR B Ty o b 58 06 28 F. R ri] e B BRE 5 28 8 e e L)
PeSE NI 3 R EL e FIFER S BCER RN

J’é"s,o<S<Sp;

E

U = B _ . (14)
h é‘;s#‘?l fs*‘p b,S, < S< 1,
R AD s p, MW R B o TW B R B S, iR EW %,
BT B R A e, SRR S B RN
sy = (1 —95), (15)

LS g, 1R i R ML R KL

T 2 A ) o LA S I T B R A 22 1 AS (0 S i A S 80 it S 80O WKl e ML A 563 Ty o A C
o S B TE X A S S I R A R AR X R R AR 1 R A B A R A 3 1 5 D 32 o
i N5 T 9t LA e D A AR ) O AR AR T A S R . AR AR PID 4 RO A5

dAS (1)
dt

KA K Ko Ko 20501 9 #5 #5 H B 2 80 B S8 M 25
3 BEERHRAGNERZERMGE

B T A R RV T AR U Y KRR Bl Jy A R 3 S AE LU B B0 AT 005 EL 00 B - A R B B D0 AR
B B O B 2EAT IR S A 5 £ o B A B DL AT AN R B S TOURUE T . BRI SR 1.
R1 BEERIBH

Table 1 Partial vehicle parameters

T, (1) = KpAS() + Ko +KIJ' AS(Odr. (16)
0

ZH B S8 HfE
# L it om/kg 1 760 JBT 0 5 Hb 5 by /mm 576
iMPE L/mm 2 460 k4% R/mm 290
JG % [, /mm 1480 RS R I,/ (kg » m®) 2 095
GBI HTRE & [/ mm 10 084 R I/ (kg » m®) 1.85
OB PR # L/ mm 1376 RIS ') 0.015

3.1 RMERALTHEHBHESH
AR K % 0 S S 2 I B A SRSl B 4 0 ELA SR AT X L A A 4~6 IR

1.0+
- R
sk T —
: RS S 0.30 - A
& 06 0.25 — EaPh
o4
O.ZH
0 1 1 1 ) O 1 1 1 1 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 0 020406081012 141.6 1820
A 1a)/s i [1)/s

B 4 fRFE B OLT R B R 1
Fig.4 Comparison of slip rates at start-up under

low adhesion road conditions

B 5 fRMEE B AT R R E R BT L
Fig.5 Comparison of using adhesion coefficient under

low adhesion road conditions



%1 B AF T RUE MR DEV 232 15 i 5 g BF 5 69

FT P A4 TR S A A A BRI A oK i i

HETTAR A I I B B B B I 2 Ty A
MR LI R B I I AR R b ool
0. 97 , i J5 5 7 WE A AEL 7 S8 7E 0. 65 LA -5 it i 3 3 43 % """""
L1 < S 0 S S 0 A R i e 57
SR MR AR LI 0. 21 ot LA B o T T T e T T
LB . S AT T B R B 1 ] — il
fscs. T 6 R T 3 4 R G B R R
L2 m/s" BRI i 05 1) 42 S sk B2 B A BT 3% s Rig. 6 Comparison of vehicle body accelerations under
B AR TIE 24 495 FLAT B 1 30 R A low adhesion road conditions
3.2 MEERETHESF

RN RAH 0.5 GBI 3.0.8 s g4, N—
JEHEAMZE 2500 0. 2 BYVK S IR . A 4 E 1R 3.1, 05p P R kR 0.5
G T B 7 AR O] fﬂﬁfﬂiﬂ?'ﬂéﬁ;ﬁgﬁ E
HE 0.8 s I, il T A B2 RECB IR S B or & ) =
B P TR G R R ON 0.6 K dr. B ol BN %
RR B R R R 2 0. 18, Bl S 218 T R . it % 02 04 06 08 10 12 14 16 18 2.0
= B ) 1 AR T B R A AR A AR I Ti/s
MR 0017 AT Clly i T BRE 35 2R 5005 W B % B 7 % HE B T A
KRG S [F A B R B R B A 0. 18 Zafy . Fig.7 Simulation results of docking pavement

3.3 XABRETFHESH

TN 2R 5 AT B AR B 3 R B0 0.5 IO A1 e 10 b A U 4= 48 A B A BT R O 0. 2 1 Uk 5 i

b A SRR 3.1 A S R A T D B SR G 415 X L A AR AN AL 8~9 FT
— RN — st

- —— " 73 i - 7 a3 Ak
1.0 [ . *EEDHTT'JEHU% 0.5 %ﬁﬁbﬂﬁ?ﬁﬂfinui‘c Iﬁ]fifﬁﬂfiﬁu?u
0.81 N )1 2 Pt 1
S L — sk
M 0.6 - LS Iljﬁlbr'JEH'J§b
ge 04 T ol
0.2 fS
0 1 1 1 1 1 1 ] ‘\l i 0 1 1 1 1 1 1 1 1 1 )
0 0.2 04 06 08 1.0 1.2 14 1.6 1.8 2.0 0 0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
i)/ i)/
8 X IT B TET W XTI B9 XS IT & R B & FR B
Fig.8 Comparison of slip ratios on p-split road Fig.9 Comparison of using adhesion coefficient on yrsplit road

FTPET 8~ 9 R AT AR it A 4 o 94 2% 40 2 il 48 A DK S B T ) I e A 7 ) R O L T AR R 0. 915
B I 2 05 0 e R T e R B 3 R BB AR AE 0. 15 LAPY AR A5 Wi 48 T A R A8 0. 18 22 Ay 43230 1 T )
FHBR & 22 K0 I 4 58 W] RE e AR IR B AL T ROIR A o it = B 5 S B AR Sl R B R B A
B L A0 2 TR A RS T R AR I YRR AR 0. 17 25 S MINT T e B A g ELAR T UK B T Y e R
A M E R —E MR
3. EEMEBRARITAREESITANBES N

