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Fuzzy control strategy for hybrid electric vehicle based on neural
network identification of driving conditions

TIAN Yi, ZHANG Xin, ZHANG Liang, ZHANG Xin
(School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing 100044, China)

Abstract: The fuzzy control strategy can improve the fuel consumption and reduce the emission of hybrid electric
vehicle(HEV), but the parameters of control strategy are always optimized under a typical driving condition which is
different from different cities. We study the fuzzy control strategy based on the urban driving conditions of Guangzhou and
Shanghai. First, we propose a fuzzy control strategy and optimize the parameters of membership functions by applying
the genetic algorithm to the urban driving conditions in Guangzhou and Shanghai. Second, we identify the urban driving
conditions in these two cities based on the fuzzy neural network. The results of identification are applied to adjust the
parameters of membership functions in the fuzzy control strategy for the HEV. The simulation results show that the HEV
fuzzy control strategy based on the fuzzy neural network identification of driving conditions improves the fuel consumption

and reduces the emission.
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2 HEVHZAI(HEV model)
2.1 HEVHZ SIS (HEV control strategy)

AT R SR GCHE VIR 42, (R ShF LAt
TG 77, LB D E. #ECRUISE R &7 T 1
AR an N TR, R B ALIE H R B IS Be 1503
B DY L WSS AL, B E D3R 110 kW, e 4 i
2500 r/min, % A& BRIHE 80280, A AL B I DG H BH
HLHL, #05E Th %35 kW, A€ 7% 342000 r/min; i IE
FHAELE B 7 it A5 2% K F 64 A g LA X AR 3%
7.

ikt

EENnEET

R A

|7ii;)1m |—>| B Ii

Ay || e~ s |
| [ owi | e

Jrthlzh £

wil LY

[ ermon

e

K 1 HEVIER
Fig. 1 HEV model
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Fig. 2 Sketch of HEV control strategy
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Fig. 3 Two Guangzhou urban driving cycles
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Fig. 4 Two Shanghai urban driving cycles

3 BRI H 28 ¥ TH(Design of Fuzzy con-

troller)
3.1 k3Pl T 4E X 35k 1 #2 #H(Control of engine

working area)
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SOCmin = 0.35, SOCpax = 0.75,
Vemin = 1000 r/min, Ny, = 0.59,
Nmax = 0.81;
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Fig. 5 Sketch of membership function
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NP5 — Pia, Pyi5, 1000].
BRI ¥ R dn R 1 7.

F K 494 A P
Table 1 Fuzzy control rule of K;

SOC low  high

ML slow small usua

fast usua large

TE Ko I ROR 428 il 7% v i A\ = SOCIT) 35 8 i bR
K AT S HA R IR & LR Hlow [—1000, Pig,
P+ Pyi7], & SR $thigh [ Pyg — Pig, Prg, 1000].

BN R WL T eq 1S5 8 FE SR AT S50 3R
7N 3E XBREINB A [—1000, Pog, Pog + Po1], & X &
$PB 4 [Pas — Pas, Pas, 10000].

i B Ko 1) SR BRSO AT S B R R
X B $ismall [ —1000, Poy, Pog + Posl, & X EA%L
normal J[Po7 — Pag, Po7, Por + Pagl, 7& X b %large
H[Psg — Pag, P30, 10000].
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Table 2 Fuzzy control rule of Ko

SOC low high

NB small
PB normal large

normal
Treq

4 AL (Genetic optimize)

4.1 H#Fre&AE(Objective function)
ASCURZERR I 20 Bt e e o B s, H ks

BRI (RE NPT i 250 an X (2) s

f(x) =

E—i—w —HC —+ w —CO—I-
FC, ' 2 HC. ' ° COy

NOx PM SOCe—SOCq

@
NOx. 5P, 6T S0C, @)

Horpr: FCh g — Bk I A3 T4 AE R FC (¢) 1 3 V1
HC, CO, NOx%3 7l 24 K B HLHE I i & — 5tk
T~ ER A 1) 82 VA PMOR S i B A0ORE HE T
AT VTSI A5 21 1R 48 9k 0 R R HE R
SOC K/ B 45 L5 It SOCTE; SOCK /R i
FLIT AR B HLIBSOCTH; SOC R VK HSOC R VI
BNMRAE. AR RO SR ZEORUEVR A 3 o 1,
HSOCH: ) 2 /N 10.01, K & LSOCK 40.01;

w1 :0.5, W9 = W3 = W4 = W5 :0.25, We = 1.

w1

w4y *

4.2 RALH PRI (Model of genetic algorithm)

MBI B s T S 8Py, - - -, Pyo, A AME
BE DL, I FH 8t B2 R D A 2 T b 2000 L3
1T 9. 2% 182 &S S BB RO B2 12K,
AR SCR P I 5 K O 161 33 R B 5 D o i ok 3
RN, BLUR30N S HOE R A s — A QL A,
AR Il 8 (1) — M

x = f(Pr,- -, Pso). (3)
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Table 3 Area of parameters

