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Abstract

In this paper, coordinating vehicle safety, energy conservation and environmental protection, an Intelligent
Hybrid Electric Vehicle (IHEV) which is integrated with advanced technologies of intelligent vehicle and
new energy vehicle has been designed. A new hierarchical control structure is proposed and applied into
the vehicle control system, and then the vehicle control strategy is evaluated and verified by simulated and
experimental analysis. After a brief introduction of IHEV, a particular procedure of the hierarchical control
strategy is presented, which includes intelligent driving assistance control object determination layer, total
driving/braking torque determination layer, total torque distribution layer and torque coordinate control
layer. Many simulations and experiments are carried out by the forward simulation platform and the
prototype test vehicle. The simulation and experiment results show, by applying the hierarchy control
system to the IHEV, the IHEV can successfully and smoothly realize all of the functions while guarantee

the optimal safety, economical performance and driving comfort.
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of HEV, the power management strategy is
focused, which includes wvarious engineering
control strategies [2][3] and various applications

1 Introduction

These days, great efforts have been paid by the
Automobile Industry to pursue vehicles that are
safer, more fuel efficient and more
environmental friendly. Two trends are making
significant progress, separately. Towards the
vision of accident-free driving, active safety
technologies, such as Adaptive Cruise Control,
have been widely developed. Towards the trend
of more fuel efficient and more environmental
friendly vehicle, low fuel consumption driving
systems, e.g. hybrid electric driving systems,

have been well developed and put into the market.

As the most promising new energy vehicle, the
hybrid electric vehicle (HEV) has been
extensively researched and applied, from the
1997 Toyota’s Prius, there are more than 2
million HEVs sold out[1]. As the key technology

by classical and modern control theory [4][5][6][7].
As the most advanced active safety technology, the
Intelligent Vehicle (IV) technology has also been
widely and deeply researched from 70s last
century, excellent fruition has been achieved on
driving assistance warning system [8][9], driving
assistance control system [10][11] and automatic
driving system [12][13].

One promising trend, would integrate these two
separate trends together, which would be
Intelligent Hybrid Electric Vehicle IHEV . Not
only can the IHEV provide the benefits of
enhanced active safety, better driving comfort and
more fun of driving, but also can this system reach
the combined advantages of low fuel consumption,
low emission and what’s more, low noise. In this
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field, although Toyota Company has introduced a
hybrid electric vehicle LS600hl with intelligent
driver assistance function [14], the relevant
technology has never been reported. Professor
Masao Nagai has carried out the pure electric
vehicle control research with intelligent driver
assistance function [15].

In the author’s research group, a joint study in
this area with China FAW Corporation and
Chang'an Automobile Corporation is promoting
since 2006, aiming to develop a new conceptual
vehicle, which combined hybrid propulsion
system, electronically controlled chassis, quipped
with advanced sensors and in-vehicle network.
After 3 years’ joint development, the Besturn
Intelligent  Hybrid  Electric ~ Vehicle s
successfully developed. This paper will present a
hierarchical control system of the IHEV, and the
vehicle performance will be verified and
evaluated by several simulations and experiments
with the forward simulation platform and
prototype test vehicle.

2 Intelligent Hybrid Electric

Vehicle configuration

The proposed IHEV configuration is shown in
Fig. 1.
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Fig. 1 Configuration of IHEV

The IHEV is composed of traffic environment
and vehicle states sensing sub-system, hybrid
electric propulsion sub-system, driving assistance
sub-system, control sub-system and
communication network sub-system. The traffic
environment and vehicle states sensing sub-
system mainly includes Millimeter-wave radar
sensor, driving assistance function switch, set
speed switch, longitudinal acceleration sensor,
accelerator pedal position sensor, brake pedal
position sensor, transmission position sensor and

ignition switch position sensor. The hybrid electric
propulsion sub-system mainly includes a 1.5-liter
gasoline engine, 20KW driving motor, 5KW
generator (BSG), 6Ah power battery and 5 speed
automatic transmission. The driving assistance
sub-system mainly includes hydraulic brake
assembly equipped with electric vacuum booster
(EVB) and electric power steering (EPS) assembly.
The control sub-system mainly includes hybrid
vehicle control unit (HCU), radar control unit
(RCU), engine control unit (ECU), transmission
control unit (TCU), motor control unit (MCU),
battery management system (BMS), EVB control
unit (VCU) and EPS control unit (SCU). The
communication network  sub-system  mainly
includes two high-speed CAN networks, namely
power system CAN networks and driving
assistance system CAN network, hybrid vehicle
control unit performs the CAN gateway function,
and the IHEV CAN network topology map is as

shown in Fig. 2.
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Fig. 2 IHEV CAN network topology map
The intelligent driving assistance mode and
manual driving mode are both achieved in IHEV,
and along with the various driving situation, it
could automatically shift from intelligent driving
assistance mode to manual driving mode.

