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Hierarchical switching control design for
single-axle parallel hybrid electric vehicles
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Abstract: In order to improve the fuel economy and reduce the exhaust emissions, a hierarchical switching control
method for single-axle parallel hybrid electric vehicles (PHEVs) is proposed in this paper. Firstly, based on analyzing the
steady-state efficiency of the engine and the change laws of batteries charge/discharge internal resistance, the switching
rules between operation modes of PHEV are formulated by a hierarchical switching idea. Then, the energy allocation
strategies under different target operating modes are researched. For single driving modes and three braking modes, a
torque distribution strategy based on rules is devised. For the hybrid modes, a power allocation strategy on the basis of the
Lyapunov optimal algorithm is designed in driving charge or hybrid driving mode, and a Willans line model extreme-value
method of power allocation strategy is developed to split the power in the parking charge mode, respectively. Finally,
simulation results show that the proposed strategy can ensure the engine and batteries work in high-efficiency area. Under
UDDS+HWEET cycle conditions, the fuel consumption per hundred kilometers is reduced by 40.82%, CH, CO and NOx
emissions by 2.86%, 4.41% and 8.02% respectively compared with that of the electric assist control strategy. The fuel
consumption per hundred kilometers decreases by 9.37% compared with that of the global optimization strategy based on
Pontryagin’s minimum principle (PMP).
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TEPHEV Yzl 77 T, J& A & 1 Tzt i shpl
e HB A7 s £ RE LR R, R ENAL S R R B R FL— AL
(integrated starter generator, ISG). HBZHAR A TAEIX
WAT R 43, i T ISGIR G 3 /1R A ) 4 A )
FOEERE 73 BC SRS, 75 PRUE R S TAELE iy 2 X 38 1 )
I, 328 7RG MR & 5T, SRR B R L
FRAS R AN F A 1) 22 4 TARER € 1 B SR A0
FHL Y £rf FEIR 25 (state of charge, SOC)ZH 1% i) 45 =0 iE #
A, W HI SOCHU R B/ FAT L H R A2 1) 7E 5 B
P o [ BT R e s P SRR R B L
TR, M€ 7 H TR VI 10 7 50 40 Tl S s, 42
& 7RI TAE R, (i s 4 TARAE = kX
TEPHEV Ty 4 Fe 5 THI, FOR L 86 WS 45 8 IR &
51 7775 % (hybrid electric vehicle, HEV)L 3 75 3K, Rk
FH o0t 1) 8 45 B K (dynamic programming, DP) 572,
MRAR R ZHLFT FHL RN ] 2308 0046 D36, ks 1ok
e BRI T — R T IRV REAR bR
PHTHEV D2 B 07 &, & 1 RGNS KIM
SR OVt Y SRAE AR (1) 5 T R K, B AT VR IR L
bR B W A AR B MR, B DR LY 4 e M S 3
(Pontryagin’s minimum principle, PMP) 3K fi# 5% 11t fi#t,
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oK1 %, ) F Lyapunovi A AN BR BB 7735, 1531 TR
SN T ZR, 183 T L PMP SR BE 1 RAL SR 78
PHEV #5143 it J5 T, Stefano X6 2560104 Hy 17—
PRI T Ey /R BL R BE A LS RL PO 4% ) S ms, 1521 1 B
AT BT SR @ AR NI DR SRR A 2K
FROYFEAN, TN () R B SRS, A PR K
HL EHYUIISG ML) HFREHR, B T &I

