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Abstract

Abstract: Powertrain control is important to the dynamic performance and economy of driverless cars
and a path following control strategy based on energy optimization is proposed. The control strategy
includes two parts. The nonlinear model predictive control is used in the upper controller to calculate the
required power parameters and front wheel angle. The lower-level controller is designed based on the
optimal value of motor energy consumption which ensure the motor being always running at the optimal
state of efficiency. In addition, the continuously variable transmission (CVT) is dynamically adjusted
according to the motor state to meet the vehicle power demand. The simulation results show that the
control scheme has good tracking performance and energy saving potential.

Keywords

autonomous vehicle, powertrain system, path following control, numerical optimization, continuously
variable transmission

Recommended Citation

Wu Xiaolong, Xia Fugen, Chen Jing, Xu Jia. Autonomous Vehicle Path Tracking Control System Based on
Energy Optimization[J]. Journal of System Simulation, 2022, 34(1): 163-169.

This paper is available in Journal of System Simulation: https://dc-china-simulation.researchcommons.org/journal/
vol34/iss1/18


https://dc-china-simulation.researchcommons.org/journal/vol34/iss1/18
https://dc-china-simulation.researchcommons.org/journal/vol34/iss1/18

Wu et al.: Autonomous Vehicle Path Tracking Control System Based on Energy O

ARG RFEHRO

FE34EE LM Vol. 34 No. 1
2022 4E 1 A Journal of System Simulation Jan. 2022
b EL 4A 22
ETRREHRMMT AN E IR ERL IR EEIEH]
72(']\7')21 19 ET,ﬂ‘#E‘za IX«ZE%% 1a 4/'%4346. !
(1. \ERFET RS W TR, EIK 400054; 2. RARZ NFRIRSEARAT, M) % 611730)
WE: ) HEREFHAABRAFE N ASMERZFTURETZNER. AT RGEHERZR

Fit AR W 09 3) ) A

2, JEH T —F R T HE BRI B IEIRIZLEH Kk, 1) K i \79/75?7*/3’

B AL BIEH] B 1S T AART FANLE | R AT I eI 5) 7 R R 464 /. TR E

S KT e FERER AN R AL 59 7 AT 7. 757 75 TG IR G — B E TR RENR S

PEBIRE S EH T AERE £ E
ﬁEﬁ"‘P Ae 7.

Kegia: LABIAE; ShHERALG; HBARRIZIEH);
kbR G A

hE 25 TP391; U463
DOL: 10.16182/j.issn11004731x joss.20-0655

» HTR

SUHBRFFF Y F R, G AERERN, =475 FEA RO RIFH

HALMRAL; RAKR S
WES: 1004-731X (2022) 01-0163-07

Autonomous Vehicle Path Tracking Control System Based on Energy Optimization
Wu Xiaolongl, Xia Fugenz, Chen Jingl, Xu Jid"

(1. School of Vehicle Engineering, Chongqing University of Technology, Chongging 400054, China;
2. Chengdu Yiwei New Energy Automobile Co., Ltd., Chengdu 610015, China)

Abstract: Powertrain control is important to the dynamic performance and economy of driverless cars

and a path following control strategy based on energy optimization is proposed. The control strategy

includes two parts. The nonlinear model predictive control is used in the upper controller to calculate the

required power parameters and front wheel angle. The lower-level controller is designed based on the

optimal value of motor energy consumption which ensure the motor being always running at the optimal

state of efficiency. In addition, the continuously variable transmission (CVT) is dynamically adjusted

according to the motor state to meet the vehicle power demand. The simulation results show that the

control scheme has good tracking performance and energy saving potential.

Keywords: autonomous vehicle; powertrain system; path following control; numerical optimization;

continuously variable transmission

5

il

EERVFZ K IRE 0/l SR #RAE R
RAFRINEIRED . TNE G NS R
PURT DASR iy e A, I A, S e REYRAICR
gy el

BEE T NS BIRG IR R, FAz iR R 45 A

Wk HH: 2020-09-03 EEH: 2020-11-16
B&WH: WNARETE SR E (2019YFG0528)