28 BYEVEH 28 HUETEH
P 0.1~0.5 Pig 0.1~0.5
P> 0.3~0.7 Pi7 0.3~0.7
P3 0.4~0.7 Pig 0.4~0.7
Py 0.5~0.9 Pig 0.5~0.9
Ps 500~1200 Py 80~150
Py 900~1450 Py 200~220
Py 900~1450 Py 180~250
Py 1450~1700 Pos 280~350
Py 0.65~0.85 Py 0.65~0.85
Pio 0.01~0.09 Pos 0.01~0.09
P11 0.01~0.09 Pog 0.01~0.09
Pio 0.67~0.87 Por 0.67~0.87
Pi3 0.01~0.09 Pog 0.01~0.09
Py 0.01~0.09 Pog 0.01~0.09
Pi5 0.78~0.94 Pso 0.78~0.94
RSB A A =T g, A
Z J:r:,i

i=1
PRIPIE N BE, B — AR5 6 1R 38 Y BE A bl gl
BAE AR E W 6 i k. CRUISEH & 37 (1) 4/
B DB e 32U ik A\ ZIMATLABFE /7 1 $0AT,
BB — AR R AN, #E AT — IR A LA
Y I H R FE B S A5 HE R H B AL Sk
T S E IR AT,
k4 FAEFROIE E AL
Table 4 Parameters of genetic algorithm
BEEHS UE
MUK 10
R 50
TAT M 0.7

AR 5 0.05
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Fig. 6 Sketch of genetic algorithm

4.3 A4 B4 P (Analysis of optimized results)
FE2AE T M - TEAT B T o0 R, ek rr Attt
Jr Ky R RSO 25 1l 2 oh S B R S P,

A5 AT M EF EATH T SUAARMAE H] B 4
HhALLE R
Table 5 Optimized results of the fuzzy controller
parameters based on Guangzhou urban
driving cycle
2% R A I VRN P R A AR
QN e e Ve
P 0.2 0.29 Pig 0.3 0.33
P 0.6 0.32 Pi7 0.4 0.43

Ps 0.5 0.64 Pig 0.5 0.50
Py 0.7 0.78 Py 0.7 0.81
Ps 635 609 Pyo 110 128
Ps 1025 1323 Py 215 214
P 1000 1257 Psa 242 240
Ps 1685 1500 Pa3 315 314

Py 0.7 0.81 Poy 0. 65 0.85
Pio 0. 02 0.04 Pos 0. 05 0.03
Py 0. 06 0.03 Pag 0. 05 0.05
Pia 0.8 0.85 Par 0.7 0.87
Pi3 0. 04 0.04 Pog 0. 05 0.05
Py 0. 02 0.05 Pyy 0. 05 0.06
Pis 0. 85 0.89 Pso 0.8 0.91

VR MFEANHE R I 2o . AL Jm 45 8 ke
1% /02.7%, NOxi# /12.3%, CO¥ />1.2%, HCHFI T
FLHEBR FFANAL. 53 4b, BLARSOCHLAL & LA AL i

[ A% 70.027327, {H f&£SOCH 5l BISOC-SOC ¥k
D98%. Ut WAE2RE ) AT IR T 0L T, SR 4% 57
FEAAL G, ¥RZE T AR FFSOCHED. 7 Fft i, SOCAZ
A R 5 /0N, 2 001 S A, i ELHE FSOR il RE S A T
BRI

A 6 AT MATE T L HEV et s R
Table 6 Optimized results of HEV based on
Guangzhou urban driving cycles

. - L ) R
etk Hos fitenr kS t
%
NOx 8.71 8. 51 2.3
. CO 0.8 0. 83 1.2
Hejs/ (g km ™)
HC  0.34 0. 34 0
PM  0.028 0. 028 0
WMEFE/(1-100km™Y) FC  24.52 23. 87 2.7
SOC, — SOC;q 0. 027877 0. 0022 98

FE2AT B T IEAT B T O0R, AL AT A tE
Ja Ky K IR P i o 2 AR T .

AT AT LiEE T EATR I LB
= el R
Table 7 Optimized results of the fuzzy controller
parameters based on Shanghai urban
driving cycle

sy AT ARLE ) % (USR]
B BUE e U
Py 0.2 0.35 P 0.3 0.25
P, 0.6 0.39 P7 0.4 0.49
Ps 0.5 0.52 Pis 0.5 0.4
Py 0.7 0.77 Py 0.7 0.71
P; 635 523 Py 110 139
Ps 1025 1382 || Pn 215 218
P; 1000 1348 | P 242 211
Py 1685 1575 || Pss 315 313
Py 0.7 0.83 Py 0.65 0.76
Py 0.02 0.05 Py 0.05 0.05
P 006 0.04 Py 0.05 0.04
Piy 0.8 0.83 Py 0.7 0.84
Pis  0.04 0.08 Py 0.05 0.03
Py 002 0.05 Py 0.05 0.03
Pis 085 0.92 Py 0.8 0.92