THVEHE, 4ERF 1 R SOCH] Tl
1 LB MR i, AT ORAE PHEV Y4z 1 5
T, — SR A B ATL A 5 o L v R A X, R v
HMSOCKI 7 HA AT MR R TAR X SR 5 B2 b sl
T3 R RAT REAFAE R TR SRS, 1 E IR X R A B
DU H bR X, i A5 2 BRI HORN, 7€ 5% H AR
. SRR LT T BT B D wT B R A AL
AR R R A, (BB AFAEA R AL 1) REHL AR
RO e RN g R, AU AR S e s
X, Mg i, SRS IRTT AR 2) A=
OO B &R R FEAE « R AN FE b SOC =Rk
M, B BRI B ARG R] RE L 7 5RARES A
FOAHRDIRES T Bt A i, SBURER— R ZIA
REARE T ] € O VI BN i € H #n i sX; 3) /EPHEV
B HAR A RE R 2B J7 18, 1 FPHEV #1247 B0
EN 1R G TARIREAARA, A GER I il
THER 2 MIsAT AT RE R T, ME S B R A
BT, AR X —Fh R 45 UPHEV, LB
ORI TR FaoR AT HLt SOCEEAR K
ZHON I JZ RS, ) 2 PHEV & s AT BRI
R B5x B bR 2T REE 2 C IR AL, KR S8l 70
R AT e s — Bl AR S il Zh A AR
R, X AT BTt 1 R A B AR 3 TS SRS, X
TRA BT T3 TR B I Th 3 7y O SR, PASK
BUFTRE S AR Rk FAORA H 3.
2 HEECE X PHEV R 4 45 # R 7 A K
43 BT (The system structure and the analysis
of operating modes for a single-axle PHEV)

ARG Z5#)(The system structure)
FLAIBCE SCPHEV 45 10 B LR,

21
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REHL AR
- AR
OO OO Rl AR | T
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e
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ST AR

Bl 1 HAhipas PHEV R4i4514 K
Fig. 1 The structure diagram of a single-axle PHEV
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2.2 iz 47 # &K 43 M1 (The analysis of operating

modes)

W3NG AR B G, AT EIHL L

AHUM I Zh R G A B R AT, R 1.

RIPAMEG I TR TR Bk Rl 7), ik
2t T AT SRS, Dl
I R B S A,

& 1 BT AR D RSB KT HERA

Table 1 The division of operating modes and parts state in each mode

FEBUE N Wbl ARG RAEAR  RANEAE LEAR
© bz BB mH ORI RS e L
©  mEmEE  WE Ak R Bk o N
®  iiERm WE R RTHE Bk S N
®  WeWEH  WE wH ORI Bl . A
® e BN BRI ORTH R AN N
©® AR WE kW ORI Bk i I
@  pmlE Bk R KT Bk I A
T R = I Bk e Lt
© mawE A Km T Bl I PN

3 AT 3 R VI BRI BT (The design

of the hierarchical switching control between

operating modes)

PHEV %12 17852 20 2 18] A Y1 5 VR 2R 10 75 SR o
B R LA FL b SOCEE BB A%, [HIk, FH 5k

I3 M R BN HLARZS R A et (1) 70 730 P BEL AR A R
4, DA E AT iE M LU ARISOC X B 1T H Aniz 4T
1, SR 5 T AR L) 23 2 U145 K, B DR B L
FTHHL TAELE =X

3.1 REWIEBEERCESPT(The analysis of steady-

state efficiency of engine)

SRR ZNHRS R I E2 R,

Wiqe Wy,
K 2 AL AR ]
Fig. 2 The typical steady-state efficiency diagram of

the engine

B2 widle, wr Al 20792 K B HLE L T |
e 2 A X % R BREL AT B BRE T, T AN

Tice_max 73 & R AN i B TAE X B RE R BRAE

- BRAR AN A AL AT A S B R . e P 2 FT A, 2

Wice = widlelt, A4 T AT IR T HERE 24T A

e H wice i 2 TT, < Tice < T Hwr < wice < wuft,

RANHLTAEAE 20X 2 75 K350 1T & sl il

Tice_ max ™, A R FEAEB IPEEOR, IRFENR S

XA, DU S AN i L [R] 5 Hsn T

PEIX, BT bl & DI pi I, m] gk — B4 & R sl

TAERCE.

3.2 et 7R N BE AR 46 BE AR 43 BT (The change
laws analysis of batteries charge / discharge in-
ternal resistance)

AR R A, B A5 HESS_NIMH45
_OVONIC, X Rint {7 FAR R, B AR A 355 BB T %
PR R P LA o R A T SRR D 2 R A DA A T
TR, XHRE SO RS T AR, ATH R
HIth IE & TAE.