W—EH: R/NE(1994-), 5, WiLA, BTSN REIE AL B R G

Published by Journal of System Simulation, 2022

Pt S AR AN IR I St A s 3 0, e e PR
SEFRIATI, RS EM AT, HEMAH
REFIATRETT . Daoud M AR T XU H FRdkELE
PEAE Y F5030 4% 1] (nonlinear model predictive control,
NMPC) (1) B A7 BR R 5 1 7 1% o %7 kA% FH A8 il 38
G FEE TS 53 4 B XU E bR A BRI 3, 7E 75 8 459

PR R DU R B 5 8 4 B B UH A Sajadi-

E-mail: wuxlong@2018.cqut.edu.cn



Journal of System Simulation, Vol. 34 [2022], Iss. 1, Art. 18

#3455 1
2022 4E 1 H

Alamdari S A PR 1 S R A R R T 54
IR FHTE BRI RS, A7 3G 47 B DA SR Ay A il ik
B, PATTRERY T A FEH EV(electric vehicle)RJ 2]
PTG SE S IO T R E SRS
Ma PHR H T 5T NMPC {425 R4 & R A
117715 « NMPC 1] BSAS bR K060, 5 T 52 i 22 A1 RE
Ma i F V2V $a4MEAE 85 M 7E 22 (A5, fEREETH
Fed/N o BT — MRS TR f 5 A A
I TTER AR H o 1% T7 575 BAS I ANIE B LA 15
B NARKRATRO S R R . 07 B SRR
o) vk ] W PR BBl R A B RE

IR T AR S A R RV AR TS I 3 Rl A
BRI E R DAYk R RE RVH AR, JFIRA A2
T RENE 1o BT LA, #3032 1 45 (continuously
variable transmission, CVT)¥Jf£2)) 2 Gt RE W% B Kb
WEEMN N RGRR, LIk aeket 12,
[Al 4 J6 2 A i 2 ] DAE I e A8 4% 3 LU A F L Bk
EWHL— BB ATTE R AR X gt

AL TE NS BRE NG, #7 TisshH
TR B REFERY, R TR T ReE R
1) % 4% PR32 ) SR, NMPC 78 _B A7 2 il 8% rh i h &
R R I BE AR A A, AR T A AR
o, A FELBEAERUE SR AL SR SR R Ly A
FERIHG G, FRARYE AR A5 Jo AR & LA 2
PRERSN )17 Ko
1 BEBEITERY

55 FH AT R R AT R R A A BT
BN om WA, FIRRERNCONEAT S, B4
EBh )15 R LA 5

x(1) = f(x(1),u(?)) ey
X x(0) e RTNARBIPIREZRE, n WIREEE
BH: u@)e R NBNEE, kNEHZRERHE.

Kl 1 2iash BAT AR, AR 4 N F 8
FEWPRASAEE, B ARER R A O A A 7] A4 A
b AT 0 20 T

RGTE AR

Journal of System Simulation

Vol. 34 No. 1
Jan. 2022

u(t) =[0;,a, ]
A S NATRCHL M a NEARPR R T x flT
[ DI

B BT FER EIE TN
x=vcos(y + f)
y=vsin(y + )

t/'/=llsinﬂ )
v=a,cosf

p = arctan(

Z tan J; )
f +lr

A e A L B A A O B RTRE S R e R B
B AR AR T A e Sy o AR S
WE R TIER R, BUE 60,

K1 BT R
Fig. 1 Bicycle model
N T PR R SRINRS B2 , R I VYR Tt Pe 15 T
VRSB HUZ B B, B REAT BN T R R
R TR IR R B RS L),

2 AEEHFEEE
2.1 TR A REFERE R

TEAIAEIBAT IR T 1) R T AC AN T A
AR A AT L2 O, AR ST H A v e FE 2 S )
SRR, A LA R

Ty =

7

(ma, + mgCy +%pCdAv2 +mgsin ) (3)

iclf
s T NHEMLFT R r NEEIREAE; i AE
TEENt, 0 NWEERRIN ST, i NTCHRARH
CVIEBNLL; m NEFIRE; g NEITMEE;

x(0) =[x, . p7,7] Cr NEBIHTI; p NEREE; Cy NS AR
http: // www.china-simulation.com
. 164«

https://dc-china-simulation.researchcommons.org/journal/vol34/iss1/18
DOI: 10.16182/j.issn1004731x.joss.20-0655



