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Control Optimization of Hybrid System with Hybrid Power Based on DP Algorithm

Abstract

Abstract: Aiming at the complexity and diversity of energy management for HEV(hybrid electric vehicle)
with hybrid power, taking the State of Charge of power battery and ultracapacitor as state variable, the
torque distribution ratio between engine and motor, and the power distribution ratio between power
battery and ultracapacitor as control variables, the fuel economy and emission performance as objective
function, the Dynamic Programming (DP) control strategy for HEV with hybrid power is proposed. The
working rules of the engine, motor, battery and ultracapacitor, are extracted from the results, and the rules
of engine and motor and the fuzzy control of storage battery and supercapacitor are optimized. The
simulation results showed that the fuel economy performance and emission performance is increased by
13% and 27.74% respectively compared with the original control strategy, which proves the accuracy and
validity of proposed control strategy for HEV with hybrid power.
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Abstract: Aiming at the complexity and diversity of energy management for HEV (hybrid electric vehicle)
with hybrid power, taking the State of Charge of power battery and ultracapacitor as state variable, the
torque distribution ratio between engine and motor, and the power distribution ratio between power
battery and ultracapacitor as control variables, the fuel economy and emission performance as objective
function, the Dynamic Programming (DP) control strategy for HEV with hybrid power is proposed. The
working rules of the engine, motor, battery and ultracapacitor, are extracted from the results, and the rules
of engine and motor and the fuzzy control of storage battery and supercapacitor are optimized. The
simulation results showed that the fuel economy performance and emission performance is increased by
13% and 27.74% respectively compared with the original control strategy, which proves the accuracy and
validity of proposed control strategy for HEV with hybrid power.
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Fig. 2 Engine instantaneous fuel consumption rate and emission ratio

TR, RO A T B B AT RS

gzz SOC,(k+1)= f(SOC,(k),P,) ()
gOISS =
o8 2.2 ZHAMRIER
=
g;; 75K (Dynamic Programming, DP)&i%— %
1500

200 100 I35 M RGBT B, EERRAS AR, T
) ‘ ‘ e .
T O AR TR, WisE R BB EE T B AR AL
1 My 57| EAN
B3 o (M) Brevedls |
Fig. 3 Motor efficiency % S B OB 2 U S ORI ) R, B X
R B R A% 1 A e e R R RGN 17 NEDC T4, WEB—RN— R, adimf

égﬁ%@ 200

0
0-400 "

@
(0
ad/s )

SN, T HRLE B R — B BRI BRSO - 1185 KA, MARGEHEBCA k=0, 1, ..., no
SOC,(k +1) = f(SOC, (k). F) (7 (2) REZ BN FAL R ILEH
2 2 PR R 2% A P e R Al 2R M F b A FRAS SOC, AR HU A e

http: // www.china-simulation.com

* 1862 ¢

Published by Journal of System Simulation, 2019



Journal of System Simulation, Vol. 31 [2019], Iss. 9, Art. 15

3155 9 M
2019 49 H

HURE SOC, 1E A RSl AR FPIR 2L
B RFAREHMMERIAE, EHPARESREENL.
X RSN R 3h 1 R 58 1A — A
WU TG FEITE-1, 1100 a2 1) A2 BRS04 28 B A
ENNLFRE . HBHLE AT HE, W) s,

Te:(l_ul)Ttot’ a)e>O’Ttot>O
7;7 :(1 _ul)Tmtﬂ , > 0>Ttot <0 )
Tm ZulT;ot’ a)e>0

b T, NI Sh B0 15 w, 9 il .

