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The optimal control of plug-in diesel hybrid electric vehicle with
considering the threshold of exhaust back pressure
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Abstract: The influence of exhaust back pressure for the engine performances is analyzed according to the experiment
results from diesel engine test rig. In order to obtain the comprehensive optimization of the fuel and emission of plug-in
hybrid electric vehicle (PHEV), this paper pays attention to the effects of exhaust back pressure on fuel economy and emis-
sion in the design of the PHEV control strategy. Then multi-objective cost function relating to the exhaust back pressure
and the battery’s state of charge have been establish and solved by Pontryagin’s Minimum Principle. In order to validate
the effectiveness of the control strategy we proposed, the vehicle dynamic model including the pressure drop model and
collection efficiency model of diesel particle filter (DPF) has been established in the MATLAB/Simulink platform. Other
three control strategies, the charge—depleting and charge—sustaining (CD-CS), single PMP (S—PMP) and double PMP (D—
PMP) control strategies are implemented for comparison at the same time. Simulation results show that the optimal control
strategy proposed in the paper significantly eliminate the effect of increasing exhaust back pressure on the engine perfor-
mance. The fuel economy and emission performance has been improved effectively. In order to further verify the effective
of the proposed optimal control strategy, the bench tests experiment are conducted. The results show that the equivalent fuel
consumption and PM emission is reduced by 15.28% and 34.25% respectively.

Key words: hybrid electric vehicle; diesel engine; exhaust back pressure; pontryagin’s minimum principle; optimal
control; emission
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Table 1 Parameters of diesel engine
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Fig. 1 Structure of vehicle powertrain

BI2(a) AN L g T HE U Ho ST EE R 82
mi. fE2(a) AT W, BEE AR S BT, SR HE
JBOZSG LK. FE7 kPa LA IR AR S it I AR i A2
AR, T 24 HE U L 7 kPalty, H A B2 HE R ]
WG, BEAh, MR RE S (G IS AT BT E2(b)
FHE2 () Fon AN RS HERH B S A L FE AT )
MG, i LUE H, B DU S HERHE R AN, S€
AL RE AN FIRE R (R B, 4 HE K7 kPald



Fam

WRIRVKEE: 25 8RB R BB S rR & 2l i A e st 535

W R BIFLR S ger TAE, ThER T E1E4.2% A, THFE
A% UL T/ S des AR sh BN RIZY, Th
RNIE8.5% AT, MFELTHA9. 2% A4

30 T T T T T T T T

251

20 4 a

15

10

SeimMLAEE I / %

HEATTIR / kPa
(a) BT R SR B G 52 mg

10 b

By MR Ih i #E LTI/ %

0 1 2 3 -%- 5 6 7 8 9
HFEE /kPa
(b) U FER B3 B L FE T

SEMALA EAE LTI/ %

S i / kPa
(c) HEHE AT S AL T == (R

1: $i1435% 2: $1fi50% 3: hHi75% 4: HiFi100%

B 2 HEUH e L RE R
Fig. 2 Influence of exhaust back pressure for diesel engine

performance
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3 FEIPH B A (Mathematical model of
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3.1 EZEF) )1 Bk 45 ¥(Powertrain structure of
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Table 2 Parameters of main components performance
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Fig. 3 Sketch of DPF pressure loss and internal structure of

single channel
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34 EHMMER (Battery model)
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4 T PERE B < i /A TR PR IR A 0
5% (The optimal control strategies based on
Pontryagin’s minimum principle)

4.1 PHEV & 1k % i 7] & # & (Description of

PHEYV optimal control problem)
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FAS BRI
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I it l0), )+ iese(C(0) 0(0), 2)- (1=,
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K 1y e 7 A FRPMAFICR, — 3% K3
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Pomin < Pa(t) < Pomax;

Tengmin < Peng(t) < Pengmax;

Tmin < Tin(t) < Tinmax, (14)

SOC,in < SOC(t) < SOCax,

Prmin < Pu(t) < Pamaxo

Hor R BN B BHL R K i /N A Ty 22 R A 454
FEAE G ARG AR, R T -3 IR A R
4.2 PMPHR/ME 52 M (Application of PMP)
PMP 2 B I 42 ) B 16 v fi T (S PG AR
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B 1 1 15 22 8 A e A\ A P (R 1) B2 ) A 40 SR ]
R RS LASEM R BN o R BEIR S R i —,




Fam

WRIRVKEE: 25 8RB R BB S rR & 2l i A e st 537
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1) Hamilton H kxR %L
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HL ML B 75 2 T G Th R A B AR AR 1,
RAHLIIR S EHLII R 2 L8R 5 75 SR DR B T
DL SRAHSEA RET B 420020 T 2R, 7Ede 2 T 2%
PER, AT B Z 0 5 SR Th 2R S0, AR T R &
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= Proq — P RA5, HizHI A2 T BN
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M (0.3-9)IK}, T8 42 P BHIE & T 4% L R ) A T A8 b B
ANTE TP, R R A2 SOC % Ha itk Y BHL 55 e 5 34 £
s, N HE— SRR S 7R A] LA
A (t) = M (to) = Ao,
1 19)

M= a0 O

A ey SRR LA R ESAZ EAEPO.