BRI I 78 08 L N FHL B SOC AR AL FiAE an 1] 3
Bz, B A SOC i, SOClowﬂEDSOChighﬁ‘ S N H
AT X BRAE S = RXCH T BRAB A EFRAE. H
I3 RT 0, 22 R s A AR A1 P A s v R, PR
UK, 78T F ARG, 2 rB A AL E AN AT X
INF, AR G B, i, s Ha it B R R 4 X, 2
R SOCHEA T HIIX I}, 2R 1B, 278 L 2 HE
W SOCTEARAL X 1, W LA R, 5 278 FL; 25 LY
SOCHE = RLIX I}, AT LIS, et TARIRE; 2
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Fig. 3 The change rules of batteries internal resistance in

the course of charge / discharge

3.3 43 E U1 $%E H) it (The design of the hierar-
chical switching control)

SEAER3TT . BE3.27 g IR A ST LRI FEL R
TAEX (8], 5 2% SRR 00 500 75 R E6 50
DA S -t SOC3A R =, SRl B VR 4 &g AT A
A0 JE VIR0 & 2, BAHthSOCHE Mok 2
Uit LA AR st TAETE mkX; 2805, LIRS
R O N Z U AR, LURSIL TAELE
e 28 XA SR D, i VR ZEAE AT TR SR AR L R
g Hbriz AR

FRHE F 3R 2y 2 )44 i i U], RT3 Sl 45 21 AS [+
TSRS | HE A SOC T4 M B A H bR AT
B, EAFTR. B web req M Treq 73 A N 1 H
SR N T SR G THAEEH, Ton veq max I FEML
AR B K B, B S (D@ 433 % B
1P BB TR H e & Hbrig 17U 1
PIA an =R 2 fr 7.

Gy RIS G st e 3 /) S R G nT Re B
P75 SRS, HARXTZE 5515 B 25 RA KT H 55e H
PR, I RN AE s AT IR S B ), B “ &2
57 e He R — R 2R Eh AL AL, HLik I 3h R4
A3 EE A PPIRE. 2810, 73 E Vs H € T
PSR B NI BT SR/ ThR, HI5 A 2 H 5%
BRI T SR AL Th 2R I RN, SUE SR T R 22357
P, 9800 SRR AR A R 1 U A
Pl OR, 75 AR B Yl R 4E 5 R, #E
% ARSI T e &7 e SR
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Fig. 4 The analysis for the target modes of the vehicle
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Table 2 The switching rules between the operation modes

Frg HARs T

B

) Zliizh

KL
FIRES

®©

R
RGN

it

SOC > SOCminETreq > 0H0< Wegb_req < Widle
SOC > SOClOWHO < Treq < ﬂce,maxﬂwidle < Wgb_req < wrL
SOC > SOCIOW—H—O < Treq g T‘ice,maxﬂwgb,req > wH
SOC > SOCiow HO < Treq < TLHwr, < web_req < wh

SOC < SOCminHTreq > T‘ice,maxﬁ-wgb,req > Widle
SOCmin < S0C g SOCIOWHO < Treq < 71ice,1rnaxﬂ‘(vdidle < Wgb_req < Wi,
S()Cmin < S0C < SOClOWHO < Treq < ,Tice_max—awgb_req > WH
SOCmin < 50C < SOCIOWETH < Treq < T‘ice,mawaL < Web_req < WH
SOC > SOC]OWE_TL < Treq < THE_LL)L < Wgb_req < wp

SOC < SOCminEO < Treq < 71ice,maxﬂ‘wgb,req > Widel
SOCnin < SOC < SOC]OWEO < Treq < THHUJL < Wgb_req < whH

Socmin < S0C g ]-E-Treq > T'ice_maxﬁ-wgb_req > Widle
SOCIOW < S0C < 1HTH < Treq < T‘ice,maxﬂ-wL < Wgb_req < WH

SOC > SOC gy HT}eq = 0

HAETEH

FRAEA
gk G ]
RGTHEh

®

V)

@O @ 9O ® @

SOC < SOCiow A Treq = 0 Hwgy req = 0
SOC < SOCminHTreq >0HO0 < Wgb_req < Widle

SOC < SOChithTm,reg,max < Treq < 0
SOC > SOChigh HTjeq < 0
SOC < SOChigh HTreq < Thn_reg_ max