=1 0, LM ) 2B w=0 I,
HEN RGBTSR T 0, WAL SR
2N 7, B NHIBh S B E ARSI 2wy 7E(0,
DI, 8 RGER AT REERT 0, WK
LA EEALIL F SR LB 7, 15 M 3h & A0 s L IE ]
THHFESN ) R G SREFEH 2wy 7E(-1, 0)Z [A] I,
HEN RGBT REFERT 0, WA BIHLER SRS
7, WEEE GRS, ST,

X B LA 2 F A H R R A IR R G
A% ] — AMNUETE FEIEL0, 117K up 12511138 &R 7
e B RV RTER 2 F A R DD 28 o B8 LT AT 2 A 11
&I AU

B, =u,F,

{Pu =(1-u,)F,
b Py NE RGP, Wl A St
ThE; Py NHENERMEDIE,

o=, BFHIBRMRMEEIITRI R, 5
u=0, FZR AL A R AL AL RE SR T3 2 wp 7E(0,
D28, &g R SRR A R R T

WP Er T, BEBIERG 3 RAESEM
RIS R PR S AR s AN 1) AR B 7 ) A

v - SOGH
0= SOC, (k)

1 : SOCH(k) NER k i BUE Fa L fir IR ZS : SOC, (k)
5k W BOB g A A HURES

Uk) = [”1 (k) }

(10)

(11)

12
(k) (12)

A g (k)5 kB Besl 71 3R GEH A0 23 TiE 28 80 ua(k)
NE kBB R A IR RGN M R AL

X5, & 2T DP EAME G IRIR G2 R gzl il

Vol. 31 No. 9
Sep., 2019

DR AL 5 A2 i) SR W5 J2 T 41 240 TR 2% A
SOC,... <SOC, (k)< SOC,,...
SOC, i < SOC, (k) < SOC, ..

50C, (0) = SOC, (n)
S0C,(0) = SOC, (n)

Oy =< @, () < @,
Opin < O () < Oy (13)
T < T,00) < T
T, in < T, (k) < T, max
PByin < By (k) < Py
Pin S PSP

HH: SOComins SOCpmax 73N E HEMER/IN K
i HUIRZS : SOC,mins SOC max 73 I AL LA /N
R HUIRAS s SOCK(0)s SOC,(n)53 71N % Hth ik
KEFHARE; SOCL0)s SOC,(n)73 B B L% FL 254k
KA IR Oemins Oemax 7T IARKBIWEDN B
KIFGHE: O pmins Ommax 77 A HBHLE/DN R FH
Tomins Temax 7R IHUR N BREF: Tmins
Tumax 7 NNy BORFERE: Pomins Pomax 77
SN E IR N RRINZ: Pumins Pumax 751N
RN BRI

() W& TR E

PIAIRZS AL B0 R ANIRAS AL 7 1% : & it
Tof BIRAS e 8 J7 AR AN 0 R 5 4er RS B B8 7 2

& AT BRI A

1, (k)
SOC, (k +1)=SOC, (k) - —2—
»(k+1) » (k) 3600C,

P Y 4
2R,
Xt 1, RERMAT; C NE B KA E;
Vioe JIE FLITT B FL s s R, 8 FRLIE AR T8O N 3 H
BH: 7, NE FI R R .
A A VRS F R T RN :
Vige ®) =V, i )G, = 1, (K)

SOC, -+ = e e

Ve~ Ve 4R, ()
1,= T,
2,
e Ve WA BT EE IR Vimax N

http: / www.china-simulation.com

* 1863 »

https://dc-china-simulation.researchcommons.org/journal/vol31/iss9/15
DOI: 10.16182/j.issn1004731x.joss.17-0312



Tao et al.: Control Optimization of Hybrid System with Hybrid Power Based on

#3185 9
2019 £ 9 A

TR AE B TAERIE: Vimin 952 HL B
NTARRE; 1, 8RR C, N AR
HEANAE; R, WBIOER BN 7,
DL B TE TR R

i A BT, EEHRERE I RGEHPRE
He I N

&XMk+D;%EH@—;%§?
b

(16)
SOCu (k + l) _ (Vum(k) _Vumjn )Cu _Iu(k)
(Vumax _Vumin)cu

(4) &M B R E

HRGUCAE k BB, RS EH ORI
OUF, AR E e A MUY, R
BB, 188 vieur) e N T BRI EE R A UF
PEAHEBOM:, 1A RO

Vie (X, ) = afi (e 1) + P (X, 14 ) (17)
s filxer w) N k B BORKSIATLIGE I A T #E 5
I R E RS el u) N k
B Be By R AHLHRE s o B B BRIM A5 1
A B 1

55 k B BRI R SRR D -

e (X, ) =

SH (1) + SN (1) + G (o) (18)
A s Hy(xep w) VAR k BB HC BRI HEBCGE ; NG
u N k BrBC NOL B HESCE . Gl up) VR k&
BBt CO By HEE . = il g s —4e iRk 5%
THEATERAT .