3 Hierarchical Control
Design

The IHEV hierarchical control system is shown in
Fig. 3.

System
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Fig.3. IHEV hierarchical control system scheme
Here,a, B, P, , P,, P,are the accelerator pedal

position, brake pedal position, transmission shift
position, intelligent driver assistance function
switch signal and cruise set switch signal with
respect to the driver command,

V,V,,D, a,a, are ego velocity, relative

velocity, relative distance, ego acceleration and
desired ego  acceleration, respectively;

Tdd’de’T Td'Tb’Tde’Tdm'Tbm'Tbh'
Tbsg

manual-mode desired braking torque, auto-mode
desired driving torque, auto-mode desired
braking torque, desired total driving torque,
desired total braking torque, desired engine
torque, desired motor driving torque, desired
motor braking torque, desired hydraulic braking
torque, desired BSG torque with respect to the
desired torque of the whole system,

To, Tamer Tomes T C are actual engine torque,

actual motor driving torque, actual motor braking
torque, actual EVB braking torque and the start
command of starter.

Four layers compose the IHEV hierarchical
control system. The top layer is intelligent
driving assistance object determination layer, in
which, by synthesizing the ego and preceding
vehicle states and the driver-set cruise speed, the
intelligent assistance driving sub-mode and
desired longitudinal acceleration is decided. The
upper layer is total driving/braking torque
determination layer, in which, after calculating
the manual and automatic desired driving torque,
the desired driving and braking torque by
considering the driver command and cooperating

T

are manual-mode desired driving torque,

da® "ba:

the different desired torque is formulated. The
middle layer is total torque distribution layer, in
which, the torque distribution for different
components according to the total desired torque
and vehicle states is optimized. The bottom layer is
torque coordinate control layer, in which, the
engine torque, motor torque, and EVB brake
torgue command are finally determined by
applying engine & motor driving torque coordinate
control strategy and motor & EVB braking torque
coordinate control strategy.

3.1 Intelligent driving assistance control
object determination layer

The intelligent driving assistance mode consists of
constant speed cruise control sub-mode, adaptive
cruise control sub-mode and active collision
avoidance control sub-mode. The constant speed
cruise control refers to driving at driver set
velocity automatically. The adaptive cruise control
means following the preceding car within the
various velocities while maintaining safety
distance. The active collision avoidance control
indicates the emergent braking while potential
front collision is detected. All sub-modes
switching logic are shown in Fig. 4.

V'V or D 2 Dy | Constant speed

THW <THW,

cruise control
*  sub-mode
F, <0
Y A 4
) . THW <« THW; Active collision
Adaptive cruise > :
control sub-mode ¢ avoidance control
o THW = THW, sub-mod

Fig. 4 Intelligent assistance driving sub-modes
switching logic
In the Fig. 4, THW is time headway, it is given by

_ D/
THW = {/ 1)
Where THW,_ is the lower limit of time headway,

while THW, , D, are the upper time headway

limit and upper relative distance limit, V, is the
driver-set cruise speed.

3.1.1 Constant speed cruise control sub-mode

The desired acceleration of constant speed cruise
control sub-mode is

axd = Ccp (Vset _V) + Cci I (Vset _V)dt (2)
Where C,,C,; could be adjusted with time. The

desired acceleration is processed as the equation 3
to avoid excessive acceleration for driving comfort
consideration.
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0.5, a,, >05
ay =9 a,,—25<a, <05 (3)
—-2.5, ay <—2.5

3.1.2  Adaptive cruise control sub-mode

The desired acceleration of cruise control sub-
mode is given by

&g = Cal(Dr _THWdV _Ca2) +Ca3vr (4)
Where, THW, is cruise time headway based on

the driving characteristic, C,,,C,,,C,; are

adjustable with time. Also, for driving comfort,
the desired acceleration is saturated as equation

@3).