Wu et al.: Autonomous Vehicle Path Tracking Control System Based on Energy O

3455 1
202241 H

=

RN, S BT

B A RN v NN AR . G50
I v HHPLTREE o FHRERN

o = 307 i;v )
r
(R e T A5 B R m) 75 SR Th %N
pmr = Tmra)mr (5)
2.2 HLEEFERRTY

HALIZ AT I R S D O Lt D R S
HUHRFE . PAFET Z AR (o T2) « Bt (c @)
B RE R RUSELREE (oc @) 20T, 6 2 3% 3
B A OB DA ME B R R B R Y
Pourabdollah M £V Fif i i 388 %ot 7 B [ 2 L AL
REREEATIONG, B3] TR AR N

By (T (1), 0 (1) = Ty () @0 (1) +

2 2
alTout (t) + aza)out(t) + a3a)0ut(t) + ay

(6)

e Tou()AHBHUE ¢ I 25 H A ()N HE
BULE ¢ I 205 E s o, AR IEFER A LK
B IIERN P, = T(t) () » FEHLECR ()i 5
S W/
Pt _ T (0)gu - (1) g
By Ba(T(@) gy @()gu)

n

N () = (7

ASCAFH MATLAB £k 34 T B4 (cftool)Xf
40 kW HIHLREFERHE AL 2R J5 AT 2 Bl A, 53]
LA TR R AL Py, T8I S0(7) T LA FEAL
IRCRIIE 2 fioR, S2br 40 kW HBHLRCR @Kl 3

AE B AR DL 10 TE N 2 B AR R R 1l

Vol. 34 No. 1
Jan. 2022

B o 5 LU AT BLUA L ML G 2 T R I AR A b e
W LR AR X o A ka3

200
7100
£
£ o0
=
= -100

200 — : - :

0 1000 2000 3000 4000 5000 6000 7000
n/(r-min')
K2 el
Fig. 2 Fitted motor efficiency diagram

200 '
=100 /
£ 4
£ 0 =
2
M\

-200 —~ Y . : .
0 1000 2000 3000 4000 5000 6000 7000
n/(rmin")
B3 40 kW HEHLRR A
Fig. 3 40 kW motor efficiency diagram
INA=N=) 4 = N
3 REEBIUALERAR BR IR A Hk

At B A 0 B AR BR R ) 40 AN 43 D4R
PR A o AR RS H AR UE B R TR B f AN
TERHANELE ; @3N 71 L Az hIAR YR 2 77 % Kt 5
HALERAL TAE 55 SAHRK CVT f4shl, s
HIEERI I 4 s o

= il 5 A B )
- P— 3 A

a 5, [T,(K). i]

i g 5t o N I AR

, Ll L :

» T ARt

Bk [T NMPC#i M T

el ! P :

B4 g i 22 A

Fig. 4 Overall control architecture

http: // www.china-simulation.com

* 165

Published by Journal of System Simulation, 2022



Journal of System Simulation, Vol. 34 [2022], Iss. 1, Art. 18

#3455 1
2022 4E 1 H

3.1 BRI

FETF NMPC (1) 428 B8 42 i) in) AU AT AR IR
R(8) o H AR BR B B RS LR G AR = 2 ) 1
SR SR A B s o A

N-1

IT}}IIJ znxrcf X ||Q +Zl| Uper — Uy ”R
k=0

st Xy =fa(Xg,Uyg)

AU, SAU<AU,,,. 8)

Upyin SUSU,,.

X SX< X,
X JHNERERE: x NSHEREZE: Nk
I ZIRPRES T w9 k N ZIRHEHI R Une 5
Unax N¥EHI R /NSRRI T Au AR
BRI AUnin 5 AUnax N5 6125 B AT B
NGECRIAF: Xinin T Xinax IR R BRI RN B
KRG O M R ARERE,

3.2 B8 BIE s
3.2.1 HlLREERERNEE

BRARER B B — OS2 B Rz &
uo PEMH —MEHIE up, MAG)~@IHHHEHHE

WG SRR E . Sr DLRURM AT IR RS Py,
9 H b e B BB A SR
pmin: 5 B Tou (0, 00 (0)
Ty < Tou < T )
subjectto: @y < @, < o,