(5) HARERE AL

H 5 bR S i B RGAE AT R — SRR
PRI AR R, N T ARG, Bl &
B BAROME AT, fr A & IR &3 ) R H
ENSEAOSE

k k
Jk(xk):aZﬁ(xia”i)"'ﬁzei(xiaui) (19)
i=0 i=0

3 HT DP RN HRE A 5] SR

3.1 #T DP B KIZ) /1 RG] K
7 JRU R A2 HUA LAR B SR s, BT TR U

RGTE AR

Journal of System Simulation

Vol. 31 No. 9
Sep., 2019

AT PR A5 ] S o AR SO I B A RIS Y 4R 3
SRR, T AR, BB R G TR,
o AR | PR A ] S AT AL o

B 4 AshER RS R SR ALE) TAE
B . H{ZEFRAE 10 km/h DLURE, EZELIHEFLIR
PROLRT T EE A MR T 10 k/h B, R BIHLE
B TAELE 40~60 N-m Z [8], A& HEHLRIEAE;
AR XA, LT SR I IR e R B AR AE 20
N'm PAF, 1 78 B IX 6] AU A i AR 2, 7890
PRI T HIZN I A IR ECR B RE = 1 RE 15 .

100

50 Y
0k

HEAET/(N-m)
|
3

—-100 + AA AAAAAAA
~150t Al ﬁ%ﬂmTﬁE‘Jj
AEHL T AR &
-200 : - : . : :
0 20 40 60 80 100 120
ZE3#y /(km/h)

B4 ZhAIRI RS RSN ALK TAF m A

Fig. 4 The working point distribution of engine and motor

EH AP A5 280 0T EE AL AR B R ) 56w AT Ak (1 R4 -
R Bk H 4l i sh k3, 11 B4 # ST 10 km/h I,
FEDENRIR MR 4 E T 10 knv/h 1,
REAFRFNHIAE 40~60 N-m [X 8] TAE, ANEH4E
HHALRIEHE, ZREHEHTHEABIERH;
iy, FAEHBFERGREZL RCHshEERE .

3.2 T DP UK E & HIR R S0 1% i g

R T AT Eh A IR AR R R 2 S R T
YEIRFS, AT LA & b A R AR A F 3l T
Tt R Lk b . € L& HIIhEL R,
LR AR D2 R,:
_ 1B

B, |+IB,]
_ |2
“TIB|+IB,]

Kl 5 NS A HUE TSR, B i A
AP TR A E . MUEHEE A IR
HEREE, B IETI IR AR SN R R A R G H

b
(20)

http: // www.china-simulation.com

Published by Journal of System Simulation, 2019

- 1864 »



Journal of System Simulation, Vol. 31 [2019], Iss. 9, Art. 15

3155 9 M
2019 £ 9 H

VR BB, BT, REE A R R AT BRSO
e E A IR .

TES A IR B, & HIb B DR LR T
B FLZY , LES FR RN s MK T 80 km/h
B, B HIMAE R A BEY R L ZEAR K. £8
AHER RN, HAEANABRNEIIL KT EHR
f, DB AR NE . fEEE 70~80 km/h B,
B A B TR s TEERT 80 knvh B, DLE
Hth 78 HL o

WL LL BT, REIE A IR RS
HA W, LT 70 knv/h I, DLEH
WO T HEE KT 70 knvh I, HERHLZE
& b SLFEI st . 6 TR R, K
T 70 km/h B, DUEBRHA RN E, KIS HH
Al Bl e FH A R A RIS 24 ZE KT 70 kmvh
B, DA IR oy E, TS IR B E 1
fif R ZS A

1.0 pen AL AL e N N
Abc- - A - - CAA AN AL ’ 3%:) EE‘”E"_' A-
0.8 ke e sA A A A A HEHE
% 7-N - AL N AA e e .
I~
0.6 beosa N N e e e A
= N AA A A A AAA A

M 8N
ol 04 VN PV N N
= haaam 4aaa 208
0.2 basman anssmsosoansannn, - - ---
s Ao AN LBA Ae v oeee -a

0.0
0

VYV V..V NNV
A A AL ANA

20 40 60 80 100 120
73ty /(km/h)

(a) EAE IR, & R A AR AR R A

1.0 pooasasa.