3.1.3  Active collision avoidance control sub-
mode

The desired acceleration of cruise control sub-
mode is as follows

V2

a,, =—0.5C,; -
(D, ~THW,V ~C,;)
Where, THW,, is collision avoidance time

headway based on the driving characteristic,
C,;,C,, are various with time.

(5)

3.2 Total driving/braking
determination layer

In this control layer, the manual/automatic

mode’s desired torque calculation,

manual/automatic mode switching strategy, and

driving/braking torque coordination are achieved.

torque

3.2.1 Desired torque calculation of manual
driving mode [16]

In the manual driving mode, the “9-point-

definition method” which formulates the driving

torque demand map is presented for the desired

driving torque T, calculation, shown in Fig. 5.

As the parallel regenerative braking system is
adopted by the IHEV, the desired braking torque

Ty, is calculated by the definition curve shown
in Fig. 6.
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Fig. 5 Desired driving torque definition surface
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Fig. 6 Desired braking torque definition curve

3.2.2 Desired torgue calculation of automatic
driving mode
In the automatic driving mode, the desired

driving/braking torque is obtained by the following
logic shown in Fig. 7.

Feedforward

C(JITIPE:I'ISE(TU[
F(s)
o Matching model | 4 Feedback + oy Vehicle r

o——» transfer function controller —:C)—b dynamic —2»
Gm(s) - C(s) model

aﬁ

Fig. 7 Desired torque calculation logic in automatic
driving mode
Where, the matching model transfer function

G,, (s) is given by

G (5) :%+ 0.5 (6)
The feedforward compensator F(S) is
G, ()
F — M
(s) ) @)

P(s) is the wvehicle plant transfer function
obtained by system identification.
The Feedback controller C(S) is

C(s)=C, (a4 —2,)+C [ (ay —a)dt (8)

Where, C,,,C, are adjustable parameters.

The driving/braking torque is determined by the
following vehicle dynamic equation

T, =" (Ma, +Mgf +C,AV?)  (9)

nlgld
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Where, M ,g, f are vehicle mass, acceleration
of gravity and rolling resistance coefficient, C,,
ATy, I4, 77 are air resistance coefficient,

equivalent front face area, wheel radius,
transmission gear ratio, final drive gear ratio and
mechanical transmission efficiency.

3.2.3 Manual/automatic mode switching
strategy

The manual/automatic driving mode switching
strategy is as follows
0, a>0orp>00rVv<V,,
mod= (10)
1 a=0,4=0P,=LV>V
Where, mod is the output driving mode, 0 refers
to manual driving mode, while 1 refers to

automatic driving mode, P, =1 stands for
intelligent assistance driving function enable,
V., is the minimal velocity in automatic driving
mode.

3.24 Driving/braking torque coordinate
control strategy

During the manual/automatic driving mode
dynamic switching process, there could be a
torque mutation due to the independent desire
torque calculation of each driving mode. If not
effectively controlled, the impact of torque
mutation would result in not only driving
discomfort, but also lower transmission system
life. So the various reference driving/braking
torque curve during the dynamic switching
process is presented, which is as follows

T, () -T, (k)

T (k+1) = o+T (k 11

O L0 a
Where, t,, o are the total switching time of
dynamic process and sample

time, Tk , T, (k) , T, O are the desired

output driving torque in the switching process,
objective driving mode desired driving torque
and original driving mode desired driving torque.

3.3 Total torque distribution layer

The control strategy in third layer is composed of
operation mode identification and torque
distribution strategy. Identifying the operation
mode is one of the key points to the third layer
on the basis of current vehicle states (velocity,
actual gear, SOC, etc.) and the total torque

demand from the second layer. The vehicle driving
operation mode is given by the Fig. 8.

_\‘\/ Tras T Al »

— Tpu Hi(ll. —— R —

Y

Fig. 8 Drii)ing 6peraﬁon n;ode identification ﬂ
As shown in Fig. 8, when the desired driving

torque is between curve T, gy, @nd
Teng_Ecopown » the Operation mode is engine driving
mode. While above the curve T, the

eng _EcoUp
operation mode is parallel driving mode. Below
the curves Toy igg (N), N =1, 2, 3, 4, 5, the
pure electric driving mode and series driving mode

are obtained (based on the SOC). When the desired
driving torque is  between the curve

Tom wiegr (N) and T the operation

eng_ EcoDown
mode is engine driving& motor generating mode.
In Fig. 8, Tpy wier (N) is the high-efficiency
working curve in gear N which has been already
converted into engine side.

