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Abstract-In this paper an optimal method based on
neuro-fuzzy for controlling parallel hybrid electric
vehicles is presented. In parallel hybrid electric vehicles
the required torque for driving and operating the on-
board accessories is generated by a combination of
internal-combustion engine and an electric motor. The
power sharing between the internal combustion engine
and the electric motor is the key point for efficient
driving. Therefore, we are dealing with a highly nonlinear
and time varying plant. Moreover, the estimation of the
state of charge of the battery pack is a very important
point, which has been considered in this paper. The
control strategy will be implemented using the ANFIS
method. The controller will be designed based on the
desired torque for driving and the state of charge of
batteries. The output of controller adjusts the throttle in
the combustion engine. The main contribution of this
paper is the development of optimal control based on
neuro-fuzzy, which maximizes the output torque of the
vehicle while minimizing fuel consumption used by the
internal combustion engine. Simulation results show very
good performance of the proposed controller.

L INTRODUCTION

Nowadays automobiles are an important part of our
everyday life. But, the exhaust emissions of conventional
Internal Combustion Engine (ICE) Vehicles are to blame for
the major source of urban pollutions that cause the
greenhouse effects leading to global warming. The
dependence on oil as the only source of energy for passenger
vehicles soon may lead to a global crisis, when the oil
reserves in the world wane. The increasing number of
automobiles being introduced on the road every year is
adding to the pollution problem. There is also an economic
factor inherent in the poor energy conversion efficiency of
ICEs [1].

These problems of ICE vehicles provide a forced motive to
develop clean and high efficient vehicles for urban
transportations. Electric Vehicles (EVs) that have no
emissions attracted the attention of many car industries for
many decades. However, EVs have some drawbacks, such as

short driving distance, long recharging time for batteries and
high costs.

In 1990s, a large number of automobile industries started
developing Hybrid Electric Vehicles (HEVs) to overcome the
problems of EVs. HEVs produce the power required to drive
the vehicle by a combination of two sources, an ICE and an
electric motor. HEVs seem to be viable alternative to the ICE
automobiles at the present. They can be generally classified as
series or parallel hybrid vehicles. In series HEVs, same as
EVs, all the torque required to drive the vehicle is provided
by an electric motor. On the other hand, in Parallel Hybrid
Electric Vehicles (PHEVs), the torque obtained from the ICE
is mechanically coupled to the torque produced by an electric
motor [2]. In PHEVs, operation style of each sources (ICE or
electric motor), and amount of their contribution in
production of torque at any time, will be decided by a
controller. This controller determines the contribution of each
driving source based on the requested torque and the State Of
Charge (SOC) of batteries. In this case, in order to optimize
the fuel economy and emissions of ICE, it is necessary that
the controller adjusts ICE in optimal point at all times.

In this paper, we will use an intelligent method to design
controller for PHEVs that minimizes the fuel consumption.
But, minimizing fuel consumption, could lead to torque
reduction, which may not yield a very pleasant driving.
Therefore, in addition to fuel minimization, it is necessary to
maximize the torque as well. Simulation results demonstrate
very good trade off between fuel consumption and torque
maximization. That is, a good optimal solution has been
achieved using the proposed method in this paper.

In the rest of this paper, section II describes the model of
the system. Section III explains the proposed controller in this
paper. Simulation results are presented in section IV,
followed by conclusions in section V.

II. SYSTEM MODEL DESCRIPTIONS
In this section, the model of PHEV powertrain parts is
presented. In following sections, first in part A, the PHEV
powertrain architecture, and then in parts B to D the models
of each part of vehicle, that will be used in our simulation, are
briefly explained.
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A. Parallel Hybrid Electric Vehicle Architecture

Fig. 1 presents the block diagram of a PHEV powertrain
with an electrical machine and an ICE that are combined
together to drive the vehicle [3]. The electrical machine works
as generator when the state of charge (SOC) of batteries is
low and there is need to charge the batteries, and works as
motor when a torque is needed for driving the vehicle. The
controller, designed by neuro-fuzzy method, controls the
engine by changing the throttle angle in order to produce the
required torque. The torque requested from electric motor is
calculated by subtracting the real engine output torque, from
the desired torque at any time.

B.  Engine Dynamic Model

We use a simple model of engine introduced in [4]. This
model includes a two-state dynamic model, whose output is
the ICE torque. The states of the model are the speed of
engine ( x; ) and the manifold pressure ( x, ).
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where T,

is the ICE torque, T, is the load torque, 6 is
the throttle angle, P, . is the ambient pressure, and g(-) is a

function introduced in (3).

MoTOR/

BATTERY ¥ | GENERATOR |
PACK —t
CONTROLLER T RANSMISSION
—_—
FUEL TANK e  ENGIME

i
l

Fig. 1. The block diagram of a PHEV powertrain

C. Battery Dynamic Model
The dynamic model of battery has following state
equations [5, 6]:
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where Xx; is an internal state; x, is the terminal voltage of
battery; V. is the open circuit voltage of battery, which is a

function of SOC and temperature, I is the input or output
current (input in charge mode and output in discharge mode),

R is charge or discharge resistance defined in (8). For battery
internal variables, we assume numeric variables of
R, =04,C; =C, =1 in our simulations.
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It should be noted that SOC is a function of current and
temperature and can be estimated with variety of methods. In
this paper, we use Ampere-hour counting technique for
calculating the SOC [7].