AADM BN AA A A . %[E?ﬂj; .

08r YV NNV N N Amg& EE‘E
% PRIVEVIVN VNNV m A
ij 0.6 DPANKOMA MBS AAAMA: - e e e s ™ N
BE 04l e e oo asaanam -
Boap  omom . :

0.2r

0.0

0 20 40 60 80 100 120
73k, /(km/h)

(b) EAHBHCERT, AR A TAE A

K5 ZRT8CR I & r b A 4 A S I Th Z Bl A
Fig. 5 The power ratio distribution of battery and
ultracapacitor when charging and discharging

4 PiEDH
i A5 M) B O S AR, )

X, 55 T DP kMR G IR &30 R gl it

Vol. 31 No. 9
Sep., 2019

RIS KB HLKIZh /) RGURE i
(R & HLE AR G (R P2 A SR T AR LA X7 35
ERBAT I AT, Wk 2 B

R2 3MARG TR TAEAHAE T

Tab. 2 Comparison of fuel consumption and emission

e/ RENHLHER/
Vz K
e (L-100 km™") (gkm™)
5 A Y 6.654 32.7560
5.401 15.4493
BRI R4
WM RS (18.83%1) (52.84%))
5.789 23.6681
N 4
AR S5E (13%1) (27.74%))

A S5 B A IR & 30 R G4 B
PERHRBUE B IR R G50 g 1 13% 1 27.74%.
ATLUE H, RAGE IR A BIRR A 30 71 R SAE R
LD VERIHERE A5 31 T RBORIRF, WAE T B AR
KRG EEHIFREE  RGEMMMCEE RS
B ABAX TR AR RS 2 —E 2, X
J2& R A A WK 75 125 R A5 1) 4 = et e, T 10U
BT IER IS B A shAS R iR 2R
& SRR, TR g T R G TS A

Kl 6 3 Fi&RGNE I SOC M s
SOC MAZAIE L . T LA Y, Ak R 40 % it SOC
IR AR ZETE 0.005 Z[H], ¥ &2 & Hth s RSP
M ER . Ak RGN E FIt SOC FIEEZL L2 SOC
MAAE SR RGBS IR R G 8], HHALEN A&
MR R G s AR, AN E RGARAIRT.

B 782 PRGN & b A . it
J5 HRAR A SN B R, AR AN TR R 4
FINAA . KRB R R RGE K, KR
FRAL R G LR B TR SR D R L RS
K, TR EINLRENS 5L 1) TARLE kX 4k, $2
R BN Gk

Kl 8 At R G R SHHLAT R %56 o A i
Blo ATLAE Y, KAWL TAETE 40 N'm Al
60 N-m Z[H], HIAL/EAHE R AR IR, Ik
DR B S e NIRRT, |
WO 2 i B Re B, HEES IR R BB 5 .

http: / www.china-simulation.com

* 1865 ¢

https://dc-china-simulation.researchcommons.org/journal/vol31/iss9/15
DOI: 10.16182/j.issn1004731x.joss.17-0312



Tao et al.: Control Optimization of Hybrid System with Hybrid Power Based on

31 55 9 W R Vol. 31 No. 9
2019 9 Journal of System Simulation Sep., 2019
0.452 . . o
—FR% X, FTRVE W, MR RGBS TAELE 33.1%5
0.450 [ - SIS R G N N .
9 oy I b &G UK S I B %, X R R SIHLELAETE 40 N-m
0.448 Ve e, . . - »
S NN 160 Nem 210 TAEFTFER. KBTI
504461 TRV ; . " .
2 ,. FRGEI 25.38% 2 Fi8] 26.82%, KRB PRIZ
0.444 | N ‘ . e y
N GrEd s R FTTE, U R IE I B A R R SR N
0.442 - - - - - : e e NN
0 200 400 600 800 1000 1200 A e R & IR A3 KRG TAETE N &40
t/s
I 100 F = gogprm. ... R R i
3Rl AL 1 SOC it RKFEH CSKHFHE x RANHL TAE 54
@3RG FHDMLSOCH L T TRARRTT CSTL NS A AL T 21
Loy PN Z 3 ~ N — 80 - 57
0.9 == A MK RS WA £
g | kR amnd Y Z 60 +26.1
@ 08 I . :J'."-"'v"ﬂ\‘" \-"-/ ':‘"-\ ,.\I'"I\‘i' yay E‘v
X% VAR 1l
éj 0.7 - g
=
§n§ 0.6 = 5
0.5 %