AT IR B R AR 0. 8 (BT I, 427 60 km/h, 78 585 26 00 A0 B BR 4 A 00 1) B 42 £

AT X H Ay e a5 R AN 10~11 Biros . FE & 10 A S R R 3 R %0 0.8 Y I 1 LA 60 km/h /Y
R R I 22 T ) 0 T R ) A 4 R o 7l R R 0 T AR e R 2 2 4 A R )

h 2 (LA ol =y BEASE AT D o (EL AR o 42 o) ) 2% A0 AR 422 3 2 o) B2 £ 5 2 7 il A 22 R . 7E



70

W TLR B B o 4 %32 %

P11 A YRR B R R 0. 8 (I a7 - A60 ke /by 3o 5 250 EF R4 A 358 38 o 7 1) 6F B 45 AR 5 PR
2 T O T ARRL, vl DL Ak P J2 45 ) 45 U 2 40 PO 45 SRR PR A B BB I o

BRI AP/ (rad - 57

0.6r

04r — MR v—
0.2 — Wi §04r (S— | —
= 0.3r
0 % 02k
02+ N & 0.1F
B,

-0.4 1 L I 3o 1 ) % 0.1 L L 1 1 1 L L 1 L )
8.5 9.0 9.5 10.0 10.5 11.0 11.5 0 2 4 6 8 10 12 14 16 18 20
i)/ /s
B 10 SRS T i A A B L BRI A BT AR

Fig. 10 Yaw angular velocity under single line shift condition  Fig. 11 Yaw angular velocity under step input condition

4

& iE

AT 2 2R 73 J2 A 1) SR X B A F) R 98 1 3k R R K 3 A 114 B R AT £ 4 A S e e B

T DEV =40 PU 58 e 0 U 23 BC IR b 2 4R rP P il 4 SR = ol B2 4 S TSR S B £ A L P
5-£ A B b R 93 A R 2 R A D R H AR SE R R REE T A TR IC s R 2 PID W R R
A ] 45 DU 512 BRI B 5 ) e R A B A R o X A A AN () R A T A RS 2l R B By R B R A 2
A A5 R 2 BT BT B T 3k vl LA 52 B x B ACURSE 35 0 el J3E 0 L AEL 9 R 3 ) BB L A T8 00 R 4 Bl ) 1 Y 1)
B3R PRIE T DEV 4 i 47 B s e 1 .

cEpd ¢

(1] Ok o ok A T PR S92 ] 1 U 56 3R 5 H 2l 9R  A PE4as of LD 1. b 96 50 3 2% 22 41, 2009, 43 (10) : 1526.

(2] MkFE. A& WO RL M7 3K gl i 38 AR e M i A 5 kg il [T ], VR % LR, 2015,37(2) 1 132.

(3] XBoTHE . FRMIME, W5 1R, 55, 4l SR E R 3l Re Utk i w B L) ). i+ HLpT |, 2017,34(1) 132,

(4] 2% 5K EAR . BROE VK. DU BR ) i 3R 2 sl 15 DYC #HIF5 [) ], MLt 5 3k . 2018(8) <42,

[5] ANDON, FUJIMOTO H. Yaw-rate control for electric vehicle with active front/rear steering and driving/braking
force distribution of rear wheels[ C]//International Workshop on Advanced Motion Control. Nagaoka: IEEE, 2010
726.

[6] SHINO M, NAGAI M. Independent wheel torque control of small-scale electric vehicle for handling and stability
improvement[ ] ]. JSAE Review,2003,24(4) :449.

(7] J5& &2 E5T. Ao, 2o i IRShIR & 3001 8 F R H R M IT & LT ] UM LAR 24,2010, 46 (10) : 126.

(8] iwhdh . 2 & 5T, 5K 5%, 5. 2 st 7 B K Sl 42K 3l Jy 1 BRI 4 fR LD . 3 AR 27 4l C A AR B2 D » 2011, 51(4) <478,

(9] TSI Am3k . 28 855 56T o018 6 < A9 W 30 29 0 0K 90 By i 4 ) S L . A0lk AR 240, 2015, 31(8) ¢ 121,

[10] Ak WM. 5 B U5 HLA Tl kL . 2009,

(110 B, 40, 0 5248 . 4. 56T ADVISOR (1% 4 i, 3l 15 42 3K 3l e S XUREH 455 6 SR me LT 1. Wi VL BR8P 24 41 . 2019, 31

(5):419.
[12]  PhEEE, A, EMBAL . 5. JET g ML AR AL Y 0 H AL D 46 0K 2l i 3y 42 4% 40 70 TC SR Mg i B2 L) 0. ¥R 4 1072, 2017, 39
(4):386.

(131 BRBL. AR LIV, 5. DOAS S0 8h SR R A % A P il (T 1. T RpL & 54, 2016, 24(9) : 95.

(147 2o, et R B AE . 5. 5T 95 7 252 19 00 e AL U4 BIK 2l 42 49 4% 46 B A 43 e [ . ARl A2 %2 4k . 2018,34(15) : 66.

[15] skamAe, 25, 7 4. R KRG 193l Jy o A/L4E i 8K 2l 1 5B IT BCAIF 52 LT 1. i VLR 2 B 7 4k . 2018,30(3) - 244,

[16]

AL DURRHE 8 ML Al i B IR R R AE A W 5E (D). V9% R R %, 2018.