VA T RE RN HE I 28 7. Ak I 45 e
FEUE 1%, NOx, CO, HCFfifr Hl il 3 A A F5: A
A% 54k, SOCHR Ak Jii Lh At £k /T 34 0 70.010854,
i HSOCH 1 BISOC, — SOC IR /292%. i3 Wl £E2
% FHEATIE LU0 N, RS SRS, REA
AT DA B (R AR 4 SOCHE, T ELMAE S 1K
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Table 8 Optimized results of HEV based on

Shanghai urban driving cycles

5 ~ o 5 etk
't VAN ’t ’t ]
I RAAER N DAL T etk e i
NOx  10.28 10.22 0.5
HEM/ (e k1) Cco 0.99 0.99 0
HC 0.41 0.41 0
PM 0.038 0.038 0
WFE/(1-100km—1) FC 29.20 28.88 1

SOC. — SOCs -0.011831 -0.000977 92

5 473 T iR 5 (Identification of driving cy-
cles)
5.1 BRI 2 W 4% (Fuzzy neural network)
A SR FH O 4 N JEAT SR Ak 3L P ASOR A 42 0
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Fig. 7 Sketch of fuzzy neural network

WAJZ (S =

RN, BRI X.
S22 T RO 2, BRI R SR R e B 2 5K(4)
PoR:
(Xi — az‘j)2,
i 27 SR 7R B R B~V PAEL; 635 347 SR e B2 bR
HIRRIEZE; 37 N\ AR BB R SR8 i R
K HeE.

; “)

outy = ju;; = exp|

FIRAREZ, MBI R 25, I 4;
R B =, W LGP

out} = [T pl;(X5). (5)
i=1
FaE bz, mase)ins:
out! = 37 wijpij, (6)
w;; AU
5.2 L HHF1E 2 Bk B (Driving pattern calcula-
tion)

A SCAE RN R b, AT Bk 05 o Tk
F B R 4 560, 54N B 2408, I H T BEZ
() o] DL . DAL R AN AT 3 T 548 [0 ~ 240],
[1~241] - W — RS B, KRGt HREA D
B TOURFIESEL, WnROFR. 26510 M =1
AT B T —/N1538 < 1815 41 %7, 245 1 |
W AT B O —AN1609x 1818 4 K 7R,
FEAE A REER Ao 22 D) 285 1 i N AEL.

&9 TIAFAESSK
Table 9 Driving patterns

JPi5 28 BX LEEDa
1 Vavg RSl km/h
2 Usta bR ZE km/h
3 Umax I AR km/h
4 davg S8 sk m/s?
5 dsta NI AR v 2 m/s?
6 amax I K & m/s?
T Tavg SR8 m/s?
8  Tsd ok A 22 m/s?
9 Tmin B /NROR m/s?
10 wvo—1 TRRE /N T-1 /s TRIRF ] o /8 B i) L g3 %
11 vi_s THE 1 ~5 m/sIRI IH] 7 /s 7 BE R LA %
12 vs_10  EEEL10~15 mysIITE] /N BRI LR %
13 vig—15  JEE10~15 m/sII ) AN T BRI LE) %
14 vi5_25  HERT1S m/sIORTE /N B bl %

15 ao—7 INIEEO~T m/s> [R5 e it 18 () Lo
TS FE R F7 /s A I IRD B ) 6 L A5 9%
17 ro—r S E—T~0m /s> (K1 A 5 a3 IR 18] (R LA %
18 77 JRIE /N T—7 /s> RO W) o Jelas i 1) ) L) %

R

16 ar

6 45 % (Results)
15 FLR FH2A5 0 M 3= A2 A ) ik =+
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Fig. 8 Two Guangzhou urban cycles and two Shanghai

urban driving cycles

A 10 ToRAHELER
Table 10 Results of driving cycle identification

- To L e U
EE7N Y T %
NOx  9.38 9.20 1.9
Hoif(ekm—1) Cco 0.91 0.90 1.1
HC 0.37 0.37 0
PM  0.032 0.032 0
WiFE/(1-100km™1)  FC 26.46 25.92 2.04
socC 0.715617  0.699574 22

SOCe — SOC; 0.015617 —0.000426 97

1045 Fhmr UAS H, 6 Tl ai AT )G,
WAL W 202.04%, NOxiE 201.9%, COWE 2>1.1%,
HCH TORIPMAE JECOR 15 A 2. 55 40, R H T80 R
Al JESOCHE JE T4 PR 22.2%, {H ;2 SOCH; )
PN T 97% . R 54T T YR 53 1A 42 1) S mg my LA
fEAFHEVAEAS [AA7 B T30 H #1 R FH S5t 1 42 1l 5
W, 320 > R I FE.

7 458 (Conclusion)

1) AT T LX) Bl VR 4 4 ) S5 s 11 55 1 A 25
ZRR. T8 Ik SR FH 35t A S o AR 42 ) s v 1) S
FE ek A AT oA, RBLALAE) MR B T AT B T

DL NS B AR ). DR, s B g N — i
AN F I3 BOAT Bk T AL R HE VA2 1 SR

2) KU A A O R 5 o SR T LA A5
HEVAEAS [F]AT B T 00 #8 R S 10 18 42 11 55 s,
B DU AE.
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