0 200 400 600 800 1000 1200

t/s
(b) 3 P RGE T B HEF SOC XLk
Bl 6 REIREZRET S BRI b 25 RS

Fig. 6 SOC of battery and super capacitance for different
weight coefficients

7 — BRG
ol — RS

WAL LAA)

=25t

=30

0 200 400 600 800 1000 1200

t/s
Bl 7 2 MRS T ERIbERE

Fig. 7 Battery current of the two systems

100
B S0f
Z
=
g
ﬁ _50 L AAAAAAAA .
Sanan - R TAE R
& L T AR 5
~100 . . . . . .
0 20 40 60 80 100 120
7 3#y /(km/h)

K8 Ltk R RS RL T AR i A

Fig. 8 The working point distribution of engine and motor

K 9 AR RGN R G R R L AR

O 1 A 1 1 1 |
0 1000 2000 3000 4000 5000 6000
RENHLEE & n,/(r/min)

(@) JRRGR NP TAFRE G A

1000 o jppps....... CS K FREEAE xR BNHL TR A
"""" CSt/INFEFE A0 AL TAE &

6
g
=
~
®
i
=
R
1
-20 ] Aél L | | )
0 1000 2000 3000 4000 5000 6000
RN 3En, /(r/min)

(b) PRAL RGEABIHL AR i A
Ko 2 MRS T KN TR it
Fig. 9 Comparison of engine efficiency points

5 Z

(1) XEZHL. AL B, B AR
MATRIE, @EALE A BINR G0 RS
PR, U E AR 2 R R R FRES IR A
B, KL EPLIF AR BCLLAN S fvh .
FHTR BRI RIAR R, DORSIHL M £ 5
VERHERELE S A bk, BRI TR RS e 2K
A H AR EOR AP B R -

http: // www.china-simulation.com

Published by Journal of System Simulation, 2019

* 1866



Journal of System Simulation, Vol. 31 [2019], Iss. 9, Art. 15

3155 9 M

Vol. 31 No. 9

2019 4£9 A X, % BT DP HiEME SRR G 2 gizhiiie Sep., 2019

() PRALLE R, TEi 20 3R S 3
BEFR RIS UL R o B RAL S T A IR A B0 ) &

G R LRI 2o 5 M RO LU TR R G40 A v 7
13%#F11 27.74%.

Q) i RGEAE A aahrE B
KT BE RGBT, ki EA I R
TR FEE R E SRS, ERIMLAE
AT T AETE SR KA, R BRI 285 e S A
FITE. %]

SE MR :

(1] T, ZaRE & mIF vt B8 5 3 5] S E AT 55 [D].
KA HMKR, 2008.

Yu Yuanbin. Study on the Design Theory and Control
Method Issues of Synergic Electric Power System on Bus
[D]. Changchun: Jilin University, 2008.

[2] Wang L, Li H. Maximum Fuel Economy-Oriented Power
Management Design for a Fuel Cell Vehicle Using
Battery and Ultracapacitor [J]. IEEE Transactions on
Industry  Applications (S0093-9994), 2010, 46(3):

33(11): 937-941.

Wei Hanbin, Qin Datong, Duan Zhihui, et al.
Multi-objective Optimization for the Fuel Economy and
Emissions of Full Hybrid Electric Vehicle[J]. Automotive
Engineering, 2011, 33(11): 937-941.

Abdul-Hak M, Al-Holou N. ITS based Predictive
Intelligent Battery Management System for plug-in
Hybrid and Electric vehicles[C]. Vehicle Power and
Propulsion Conference (VPPC '09). Dearborn, MI, USA:
IEEE. IEEE Xplore, 2009: 138-144.