07 T T T T T T T T T
o 06F — RN
< 0sN e BEENIR A
F g4l
= 04

03

0'20.0 0.1 02 03 04 05 06 07 08 09 1.0
SOC
4 HI TSR NRHRESOCARAK i 25
Fig. 4 Plot of the internal resistance of the battery with SOC
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Fig. 5 Plot of the open circuit voltage of the battery with SOC

5) WFHAE.

0.3 < SOC(t) < 0.9, 20)

0 < AP(t) < TkPa.
NP7 Ik E b 7 | sk M RE A A i
A E, SOC L FR(E W E N N0.3 ~ 0.9, HISH &

WA L3 L2 R s B N0 ~ 7kPa.
6) mALFLE.
FE5 Il A X 30(15) BT I Hamilton BR £CHUR /N
BT B RBISC = (6) IR (1) .
EflelﬂgH[C*(t)v ALsu(t), ] =HI[C(8), A7, u”(t), ).
21

3(21)7 B 3R WA i Hamilton BR B0 AN 75 223 2
XA R AR, R AR AR X ] N -4k
e /MERI AT TR S LI AEFI PMAR S Fe00 | e 2
DT ARZE G 2R, MELLR QD IR AR, A el
ik HE % 5K Hi Hamilton bR 2511 B /M EL 5K AR 25 R
w* () SRR Ry R sh bl D, R EhHLEh % i
HAR LOUAE R E B 7RI L (¢) 155, it5E
75 2 B9 A ST 2 A0 s S AL 22 T DA T 1 it 4=
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(hybrid control unit, HCU)#% il 5§ & 28 C1. K 3L
R BN L A Ll S AR ). A LR IZ
1T X6 RESOCIR A #h 2 FHE S IEA P (¢) i 2R R K
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5 fiE M1 (Analysis of simulation results)
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Fig. 6 Velocity profile of NEDC cycle
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Fig. 8 Comparison of the corresponding SOC of three control

strategies
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FL BBt ) 2R R R e 1 A sh L AR R X, R
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Fig. 9 Comparison of the corresponding exhaust back

pressure of three control strategies
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PMARE T ZR. HEI10-117] &1, ZEBAER TN,
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#10.0203 g/km, Tl S-PMP 3 43.11 LF10.0254 g/km,
CD-CSHE & B2 il SR y3.49 LF10.0289g /km. AH
bl bR PP A B A 1) S, D-PMPHR AL Sl 7155
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Fig. 10 Equivalent fuel consumption curves of three control

strategies
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Fig. 11 PM emission curves of three control strategies

6 I IUE(Analysis of test results)
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Fig. 12 Test rig of diesel-electric hybrid power system
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Fig. 13 Experiment results from the test rig of diesel-

electric hybrid power system
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7 458 (Conclusions)

1) MRIELE R B & R0 45 b T HES
JE X R S RS B R, M HE S R i {7 kPa
I, R ML RS2 H AL (K T-7 kPa I, HoRim <
G RIHE M R P TE B AR A

2) FETPete B ME R EE, %57 LASOCHTHE
R PR AAS B ) Hamilton B 4, 2 7 #f R Lk
HLYR A 3 J 1R ZE PMAR S B LA ) SRS

3) DiEEREY, LLSOCHHFS Y IR AR
I D-PMPX} 5 25 i AL 5 PM IS BH . 76 SR I T A
2 /7 [, 1 Bk S—PMP3 i FICD-CSH 1] 52 1 43 il 1%
K T 1.61%F112.32%; 1%t PMAEE, #H L =& 4
A T 20.08%4129.76%.

4) FIF S B IR & 8h 11 & SR 58 0 A S i 2 ST
FID-PMP MG IHEAT I IE . 105645 B 2R #H,60 s 8] B N
A EE T CD-CSH% fill 5 i, D-PMP SIS 1] LA 2L 24
EREMESHNR LERRMmETF RS T
9.68%, PMHAFMEIR/D 132%.

B 3#k(References):

[1] SHUAI Shijin, TANG Tao, ZHAO Yanguang, et al. State of the art
and outlook of diesel emission regulations and aftertreatment tech-
nologies [J]. Journal of Automotive Safety and Energy, 2012, 3(3):
200 -217.

A, R, B, 45, SEMZEAEBUE I R A B R IR 5
JEHE ()] REZESTTRESER, 2012, 3(3): 200 - 217.)

[2] KIM Y, SALVI A, STEFANOPOULOU A G, et al. Reducing soot
emissions in a diesel series hybrid electric vehicle using a power
rate constraint map [J]. IEEE Transactions on Vehicular Technology,
2015, 64(1): 2 - 12.

[3] ZHAO D Z, STOBART R, DONG G Y, et al. Real-time energy
management for diesel heavy duty hybrid electric vehicles [J]. IEEE
Transactions on Control Systems Technology, 2015, 23(3): 829 —841.