D. Electric Motor and its Controller Model

We use an AC-75 electric motor and its controller model,
which has been defined in ADVISOR 2002 software [8]. In
this software, the losses in the electric motor and its controller
as well as the rotor inertia, and the dependency of speed to the
toque have been considered. Power losses are given as a 2-D
lookup table indexed by rotor speed and output torque. The
maximum motor torque is enforced using a lookup table
indexed by rotor speed. Motor controller ensures that the
maximum motor current is not exceeded and that the electric
motor is not working when it is not needed [9].

II1. DESIGN OF OPTIMAL CONTROLLER

In the control of a PHEV, the main goal is to set the ICE
operation in its peak efficiency region. This improves the
overall efficiency of the powertrain. The ICE operation must
be set according to the road load and the SOC. Therefore, the
controller will use two inputs: the desired torque and the
battery pack SOC. Based on the above inputs, the ICE
operation point is set (by changing the throttle angle). The
desired electric motor torque can be given as
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where Ty, is the desired powertrain torque, and Tjcp gy

is the desired torque of the ICE, defined by the controller [9].
In order to control PHEV, there are three goals: 1)
maximizing fuel economy, 2) reduction of vehicle output
emissions, and 3) maintaining acceptable powertrain
performance by maximizing the vehicle output torque. In
contrast to this, in [10] and [11] the only goal is to optimize
the energy management strategy of the vehicle. Also, in [12]
and [13] the goal is to maximize the torque of vehicle. In this
paper, on the other hand, we try to find a compromised
solution to these goals by designing an Adaptive Neuro-Fuzzy



Inference Systems (ANFIS) controller [14]. For designing the
controller, there are 5 membership functions for the inputs:
the desired torque, and the SOC. These membership functions
have been shown in Figs. 2 and 3. The output of controller is
the throttle angle of the ICE.

The required data to train the ANFIS has been collected
from two controllers in ADVISOR: fuel-minimizing (fuel-
mode) controller, and efficiency-mode (eff-mode) controller,
which maximizes the output torque. In this paper the goal is
to find a compromised solution to these objects. Therefore we
collect data from both of these controllers and use them to
train the ANFIS controller. The general structure of ANFIS
has been shown in Fig. 4.

Iv. SIMULATIONS AND RESULTS

In the simulation, we have used ADVISOR software,
available in [8], in which certain blocks have been replaced
by dynamic equations, given in section II.

The block diagram of the proposed method is presented in
Fig. 5.

The simulation results of the desired speed of vehicle and
the actual vehicle speed, and their error has been shown in
Figs. 6 and 7, respectively, which show good performance of
the proposed controller. Moreover, the SOC of batteries
plotted in Fig. 8, shows very small changes, resulting in
longer life-time of batteries. The fuel consumption of the
vehicle is shown in Fig. 9. Integrating the fuel consumption
over the traveled distance (6.4 Km), we find that the fuel
consumption is 4.1 liters per 100 Km.

In addition to that, a significant improvement in the
emissions, shown in Fig. 10, can be observed. The amounts of
emissions have been given in table 1. Fig. 12 shows that the
torque with respect to desired vehicle speed has been
maximized. Comparing the results of ANFIS with the results
of two controller modes in ADVISOR shows a very
satisfactory performance of the proposed controller in this

paper.

V. CONCLUSIONS

In this paper we presented a method for controlling PHEVs
in order to find an optimal solution between minimizing fuel
consumption, maximizing vehicle torque, and minimizing
exhaust emissions. For this reason, an ANFIS controller was
designed and used in a modified version of ADVISOR
software. The data for training ANFIS network gathered from
two methods used in ADVISOR that one of them designed
only for minimizing the fuel consumption and another one is
designed only for reaching maximum torque and efficiency of
engine. Simulations show promising results as compared to
two different control modes in ADVISOR.
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Fig. 4. The general structure of ANFIS



v

vehicle speed error (km/h)

\ 4

Controller » Engine
7
Battery >
< Electric |
» motor

Fig. 5. The block diagram of the proposed controller for PHEV

»| Clutch >
Driver Torque
requests coupler
and »| Vehicle > Gearb > P
. €arpox
Road load motion
P laws
Wheels |«
— desi‘red speéd
80+ — achieved speed |
= 60;
£
=
® 40
]
o
»
20r
0 L L L L L L
0 50 100 150 200 250 300
time (s)
Fig. 6. The desired and achieved vehicle speeds
9
x10

0 50

100 150 200 250 300 350
time (s)
Fig. 7. Difference between requested and achieved speeds

fuel consumption (liters)

0.35

0.3}

0.25]

0.2

0.15;

50 100

150 200 250 300 350
time (s)

Fig. 8. The SOC of batteries

50 100

150 200 250 300 350
time (s)

Fig. 9. The fuel consumption of vehicle



0.07

e o o @9
© © o o
[ S ;)

emissions (grams)
©
o
N

0.01

== hc
== co/10 ||
—=— nox
— pm H

time (s)

Fig. 10. emission results (HC, CO, NOx, and PM)

140
1201

m
-
A O OO O
o o o o

zoJ-

Engine torque (N.