When B> B, or T, >T,,,,. the braking energy

regenerating mode is activated, while in the idle
start & stop mode, engine fuel is cut off on
condition that V =0,T, =0 and start up when
necessary.

The torque distribution formulation in pure electric
driving mode is as follows

Te =0
Tom =T4 (12)
Ty, =0

While in series driving mode, the equation is
performed as

Tde = 2Wsochsg _rete
Tom =Ty (13)
Tbsg = Wsochsg _rete
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Where the T

generating torque and charge coefficient based
on SOC.

The torque distribution formulation in pure
engine driving mode is

bsg_rate + Wsoc are BSG nominal

Tde = Td
Tdm = 0 (14)
T. =0

bsg

At the same time in the engine driving & motor
generating mode, it is given by

Tde :Te_ecodown

T4n =0 (15)
. T, seoson=T

Tbsg = _\Nsoc mmq-bsg_rate! ( e-ecodonn %))

Where, T

of engine economical working area.
The torque distribution strategy in parallel
driving mode is given by

is the lower limit torque curve

e _ecodown

T _ Tdm*

Tde = min(Te_max’ d 2)
Tdm = min(Tm_max ) (Td _Te_ecoup)ig) (16)
Ty =0

Where, T, oo » Te max » Tm_max @€ the upper

limit torque of engine economical working area,
maximum engine torque and maximum motor
driving torque.

The torque distribution strategy in braking
energy regenerating mode is given by

min(C, *T, ., Tp), p=0
I min(T, e To), B#0
Tb _Tbm’ ,B =0
Tbv =
0, p#0

Where, C, is the adjustable parameter.

The torque distribution strategy in idle start &
stop mode is given by

(17)

_ {Tm, socC > socC,,,,
o, soc<soc,,
c _Jo.  soc>soc,,
S {1, socC < socC,,, (18)

Where, SOC,,, is the lower SOC limit of battery,
and the traditional starter starts the engine
when C equals to 1.

3.4 Torque coordinate control layer

The bottom layer strategy is mainly comprised of
the engine & motor driving torque coordinate
control strategy and motor & EVB hydraulic
braking torque coordinate control strategy.

3.41 Engine & motor
coordination strategy

When the driving sub-mode switches between the
engine driving mode and pure electric motor
driving mode, although the target driving torques
equals during the switching process, there is great
different responsible character between the engine
and motor, which will lead to driving discomfort
and lower power system life. The driving torque
coordinate control strategy is presented during the
dynamic switching process as follows

driving torque

T.(k+)= 54T
T k_ki K)+T, . (K (19)
Tdmk(k +1): dm( )_ tdE(_ i;: (-Lact( )5+wa(k)

Where, t, , 0 are the total switching time of

dynamic process and sample time,
Te(k), T, k Te o K , Ty (K) |, Ty K are

the desired engine torque of target mode, desired
output engine torque during the dynamic switching
process, actual engine torque, desired motor torque
of target mode and desired output motor torque
during the dynamic switching process.

342 Motor & EVB hydraulic braking
torque coordinate control strategy

According to the third layer strategy, EVB is
activated since the braking torque exceeds the
motor braking torque limit. Compared with the
motor torque response, the EVB hydraulic braking
torque has not only slow response but also poor
accuracy. Therefore, if there is no coordinated
control on the motor & EVB braking torque, the
actual total braking torque response will be very
slow and inaccurate especially in the emergency
braking situation. The dynamic coordinate control
is investigated, which is as follows

T, (K)-T, k
e R R S ORI

Tome (K+D) =Ty (K) + Ty (K) + Ty (K) = T (K)
Where, 1, 0 are the total time of dynamic process
and sample time, T, (k) , T,k

Tbv_act k 'Tb k lTbm(k) ’Tbm* K are the

v_act
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EVB target braking torque, desired output EVB
torque during the dynamic process, actual EVB
torque, motor target braking torque and desired
output motor torque during the dynamic process.