4 % BARIETE T RER S BCSRIS BTH(The
design of energy allocation strategy in each
target operating mode)

RE 570 HC A 2 AR 552 AR 24 i F ARis AT R,
BT 7 B B 2R 73 BE S 15 R, KBl
PUATER LA H AR AR 0, SOASAEAE 5L FE 70 i 1]
R RIS WU S AR & i sh X, 7R3 2
2 A fIETHR T, PLcKBRE U B BN B AR, &
PLSE5 R A LER (LA Bl 75 SR A, JLFEAE 0 B AR
{7 L 2 L Bl A S AL B RN I, A — N3l T
U8, SRR B iZsh IR At AT e R
RSN ANGE D e N, R SIHLATHLI AL T AR
&, HOUBONE A, TG P O % 30 U5 R B e R/
41 IR AR TR T B H bR

4B SR W& (The torque allocation strategy based
on rules in single-drive modes and three braking
modes)

DN BSR4l SRR S L BB P
Gtk Wl s W e i NI B R
| sh 3 AR 2. e F AR AR 73 e R P 2 T
TIESER.

1) ZliFiz).

2l R C FAL S SR B B AR AT, KBl
AL A s

{T’icereq =0, (1)

Tm,req = min(Treqy T max) )

N Teereq M T req 7038 HARRZC N A BIHLAN
FHUILET FIARFERE, T max Y FEA LT RO SRR S
R

2) RENHLEFAGKE.

RANLEARIREN I IS, (R B AIKE), B
WUASTAR, KB AL HAREHE N

Tice,req = min(Treq7 Tic&max)v 2)
Tm,req =0.
3) FAEMS).

A BRI, (4 PR S 3 7 K
SEI, HUURU L2 25510 A6
Tonreq = max(Treq T seqmax):
{Tbreq =0,
RIPT oo JIBLBIZN F 510 H AR
4) BRI,
BB S 2 UML) 50 7 6 R 2
I, BRI ) 2 i) H b g
{ﬂ“mzu 4)

Tbjeq = Treq .

3)

5) WATHE).
AR, R HLRIATURR ) 3h R G 3k R il 3h, fHiR
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TR, SR, FURTHLR ] 30 R ST H bredt oy

ijoq = Tm,rcg, max
Tb,req = Treq - ijeg, max -

®)

42 R TR T ER BRI R 55
SR W& (The power allocation strategy based on
the optimal control in hybrid modes)

REE AT ER A RIS 7 .
PR RSN LRI AR, f5xd @R &
PR, DAL B3R B R e 5 PEAN B R < HE
JREFR. BT EESLEEE N3 SR R S5
1T, RGBT DA s 5.

AR B ARG s 11570718

CZjice‘i‘frm = Treqa

Wm = Wice;

Pice + Pr?ll = Preqa (6)
Py = nin Py,

Pratt = Py + P,

s T 2o BUHL R N /0 HE P R con 7S FELL

F2 T8 Poatt, Pice M Preq 73 79 4 FL I $6) A/ H FE Ty

R BHU D F ARG /SR I3 PR AP 7y

79 9 AL N/ R LB =R A L i SR AL 45 HUATL I

D& P VR B B FE I DD 35 nl

HRALH) TARRCR, HIRE R TAT s s E -7

B, @ = —1; A TR S IRENEE AR, i = 1.

255 30(6), fECHTEIN LIL T, HIRETAT S
?E%ﬂ‘?ﬁ'/a\@lﬁjﬂﬁfﬁﬁi Wm = Wice = ng?éOE-Treq
> 0, KB R ME— T 52, E 2 S Y
DA, BeR) AT R H LyapunovAt Ak 5 12:8 2 K 5l
PUEIERAL B AR D, 2 4b T 55 25 578 A, wi =
Wice; wgb = 0, E‘Treq = 0, KNI HHLEEE A
[F) PR 2 1505 fEL, WG, 7] 26 F Willans line #5274
PRABVEE KB I L, 28 v S AT 45 2% B
MU T R EIHL H AR,

421 TERHBEMAREEIBA T K Lyapunovil
T2 53 B SR #E (The power allocation stra-
tegy based on the Lyapunov optimal algorithm
in driving charge / hybrid driving mode)

HI AT SO ATl &0, AT 4278 AR S IR,
TN AR AR 73 Wl € R s HL I B AL B bR 2 .
Lyapunov i At 7772132 DL A jth B 2R A 25 (A A A
TR LR — MR AR, LS
PERERUS .