T ()@ (1) = T (D)0, (£) = 0
A Ty T NEVFHFEH/IMES R KE: o N
FULL B R IMELs oo A FIATLG 8B R
3.2.2 EWIHE
T AL REAEEUE SR SFEAF B Towl(0)s wou(?)
NN e AR S E . FHEEE CVT W5
A5 3 R TR TR SRAAFE T BIUAE B LE

ARG

Journal of System Simulation

Vol. 34 No. 1
Jan. 2022

4 FHGELR

41 iEERE

fii il MATLAB/Simulink 4 4-50i%) /) 2 71
S¥sh8%, ] CasADI™1 5 IPOPT It 42 il S35
BEAT R . BT AT B AR AERC %N Interl Core
i5-7300HQ 2.5 GHz AbFL#E, 16 G RAM. 64-b
Windows 10 & Ziik 177 L SL I IR 5E

4.2 BB EL
e 5 E DT U2 R X 40 KT T 1 R e et

Fo B 5 HoR TZIEMI R, BN
F3E, KL 3000 me AR EATIEE T/

TR RAFT AN ERHRIsZm . S SR
J5£ 3 P #54E 1) MATLAB/Driving Scenario Designer
gl @ aE s, Wi 6 Frs.

N

5 SCIGTEHE R R
Fig.5 Test road high-precision map

600

400

y/m

200

1500 2000 2500 3000

x/m
Ko It EMIER
Fig. 6 Test virtual road
43 iESHRE
WEFER Y] 200 ms BEULHIIEE) 2R 53 )
SRR BT MRS 2, A T AR e AR B, %
B8R FERS ] =02 s, MK N=10, {5E

500 1000

ic = out /60 (10)

AL ESHANR 1 frm. BE NMPC iR ZE
http: // www.china-simulation.com

* 166 ¢

https://dc-china-simulation.researchcommons.org/journal/vol34/iss1/18
DOI: 10.16182/j.issn1004731x.joss.20-0655



Wu et al.: Autonomous Vehicle Path Tracking Control System Based on Energy O

3455 1

2022 4¢ 1 RN, S FETREE R LI TE N BT AR PR R A A

Q =diag(50,50,10,20) , R=diag(20,20), &E&
MRS R ELRAE T
—0.5rad /s < ; <0.5rad /s
—Sm/s*<a, <5m/s’
—0.1rad /s < AS; <0.lrad /s

2m/s* <Aa, <2m/s’

(11)

R 1 HEREESH

Table | Main parameters of simulated vehicles

75 FESH =
1 %2 2/m 1.2
2 J& B P B/m 1.6
3 R R /kg 1575
4 ER¥A/m 0.364
5 SIS Y ) 0.015
6 TSR 0.4
7 S (kg/m’) 12
8 ZE A7 300 AT A /m? 2
9 FEF L 6
10 CVT &3t 0.5~2.5
4.4 fiE5HT

LA FURETT 1 17 1) 45 ) A R B2 A e BT
AR ERE. B 7 Bon 7R E IER, fEE LR
PREAI R I VARG AU BRERVERE, BENZ E IR R
L EMWMZERIE 02 m BUF, HXTRERNSK
N, BEREREAT R AR IRIE 2 AT, TR
TR ERER A R B 8 BoR T A R
B, R R AT BT BRI I ORI R 2 R
ML 0.5 m/s LLT, EAREER BRI /N S
PRESSCREGY, RW] 1 EERER 1A 2

600
487
486
400 + 485 / T~
2301 2304
£
B — BHHR
200 - IRERER IR
0

1500 2000 2500 3000
x/m

7 AR R S AR R R H

Fig. 7 Non-time-referenced path tracking simulation

500 1000

Vol. 34 No. 1
Jan. 2022
30F \ =
~20r
g - - PRI
=107 — BN
0 50 100 150

t/s

B8 R
Fig. 8 Speed tracking

B9 I T G B BRI R o r LA fe PR T
1E i FOLREFERE e L Fs i SRR 75 >R Th R
ML AR TARERCR e o B9 /]
LIE ), TR 2RE AR R &/, &
W T EmER A . B 10 R AR ER R
CVT AR¥E L TARIRE L s, E3h7)
ARG L s TR, U BT AR 2 s
N REBR AR A A s Loy e, R TR
SREN T B ARACTE 3 )AL B LLIZ W T %, R T
CVT £l 1A Rtk