FWE, ZIUiE, Bk RIRERKEIR S T5E M)
Jent: ERF DAL, 2013,

Wu Cangpu, Xia Yuanqing, Yang Yi. The Theory and
Method of Optimal Control[M]. Beijing: National Defend
Industy Press, 2013.

[10] 5K 7y, k-PF, R, 2. 5T B ks & MR

PHEV #RMIZ 54 R iEdil[]. R4 L, 2010,
32(11): 923-927.

Zhang Bingli, Zhang Pingping, Zhao Han, et al. Fuel
Economy Global Optimal Control of PHEV Based on
Discrete  Dynamic  Programming[J].  Automotive
Engineering, 2010, 32(11): 923-927.

1011-1020. [11] Bin Y, Reama A, Cela A, et al. On Fast Dynamic

[3] ZKF, M, HIWIRE, . ISG M ERES)RE
BR Bh T 00 i S AR A6 (0], WL TR 22l 2010,
46(12): 86-92.

Qin Datong, Ye Xin, Hu Minghui, et al. Optimization of
Control Strategy for Medium Hybrid Electric Vehicle

Programming for Power Splitting Control of Plug-In
Hybrid Electric Vehicles[C]. Dscc 2009. Proceedings of
the ASME Dynamic Systems and Control Conference,
Hollywood, California, USA: Dynamic Systems and
Control Division, 2009: 229-236.

with ISG at Drive Condition [J]. Journal of Mechanical [12] ki, 1ENREH R ES SRR G ERMAL

Engineering, 2010, 46(12): 86-92.

[4] MhBe2. JRABN MR A RIRIL A 5 % 6] BOS BT A
[D]. K&: #HHRKRE, 2014,
Qu Xiaodong. Research on Matching and Control Theory
of Hybrid Power Supply for Hybrid Electric Vehicle [D].

JriFERTFE[D]. Jbat: JERtE TR, 2015,

Zhang Xiaohua. Research on Integrated Optimization
Method of Hybrid Power System for Plug-in Hybrid
Electric Vehicle [D]. Beijing: Beijing Institute of
Technology, 2015.

Changehun: filin University, 2014. [13] i/, ARAER, S, % ST BBLAA MR

[5] EH. BEHINRELERIEREEERAHK([D].
BUL: TLI5 K%, 2015.

Wang Qi. Research on Energy Management System of
Hybrid Power Supply [D]. Zhenjiang: Jiangsu University,
2015.

[6] GaoJ P, Zhu G M G, Strangas E G, et al. Equivalent fuel
consumption optimal control of a series hybrid electric
vehicle[J]. Proceedings of the Institution of Mechanical
Engineers Part D Journal of Automobile Engineering,
(S0954-4070), 2009, 223(8): 1003-1018.

(71 BRIEVK, =K, BoEg, & SEERE 3R
2P vE A HE R 2 B AR AR (0], 7 TR, 2011,

R I T A R RE R PR IR LG [T]. RG0T H AR,
2008, 20(17): 4664-4667.

Zhang Bingli, Dai Kangwei, Zhao Han, et al. Optimized
Energy Management Strategy for Fuel Cell City Bus
Based on Stochastic Dynamic Programming [J]. Journal
of System Simulation, 2008, 20(17): 4664-4667.

[14] Be3*, R, s MRIRH LN HAM]. 5% 9%

AR AL, 2011,
Teng Yu, Liang Fangchu. Dynamic Programming
Principles and Applications [M]. Xi’an: Xi’an Jiaotong
University Press, 2011.

http: / www.china-simulation.com

* 1867 »

https://dc-china-simulation.researchcommons.org/journal/vol31/iss9/15
DOI: 10.16182/j.issn1004731x.joss.17-0312



	Control Optimization of Hybrid System with Hybrid Power Based on DP Algorithm
	Control Optimization of Hybrid System with Hybrid Power Based on DP Algorithm
	Abstract
	Keywords
	Recommended Citation

	/var/tmp/StampPDF/I5lEF6NHst/tmp.1688106604.pdf.ecxkv