1) FIBREEIRA A (AL,

L HL It BE SRS (state of energy, SOE) ARk & ¢
HPIRAEAE R, ¢ = SOE,er — SOE, SOE, ¢y Hi 1 %
ERESHAL, M

34 3
WL

T )
S VI AL LR, Ve g s AT H

¢ = —=SOE = —SOC -

SO = — L (IS HH T, Qo
o AR A7), RARCTE
L Pbatt
C N Emax7 (8)

ﬁEPEmax = Qmax : ‘/Oréw,x.
s 5 (6)FIR(S), (TN

¢ = —kPec + kPy, )
A
o b
{ Emaxniy ’ (10)
Pd = Preq + nfnpzi:c'

H R 73 2 R RE BRI
é = _kPice + dea C(O) = CO»
z =,
Nt Ce ZNRGIBPIRE, Pee cUNIERITIN, 2 €
RONSZEEGIH, Py € WH.Py € Lo NoNHE3).
RANXNDIPRSHZ L BEH U AT n]
E GV
{Z = [SOEref - SOEmaX; SOEref - SOEmin]7

(1)

u — [O Pmax]?

» *ice

W ={Py: Py € Ly},
I SOE max MSOE pin 73l 227 FE L K B K RE B
RS /INEE AR, PRax g R HHLAT ¥ HH
RHUIIZE.

2) LyapunovtAt. D=7 Bl kg,

XA PRSI, E XA R Ean

Joo(Gos Pee)) = | rirdt, (12)

K e N BIHLIHR I FEZ.

=P RN N

Pice,f Aice (Wice)Pice + bice (wice)

Nng = = 13
i Qrav Qrav (439

K Pee e NRENHLEIBRM IR, QL AR I
PUEFAA.

H A SHLIF Willans line LAY af 5 P g

Picor = aice (wice)Pice + bice (Wice)u (14)

:_Et ':F' . Qice (wice)ﬂenbice (wice>§3\%u 7'\75 Eiﬂﬂﬁ?ﬁ?{‘ﬁ
FHVZNE I REL, aice (wice) FTNNIE R BIHLIR R
B BEIEL, bice (wice) PTG K BNHLA H DI A
TN PTH AR A D).

aice(wice)ﬂzn bice(wice)ﬂﬁﬁ PLR 20k A
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{alce (che) = alelCe + Gij1Wice + Qo (15)

bice (wlce) = b; 2w + bi1wice + bio,

K aio, air, aiz, bio, bin Mbip B4 RE
Elafc(m) (15), R(12)" TN
Joo (€0, Pice()) =
I, T (wiee) Pree + po(wice)ldt, — (16)

bice (Wice Aice \Wice
A poltice) = QiHV )’ QEHV )'

EX1 FERGAAD, B THREP = O,
i B B /N A AR AN B8 2 2K (16), 13 Bl Pee (1 iR N
o(C(t)), BHARNBIRG A ), FHRLFAI RGN
¢ = —k¢(C) + kPa, (0) = (o,
z=C.
Wt — oo, ((t) — 0, MPAH RGN A7) 7EJR
FECPERIRAS (RIC(0) = 0T R E.
AN BRI ER(16), BEE Hamilton AL
H(C, Pices A) = p1(Wice) Pice +P0(Wice) +
(¢, Pce) + A (=kPice), (18)
N T(C, Preo) NGRS, NS R E.
¥ 2 (18) 14 Ny Lyapunov f It 14 77 v 1) L 7Y
Hamilton &2y
H(C, Pice, A) =
P1(Wice) Pee + I'(C; Pice) + A+ (=kPice). (19)

F 4 Lyapunov iz {10 @ A5 21 e FE 1.