200 T
= 100f e ——
£ r—
§ OFp :Z.; — h —
1 oo
= K—&:‘FE
E\i ~100 A«ﬁ‘f o
I
-200 - . - - - -
0 1000 2000 3000 4000 5000 6000 7000
n/(r'min")
B9 HENLITAES
Fig. 9 Motor operating point
2.5

0 2.0F

ﬂ

E 1.5+

= 1.0t

>

05t

0 1 1
50 100 150

t/s

10 TEHAE LD
Fig. 10 CVT ratio

http: // www.china-simulation.com

Published by Journal of System Simulation, 2022



Journal of System Simulation, Vol. 34 [2022], Iss. 1, Art. 18

5 34 BE 11 ARG AR Vol. 34 No. 1
2022 4E 1 A Journal of System Simulation Jan. 2022
5 % 1‘,@ MPC[C]//2019 1EEE International Conference on

Bt T8 N 225 Tl 2 0 A B R E R S AL 1]
AL, SR T i BE R AR U0 R B AR R B A 5K
W, AT R 1 T N2 B 2 A T BR AR PR B
] 14 [ A5 2 59 R o/ O Ao e 1 SR B
GRTIAR, P A4 ) SR BE A R 2 B
FRBRERRERE, (RN AE EAL A 7R 28R a1 A
MUK EITRERI H

BT A2 1 SRS 55 2 A 25 A R R SRV A L
B REE 1 R AAE B A BR i A P RE R AL 1)
A, BRI TR AR A (CVT) HIL 3 L A B
PR TAE mRARAL ZEARRERE . P 5 th A3 11 5K
WS FETE N B BT Kb B —E 1R

S R

[1] Barkenbus J N. Eco-driving: An Overlooked Climate
Change Initiative[J]. Energy Policy (S0301-4215), 2010,
38(2): 762-769.

[2] Ritschel R, Schrodel F, Hadrich J, et al. Nonlinear Model
Predictive Path-Following Control for Highly Automated
Driving[J]. IFAC-Papers On Line (S2405-8963), 2019,
52(8): 350-355.

[3] Grigorescu S, Trasnea B, Cocias T, et al. A Survey of
Deep Learning Techniques for Autonomous Driving[J].
Journal of Field Robotics (S1556-4959), 2020, 37(3):
362-386.

[4] De L D A, Pereira G A S. Navigation of an Autonomous
Car Using Vector Fields and the Dynamic Window
Approach[J]. Journal of Control, Automation and
Electrical Systems (S2195-3899), 2013, 24(1/2): 106-116.

[5] Doherty K, Wang J, Englot B. Probabilistic map fusion
for fast, incremental occupancy mapping with 3d hilbert
maps[C]//2016 IEEE international conference on robotics
and automation (ICRA). Stockholm, Sweden, IEEE 2016:
1011-1018.

[6] Droeschel D, Schwarz M, Behnke S. Continuous
Mapping and Localization for Autonomous Navigation in
Rough Terrain Using a 3D Laser Scanner[J]. Robotics
and Autonomous Systems (S0921-8890), 2017, 88:
104-115.

[71 Daoud M A, Osman M, Mechrez M W, et al
Path-Following and Adjustable Driving Behavior of

Autonomous Vehicles Using Dual-Objective Nonlinear

Vehicular Electronics and Safety (ICVES). Cairo, Egypt,
IEEE, 2019: 1-6.

[8] Sajadi-Alamdari S A, Voos H, Darouach M. Nonlinear
Model
Assistance Systems in Electric Vehicles[J]. Robotics and
Autonomous Systems(S0921-8890), 2019, 112: 291-303.

[91 Ma F, Yang Y, Wang J, et al. Predictive Energy-Saving

Predictive Control for Ecological Driver

Optimization Based on Nonlinear Model Predictive
Control for Cooperative Connected Vehicles Platoon with
V2V Communication[J]. Energy(S0360-5442), 2019, 189:
116-120.

[10] Sajadi-Alamdari S A, Voos H, Darouach M. Nonlinear
model predictive extended eco-cruise control for battery
electric vehicles[C]//2016 24th mediterranean conference
on control and automation (MED). Athens, Greece, IEEE,
2016: 467-472.