4 Control strategy simulation
analysis and evaluation

After the control strategy development, the IHEV
forward simulation platform  based on
MATLAB/SIMULINK has been established, of
which the structure is shown in Fig. 9.

o L - ﬂ ‘‘‘‘‘‘‘ |

Fig. 9 IHEV forward simulation platform structure
As shown in Fig. 9, the IHEV forward simulation
platform is composed of 7 sub-models:
simulation observer sub-model, driver command
sub-model, sensor signals simulation sub-model,
top-level control sub-model, 1st level control
sub-model, middle and bottom control sub-model,
vehicle components and dynamics sub-model.
The constant speed cruise operating mode,
adaptive sinusoidal following operating mode
and active collision avoidance operating mode
are analyzed with IHEV simulation platform in
the following sections.

4.1 Constant speed cruise operating
mode

The initial cruise speed is set to 60km/h, in the
course the cruise speed is adjusted to 68 km/h by
driver, and the initial ego velocity is 40km/h,
simulation result is shown in Fig. 10.

L L
E] - 0 50

Fig. 10 Constant speed cruise operating
mode simulation result

In Fig. 10, the velocity and engine, motor, BSG
torque curves are obtained. As shown, after the
cruise control enabled, ego vehicle accelerates to
the driver set cruise speed in quite a short time,
and along the various set-cruise speed, it
accurately following speed with less than 5%.
During the constant speed cruise process, the
IHEV driving mode switches from engine driving
& motor generating mode to pure electric driving
mode, and then back to engine driving & motor
generating mode.

4.2 Adaptive  sinusoidal
operating mode

In this operating mode, preceding velocity is

assumed to sine wave in 55km/h to 75km/h, the

initial ego velocity is 40kn/h, and the simulation

result is shown in Fig. 11.

following

N
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(] E] 00 150 (] £l 00 150
Timel(s) Timer(s)

\
EVB Torque/(N.m)

N [ ] 05

i — Engine Torque(N.m)
e ==+ BSG Torque(\.m)
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Fig. 11 Adaptive sinusoidal following operating mode
simulation result

In Fig. 11, the ego velocity, actual and safety
distance, engine, driving motor, BSG motor and
EVB braking pressure curves are obtained.
Although a little time delay, not only is the
following performance very good except for the
initial dynamic following process from 40km/h to
60km/h with a short time over acceleration, but
also it maintains a comfortable safety distance.

In order to compare IHEV fuel economy with the
traditional intelligent vehicle, the adaptive
sinusoidal following operating mode is tested. The
engine operating points of both IHEV and IV are
obtained, which is shown in Fig. 12. Table 1 shows
the fuel consumption of each vehicle.
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Fig. 12 Engine operating points of IHEV and IV
comparison

Table 1: Fuel consumption of 100-kilometres of this
mode

vehicle Fuel consumption
IHEV 3.85L/100km
5.63L/100km

Traditional Intelligent
Vehicle

From the simulation results, it shows that the
IHEV always keeps in the presetting optimized
engine operating range. But with only one power
source, the engine operating points of traditional
intelligent vehicle is limited by various power
demand, ultimately resulted in 46.2% increase in
fuel consumption.

4.3 Active collision avoidance

operating mode

In this operating mode, ego vehicle moves
forward with initial speed of 40km/h, 13 meters
in front of which, suddenly appears a static
obstructions. Therefore, the system automatically
enters the active collision avoidance mode with
the biggest braking strength until stop. Also, the
IHEV and traditional intelligent vehicle is
compared here, which is shown in Fig13.

40 Mg T R bbb ettt bebbebebebebebb
i | === Preceding Velocity |:
e e, Toiet 3 _oa.| = IHEV Velocity

= == [ Welocity

w
=]

Welocity/(km/h)
= B

o

30R . . \
S --- Safety Distance

T, i — IHEY Relative Velocity
] R S SO Frosneeneas === I Relative Veelocity

Distancef(m)

Time/(s)
Fig. 13 Active collision avoidance operating mode
simulation result of IHEV and IV comparison
Shown in the Fig. 13, the traditional intelligent
vehicle with EVB brake has a slower response.
Therefore at 1.7s forward collision happens.

While, due to the motor’s fast response in the early
braking, the braking demand can be achieved
quickly and accurately, then followed by joint
EVB braking, the vehicle can stop faster with
about 1m distance to the front static obstructions.