D1 (wice) =

an

RE1 RS (1) AL A
(16, TFHERAL R B Py
P, =
kQ(,u4C3)2 _
6(0) = { T2 — () © 7 o)
¢?, 0< (<,

AT PR

1) HFFRERATTFHEIREC(E) = 0(t>0)
et

2) Rt eaE16) 5.

o (= (pr(wice)eput) Y3, pfly N IEIERS, ki
KA.
iE 1) iﬁﬁXLyapulrlole]iﬁj'g
V() = 1M4C4’ uweR. (21)

¢ #£ OFF, V(C) > 0, Q1) i X} i 8] 3k T,
CIES;
y v 4 +3 *
V(¢) = (%)Cz(u ") (—kPie(Q)+Fa)-

MPyi=0, ¢ # Olf, V() < 0. #RHE & X1, 45

WHTHIE.
2) MF M R4 R (17) M Lyapunov & Az(21),
S RHr (¢, Pa) = v*P3 — 2, IHUFE R EL (¢,

Pee) = 1((?;2) k2 (14 In(P2,)), %fHamilton P& %L

O*H
= 0 ———
aRce = MG

RO P, , WH(C, P, O RAS)
IR 11T po (wice) E, BEE, Prr, I REAL (T

ﬁ(19)jz > 0, AJ13 240 (20) Fr

BREL(16) BN, G510 2) A,
FE 1 H¥ELyapunovi A A B B, 5T 3\ & Py
KEIHE BN A
8V

7(¢, Pa) + p1(Wice) Pree + P0(Wice) + I'(¢, Pice)  (22)
AL
¥ (22) A Py 1 I A%
<0, AR HAE T (22) 1~ FITE FE, £
B H—VEH, BOL-FIE Y = 5.21.

4.2.2 HZE7 AT Willans lineB Y AR {E %D
AL (The Willans line model extre-
mevalue power allocation strategy in the park-

2, A RS A
2T, v B

ing charge mode)

X BE A 78 A X, YRR R SR B N0, K BNHLA
R AR R, BOATE R, 7 Ehmd i 777
SE RSP B 56 T . Willans line A 71 A% {8 10 A2 DA
RENHUR I T Z AR LR i — P D) 2 AR A .

P Willans line/ 5 54 B A5 25 5K Af 5T 22 78 RIS
ML E L i, R 45 & & S Willans line 527

8P1Ce aQF)ice A b
R(14)-(15), K=~ f— ofn £ >0, AT F5E

62Wice
270 HL I S/ NAE R R B IR R w
* (4 — _1 bil + ailf)ice(t)
ree(t) = 2 big + ainPiee(t)”
h50(23), Atk e, TR RSB G
Iﬂ%, %%Tﬁ?']wice$ﬂﬂce Eg—ﬂﬁ%/%
B, WIREA T IEE R R, HHEMSOCHKRE
E.r’/f% %i@%ﬁﬁi%%gpbami
(SOChigh + SOCuin)/2 — SOC
(SOChigh — SOChwin)/2
Tc_ch.max * Wm, (24)
Tt ch max NIRRT 78 LA
H=(6)(24), I PS:
Pélzpbatt_Paecc:d'wm_P:ccv (25)
. (SOChigh—i- SOCmin)/Q — SOC
A = (SOChigh — SOChmin)/2

(23)

w

Pbatt =

‘4 fc_ch_max-
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SRJE, EHHMLI Willans line %Y
PS = apm_(wm) P2 4 by (W), (26)
K ap by, 5 AL I A 5] 55
am by, FTHECN
{am(wm): Am1Wm + amo,
bm_(Wm) = bmiwm + bmo,
K amo, am1, bmo b1 BN H REL.
eI, H3(6)(26)-(27) Al fHwice 5 Pice Z A —
AR
Pg, = — (am1Wice + amo) - Pice + bm1Wice + bmo-
(28)