[4] JIANG Dahai, NING Zhi, YAO Guangtao, et al. A study on the right
moment for the regeneration of diesel particulate filter [J]. Automo-
tive Engineering, 2012, 32(2): 109 — 115.

GERIE, T4, oV, 5. SElihUBTRE 28 345 AL R HLEBIE 5T (D).
RETTE, 2012, 32(2): 109 - 15.)

[5S] MARANO V, TULPULE P, STOCKAR 8, et al. Comparative study
of different control strategies for plug-in hybrid electric vehicles [J].
SAE Paper, 2009-24-0071.

[6] ANTONIO S, LINO G. Control of hybrid electric vehicles optimal
energy-management strategies [J]. IEEE Control System, 2007, 27(2):
60 - 70.

[71 GAO Y M, MEHRDAD E. Design and control methodology of plug-
in hybrid electric vehicles [J]. IEEE Transactions on Industrial Elec-
tronics, 2010, 57(2): 633 — 640.

[8] LAURA T, SIMONA O. Analysis of energy management strategies in
plug-in hybrid electric vhicles: application to the GM chevrolet volt
[C] /12013 American Control Conference (ACC). Washington, DC,
USA: IEEE, 2013: 5966 — 5971.

[91 GENG B, MILLS J K, SUN D. Energy management control of
microturbine-powered plug-in hybrid electric vehicles using the
telemetry equivalent consumption minimization strategy [J]. /EEE
transactions on Vehicular Technology, 2011, 60(9): 4238 — 4248.

[10] GONG Q, L1Y, PENG Z R. Trip-based optimal power management
of plug-in hybrid electric vehicles [J]. IEEE Transactions on Vehicle
Technology, 2008, 57(11): 3393 — 3401.

[11] O’ KEEFEM P, MARKEL T. Dynamic programming applied to in-
vestigate energy management strategies for a plug-in HEV [R]. Col-
orado, USA: National Renewable Energy Laboratory. Report No.:
NREL/CP-540-40376, 2006.

[12] SCOTTJM, HOSAM K F, DUNCAN S C, et al. A stochastic optimal
control approach for power management in plug-in hybrid electric ve-
hicles [J]. IEEE Transactions on Vontrol Systems Technology, 2011,
19(3): 545 — 555.

[13] AOGQ, QIANGJ X, ZHONG H, et al. Fuel economy and NOx emis-
sion potential investigation and trade-off of a hybrid electric vehicle
based on dynamic programming [J]. Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of Automobile Engineering,
2008, 222(10): 1851 — 1864.

[14] ROBERT C, FRANK W. Integrated emission management strate-
gy for cost-optimal engine—aftertreatment operation [J]. SAE Paper,
2011-01-1310.

[15] KONSTANDOPOULOS A G, KOSTOGLOU M, SKAPERDAS E,
et al. Fundamental studies of diesel particulate filters: transient load-
ing regeneration and aging [J]. SAE Paper 2000-01-1016.

[16] KONSTANDOPOULOS A G. Flow resistance descriptors for diesel
particulate filters: definitions, measurements and testing [J]. SAE Pa-
per 2013-01-0843.

[17] MANSOUR M. Pressure drop of segmented diesel particulate filters
[J]. SAE Paper 2005-01-0971.

[18] WANG D, LIU Z C, HAN Y Q, et al. Experimental studies on
pressure drop performance and regeneration safety of diesel particu-
late filter [C] //International Conference on Electric Information and
Control Engineering. Wuhan, China: IEEE, 2011: 2175 - 2178.

[19] GONG Jinke, DONG Xijun, LAI Tiangui, et al. Calculation and anal-
yses of trapping characteristic of diesel particulate filters [J]. Vehicle
Engines, 2005, (3): 24 - 27.

GERA}, HER, BURTE, 5. ZF SRR S AR MRS,
ST 0. ERKRBIHL, 2005, (3): 24 - 27.)

[20] KIM N, CHA S, PENG H. Optimal control of hybrid electric vehicles
based on Pontryagin’s minimum principle [J]. IEEE Transactions on
Control Systems Technology, 2011, 19(5): 1279 — 1287.

[21] FAJRIP, ASAEI B. Plug-in hybrid conversion of a series hybrid elec-
tric vehicle and simulation comparison [C] //The 11th International
Conference on Optimization of Electrical and Electronic Equipment.
Romania: IEEE, 2008: 287 — 292.

EH A

BRIEVK  (1979-), 59, R, 1L, H ATwH 707 10 9 44880 15
Bl B FHAEHIEOR BRI HIHAR, E-mail: hbwei @cgjtu.edu.cn;

XK (1990-), 5, BRI, HATHIAIT A4z L)
T HABHFA, E-mail: liuxiaofei0321@163.com;

EEIE  (1967-), 5, MBI, WL, BET05 viR a3
R HIAR, E-mail: pengzy @changan.com.cn.