200 50

100 150 200 250
time (s)
Fig. 11. The engine output torque

140 ‘
=120

-
O 0 O
S o o

20

Engine output torque (N.m
H
o

eff-mode
¥

fuel-mode

40 50

Fig. 12. The engine output torque comparison between our simulation by
ANFIS controller and two ADVISOR controllers (fuel-mode and eff-mode)

100 150 200 250 300 350
time (s)

0.35

P
— 0.3 eff-modg. ]
¢ -
[ R4
£ 0.25/ 5 ]
- .2~ ANFIS
(] L B ]
g -
s, -
E 0.5/ o ]
[72] -~
[ = //
S 01 /,/ fuel-mode ]
O -
2 0.05 e ]
7
P
0= ‘ ‘ : : :
0 50 100 150 200 250 300 350

time (s)
Fig. 13. The fuel consumption comparison between our simulation by ANFIS
controller and two ADVISOR controllers (fuel-mode and eff-mode)

REFERENCES

[1] . Husain, Electric and Hybrid Vehicles: Design Fundamentals, CRC
PRESS, 2003

[2] M. Ehsani, M. Rahman and H. Toliyat, "Propulsion system design of
electric and hybrid vehicles", IEEE Transactions on Industrial Electronics,
Vol. 44, No. 1, Feb. 1997

[3] ATVP-Advanced Powertrains and Engines (II), www.tc.gc.ca

[4] P. F. Puleston, S. Spurgeon and Xiao Yun Lu, "A nonlinear sliding mode
control framework for engine speed control", Proceedings of the fourteenth
International Symposium of Mathematical Theory of Networks and Systems,
MTNS 2000, Perpignan France, 19-23 June. 2000

[5] B. K. Powell and T. E. Pilutti, "A range extender hybrid electric vehicle
dynamic model", Decision and Control, 1994., Proceedings of the 33rd IEEE
Conference on, Volume: 3, Pages:2736 — 2741, 14-16 Dec. 1994

[6] B. K. Powell, K. E. Bailey and S. R. Cikanek, "Dynamic modeling and
control of hybrid electric vehicle powertrain systems", Control Systems
Magazine, IEEE, Volume: 18, Issue: 5,Pages:17 — 33, Oct. 1998

[71 S. Piller, M. Perrin, A. Jossen, "Methods for state-of-charge determination
and their applications", Journal of Power Sources, No. 96, pp. 113-120,
2001.

[8] ADVISOR 2002 software, http://www.ctts.nrel. gov

[9] National Renewable Energy Laboratory. ADVISOR Documentation.
Golden Co. [Online]. Available: http:/www.ctts.nrel.gov/analysis/

[10] N. J. Schouten, M. A. Salman and N. A. Kheir, "Energy management
strategies for parallel hybrid vehicles using fuzzy logic", Control Engineering
Practice, Volume: 11, pages: 171-177, Feb. 2003

[11] E. Cerruto, A. Consoli, A. Raciti and A. Testa, "Energy flows
management in hybrid vehicles by fuzzy logic controller", Electrotechnical
Conference, 1994. Proceedings., 7th Mediterranean, Pages:1314 — 1317, 12-
14 April 1994

[12] Hyeoun-Dong Lee and Seung-Ki Sul, "Fuzzy-logic-based torque control
strategy for parallel-type hybrid electric vehicle", Industrial Electronics,
IEEE Transactions on, Volume: 45, Issue: 4, Pages:625 — 632, Aug. 1998

[13] Hyeoun-Dong Lee, Euh-Suh Koo, Seung-Ki Sul, Joohn-Sheok Kim, M.
Kamiya, H. Ikeda, S. Shinohara and H. Yoshida, "Torque control strategy for


http://www.tc.gc.c
http://www.ctts.nrel.gov
http://www.ctts.nrel.gov/analysis/

a parallel-hybrid vehicle using fuzzy logic", Industry Applications Magazine,
IEEE , Volume: 6 , Issue: 6 ,Pages:33 — 38, Nov.-Dec. 2000

[14] J.-S. R. Jang, C. T. Sun and E. Mizutani, Neuro-Fuzzy and Soft
Computing: A Computational Approach to Learning and Machine
Intelligence, Prentice Hall, 1997

[15] M. Farrokhi and M. Mohebbi, "Optimal fuzzy control of parallel hybrid
electric vehicles", proceedings of International Conference on Control,
Automation and Systems, Kintex, Gyeonggi-Do, Korea, June 2-5, 2005