(27)

g6 5025), R8N
_(amlwice + amO) - Pice + (bml - d) * Wice T
bmo + Pa(?cc =0. (29)
*E*Eﬁ(23)7 é\wice = w;;e(t), ){%Wicef“]\ﬁ(zg)s
AIFFRT Peo I— L IR HE
aP2, +bPec+c =0, (30)
A
a = am1Gi1 — 2amoai2,
b = am1bi1 + 2ai2bmo + 2ai2 Py +
aird — 2amobi2 — ai1bm1,
¢ = 2bmobiz + bind + 2bi2 Py, . — bi1bi1.
H0(30), AT SRAFIE 2R 78 B R S B AL
Piee = 20 31)
P*

ice

{ b Vb —4ac

> 0.
KH 3 et H AR T e - B sl i i,
EA SR T SRR B B R TARRE, AT Rk
PR HHRL TAEIRES A A 61 g i 3.
5 {iE#Hr(Simulation analysis)
PAMATLAB/Simulink F1 Advisor N & 17 2R
5%, 7£ UDDS(3 [E 3 11 % %)+ HWFET (57 34 1. 40)
T, 0TS 2 2 D SR WS AT 0 B, SRS LA
B SRS FIPMP 4 JR AL SR 4714 B LK.
FNIERSS CPHEV R BN LA 055 )
B SE R 3R,
FIFH Advisor H 1 2 BAL . FEATLSE S0 E0HE, it
m R Fipolyfit(-) Fpolyval () 7] 73 51 43 2| = (14) A1 =K
(26)H K L5 AL Willians line A5 7 (1] % 2%
T, HoH: RN i R AL
aio = 4.0171, a;; = —0.005531,
aip = 7.8417 x 1075, by = 3200.3347,

bin = —4.48451, by = 0.064066;
FAAE R P R amo = 1.1646, am = 1.1684 x
1074, bmo = b1 = 0.

&3 BRI AR
Table 3 The parameters of the main drivetrain

components

fHEs tas)

BRI 41 kW
B KH4E: 81 Nm
B 553 5700 r/min
BIEFEH: 1000 r/min

BKIE: 75kW
BKEAE: 220Nm
B 10000 r/min

FRUEEE: 335V

KWL,  FC_S141_emis

AL MC_AC_75

il ESS_NIMH45 HRHEIE: 12V
_OVONIC 26 45 Ah

i 210kg

H—25, n R4 F(26)H KB HLFT AL
AIWillans line 5245351 M

Piet = (7.8417 x 107%w2 , — 0.005531wice +

1ce

4.0171) - Pie + 0.064066w2,, —
4.48451wice + 3200.3347,
P¢ = (1.1684 x 10~ *wy,+1.1646) P™.

R AN LR 5 R A H % R o e ok ) 24 it
2, ISR EEEAT 2. A0 5N B M Flookup
tablef B RIS ZI 3 X BT RN KBTHLER K
. LL28.716%AF Ayt i X 5 R, ARt S ae At
A4S 3 K B v 30 X T VS ] (wr, wh),
(TL, TH)

DA B AR B AN 51 A S AL g JE I, R Ak
Zik, R E Lyapunov UL DR e K IE F S5 1 =
4000.

RN T MRZEEFENS e R E N

E =VpQruv + (SOCy — SOC) - Q,
A VONTERS 00 MR RN HFE(L); p AN
B, p =749 ¢/L; Quuv N BR W K #E, Quay =
42600 J/g; SOCq v HL It [f] SOCHIME; Q N H ith b
FREER, Q = 598 x 3600 x 25J.

PR AEFN FEIt SOC AR A 15 A7 .45 3 43 7l
KI5-6T7~. HIES-6nT A1, 3R TR, 432 Uids
il WA FH B, YR ZE Y FE IR S B R A R A B S s
/D 730.4%, 5PMPA R AL S mg AR BT, A
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R AR PRSI FIRR G B o R Oz vt 1347

T 1.02%, 3X Ui W] 70 J= VI Hedz il s ool 1 IR 4E 1
REETHAE. S5 4h, HIE6IETT A1, 73 /2 U #47% ] S
HHLAE B G T, HI SOCAAE 24/ T SOCHIH,
IMPMP4 R SIS T, FiSOC— E4ERFAE VI
FeA, U 53 S U g ] SRS AR P A B SR S T P
HEIHAETL NS, TIPMP4 R AL SR & T B 4
RIS

141 T T T T , 7]
— o2 U e J/

L2F - — sl 7 .