[11] Hofman T, Salazar M. Transmission ratio design for
electric vehicles via analytical modeling and optimization
[C)//2020 IEEE Vehicle and Propulsion
Conference (VPPC). Gijon: Spain, 2020: 1-6.

[12] Verbruggen F, Salazar M, Pavone M, et al. Joint design

Power

and control of electric vehicle propulsion systems[C]//
2020 European Control Conference (ECC), St. Petersburg,
Russia: IEEE, 2020: 1725-1731.

[13] Verbruggen F J R, Rangarajan V, Hofman T. Powertrain
design optimization for a battery electric heavy-duty
truck[C]//2019 American Control Conference (ACC).
Philadelphia, PA, USA: IEEE, 2019: 1488-1493.

[14] Farag W. Complex track maneuvering using real-time
MPC control for autonomous driving[J]. International
Journal of Computing and Digital Systems(S2210-142X),
2020, 9(5): 909-920.

[15] Gao Y, Lin T, Borrelli F, et al. Predictive Control of
Autonomous Ground Vehicles with Obstacle Avoidance
on Slippery Roads[C]//Dynamic Systems and Control
Conference. Cambridge, Massachusetts, USA,ASME
2010, 44175: 265-272.

[16] Guzzella L, Sciarretta A. Vehicle Propulsion Systems[M].
Berlin, Heidelberg, Springer-Verlag Berlin Heidelberg,
2007.

[17] Mahmoudi A, Soong W L, Pellegrino G, et al. Loss
Function Modeling of Efficiency Maps of Electrical
Machines[J]. IEEE Transactions on Industry Applications
(S2644-1241), 2017, 53(5): 4221-4231.

[18] Hofman T, Salazar M. Transmission ratio design for

electric vehicles via analytical modeling and optimization

http: // www.china-simulation.com
* 168 ¢

https://dc-china-simulation.researchcommons.org/journal/vol34/iss1/18
DOI: 10.16182/j.issn1004731x.joss.20-0655



Wu et al.: Autonomous Vehicle Path Tracking Control System Based on Energy O

WIEH 1M Vol. 34 No. 1
2022 4 1 H RN, G BT REERILAI T N B BT B AR ER Jan, 2022
[C)//2020 IEEE Vehicle Power and Propulsion [23] Andersson J A E, Gillis J, Horn G, et al. CasADi: A

Conference (VPPC), 2020: 1-6.

[19] Zhao J. Design and Control Co-Optimization for
Advanced Vehicle Propulsion Systems[D]. Paris, France
Université Paris-Scalay IFP Energies Nouvelles, 2017.

[20] Pourabdollah M, Murgovski N, Grauers A, et al. Optimal
Sizing of a Parallel PHEV Powertrain[J]. IEEE
Transactions on Vehicular Technology (S1939-9359),
2013, 62(6): 2469-2480.

[21] Rawlings J B, Mayne D Q, Diehl M. Model Predictive
Control: Theory, Computation, and Design[M]. Madison,
WI: Nob Hill Publishing, 2017.

[22] Nocedal J, Wright S. Numerical Optimization[M]. Berlin,
Heidelberg ,Springer Science & Business Media, 2006.

Software Framework for Nonlinear Optimization and

Control[J]. = Mathematical = Programming
Computation (S1867-2949), 2019, 11(1): 1-36.

[24] Wichter A, Biegler L T. On the Implementation of an

Interior-Point Filter Line-Search Algorithm for Large-

Optimal

Scale Nonlinear Programming[J]. Mathematical Programming
(S0025-5610), 2006, 106(1): 25-57.

[25] Kong J, Pfeiffer M, Schildbach G, et al. Kinematic and
Dynamic Vehicle Models for Autonomous Driving
Control Design[C]//2015 IEEE Intelligent Vehicles
Symposium (IV), eoul, Korea (South): IEEE 2015:
1094-1099.

http: // www.china-simulation.com

* 169 «

Published by Journal of System Simulation, 2022



	Autonomous Vehicle Path Tracking Control System Based on Energy Optimization
	Autonomous Vehicle Path Tracking Control System Based on Energy Optimization
	Abstract
	Keywords
	Recommended Citation

	/var/tmp/StampPDF/vAn4EFCyND/tmp.1688100843.pdf.ILrGg