5 Experiment Verification of
control strategy

After the control strategy development and
simulation analysis, the group has design the
Besturn IHEV (as shown in Fig.14), and the RCP
is developed based on MICROAUTOBOX, finally
experiments are carried out and the control

strategy is evaluated.

-

Fig. 14 Besturn IHEV
The cruise operating mode, Adaptive sinusoidal
following operating mode and active collision
avoidance operating mode are all tested by Besturn
IHEV.

5.1 Cruise operating mode

In this operating mode, the driver set cruise speed
is trapezoidal changed. Cruise control mode is
enabled in the 49s. The experiment is shown in Fig.
15.
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ERRH LY 7 g
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I'\a. /
o
50 E 70 ] E El

E 7
Timel(s) Time/(s)

Fig. 15 Cruise operating mode experimental result
As shown in Fig. 15, the set cruise speed increases
rapidly from 20km/h, and ego vehicle starts to
accelerate in pure electric motor drive mode. With
speed accumulated and demand torque increasing,
the IHEV is shifted to engine drive mode. When
entering a state of uniform traffic, the control
system launches into engine drive & motor
generation mode. Then the braking energy
regeneration mode is obtained as the set speed
decreasing, during which motor provides all the
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braking power. In the whole process, the system
time delay is a little large.

5.2 Adaptive sinusoidal
operating mode

In this operating mode, preceding velocity is sine

wave from 20km/h to 35km/h, the initial ego

velocity is 17km/h. The experiment result is

shown in Fig. 16, 17.

A
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= Ego Velocily
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20

80 00
Timel(s)

Fig. 16 Adaptive sinusoidal following operating mode
experimental result

— Engine Optimized Operating area
— Engine Optimized Operating area
© [IHEV Engine Operating Points

Engine tarques(N. m)

1000 1500 2000 2500 3000 3500 4000
Engine speed/rpm

Fig. 17 Engine operating points of IHEV
Results shows, in the initial stage of sinusoidal
following as transition phase, the IHEV follows
with a slower and larger error. In the first sine
cycle, the parallel drive mode is selected due to
the large demand acceleration. As error decreases,
the torque demand reduces, and engine driving &
motor generating mode is achieved. Then with
power demand further reduced, IHEV works in
the pure electric driving mode. By a sudden
slowdown of preceding vehicle, the ego then
follow a big deceleration with both motor
braking and EVB braking, which maintains a
desired relative velocity and safety distance.
Subsequently, since the vehicles enter the stable
phase, an excellent sinusoidal following is
achieved, during which both velocity and
distance errors keep small, and the IHEV driving
mode switches seamlessly among pure electric

driving, engine driving & motor generating,
parallel driving and braking energy regenerating
modes.

As shown in Fig. 18, engine operating points with
black o are obtained, and most actual engine
operating points are within the engine economic
range that can effectively improve vehicle fuel
economy.

5.3 Active collision avoidance operating
mode

In this operating mode, ego vehicle moves forward
with initial speed of 30km/h, when 15 meters in
front of which appears a static vehicle. Therefore,
the active collision avoidance control activated
with emergency braking strength until stop which
is shown in Fig18.
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Fig. 18 Active collision avoidance operating mode

experimental result
As shown in Fig. 18, since the active collision
avoidance control is enabled, the motor brakes
with the maximum torque while EVB with 4MPa
braking strength. Vehicle speed decreases sharply
until stop within 5m to the front vehicle, and then
system quits the active collision avoidance control
automatically.

6 Conclusions

(1) The established IHEV hierarchical control
system can achieve the integrated and coordinated
control on multiple subsystems, which guarantees
all the driving functions and the optimal safety,
economy and driving performance of the vehicle.
(2) Manual and automatic driving modes have
been designed in the developed hierarchical
control system, and the control strategy is designed
to smooth the switch dynamic process in order to
keep the IHEV driving comfort.

(3) In the constant speed cruise control mode and
adaptive cruise control mode of this hierarchical
control system, not only is safety and driving
strength performance achieved, but also the
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optimized fuel economy is obtained.

(4) In the active collision avoidance control
mode of this hierarchical control system, the
braking torque responds more accurately and
faster, therefore, active safety performance is
upgraded.
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