Lok = pMmPaRfifLEN S
/ ;

08} A7 |

MFE /L

0 500 1000 1500 2000 2500
t/s
Bl 5 A EE SR MR ZERATEFE

Fig. 5 The fuel comsumption in different control strategies

0.75

0.60 F — TRV SRS -
- — U B RN
------- PMP 42 & A 5%
0'550 500 1000 1500 2000 2500
t/s

K 6 AR T it SOCHI AL
Fig. 6 The SOC change in different control strategies

3PS NIRRT B R HE R4
B

K 4 TRHEH R T AF 08 N Lihtte
R AHEK

Table 4 The fuel comsumption per hundred

kilometers and exhaust emission in

different strategies

[ERAL NP

HEE /(g - km ™)

xS .
(L-(100km)~!) HC CO NOx
43 JZ Vs i SR 2.9 0.17 0.758 0.149
B B ) SR 49 0.175 0.793 0.162

PMP 4= Rtk e 3.2

HI 4 m] R, BTstit 170 J= DR Sms 55 F A
Wy SR W A B, 74 1 2 BLI AR BEAIK 1 40.82%, CH,

0.168 0.757 0.149

COMINOy [ HE &= 73 5l 9 2> T 2.86%, 4.41% FH
8.02%; HPMPAJE LA SRS AR L, T A LI FE R
19.37%, RBAHEE R, R, 75 E Y8
TS R = T BRI AT, FRAK T RS
.

TEFT BT B 7 Z U e d i 5w T, IR B AT
OB R BIHLTAE S50 A0 B Bt AR
AR AL i Ze oy A AN B 7-9F . BB 7R AN, AH EE T E
B ARG AL BIE S 3 /1A R Bl H A 78 FL 7R SR I
A e F AR, 23 2 VD4 dz il g R, 2 dsh i
TR A IR AR, FUAL A B 4 A Bk
HLTAE, MR SIS AT BEHL TAEFE T =X
(1528%LA I, VLK), Fi4b, iXth FE T it SOCH:
FLAH B SR IE T R 2 (nE 6 TR, 1H EHSOCE AT %1
HLI AR 2 TARE S RUX, W9 7.

BATHIR
— N W A NN

560 ldOO 15‘00 2600 2500
t/s

B 7 R Is TR

Fig. 7 The modes switching of the vehicle
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Fig. 8 The operation points distribution of the engine
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5
&
By
=
=
w
0.0 o ame k- e & k=
0 500 1000 1500 2000 2500
t/s

(b) HIMHR AR
B9 Hith TAERERE
Fig. 9 The working efficiency of batteries
6 25 (Conclusions)

D) R T TR R SRR L 7 K A
Rt SOCEE M XS HAE y 70 IR Pl AE, LAE A 3h
HUATEL i = % LA B AR, ¥t T PHEV &ia 4745
U VIR, #h7E 1 VR4 L brAT Bl i s AT 5
.

2) Wit B IR AN S AR T 2 TR
PR R 23 BC M s AE4T 8 fATR B IR UT, 1%
11 T Lyapunov{ A D2 73 Bl Sl s 78 542 78 FELAR X
T, Wit 7 2T Willans line 8 B2 A8 V2 1 D) 430 i
T AR S T BB AT, BRI T RS
HE.

3) PFEARS L B B, Frisc it 20 B D 4eds
il SR, T A R S LA F b AT £E € IR e RRIX
5 SIS A L, 14 B A BRI 1 40.82%,
T O N IE AR S BE R B> 1 30.4%, CH, COAN
NO I HF TR 53 5l /D> 12.86%, 4.41%H18.02%:;
HPMP4 R KBS AL, VR B A B RRK T
9.37%, JaH T4 T AR S Re R B, g 1
1.02%, |73 /2 V) 8 4% 1) SRS s+ v BV AR 2,
PMP4: i ffe Ak S Jg T F B 4E 47 AL, SOCZAE A P
I, (HHIBIR 2 TAEE AKX

PHEVERSE Y4 id B2 28 5 3 B 3) 77 Hh Wk
AR BN, DKLt anfer e i 23 J= Dl e s il iR 22 1)
ERRETIEE, B2 fE SR T AR E A
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