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ABSTRACT P2.5 plug-in hybrid electric vehicles (P2.5-PHEVs) exhibit high transmission efficiencies
and no power interruption in the shifting and mode switching process; thus, they have broad application
prospects. The power transmission in a PHEV under pure electric startup does not entail the clutch, and the
initial torque of the motor is often set under the condition that the maximum allowable slope should not lead
to backward sliding, which leads to the problems of excessive jerk in small-slope startup and catapulting
when startup occurs downhill. The optimal method is to set different initial torques according to different
gradients; however, the vehicle would still be in the pre-startup stage, making it impossible to estimate the
slope using a dynamic method. In view of the foregoing problems, according to an analysis of pure electric
startup dynamics, a slope-memory-based strategy for estimating and storing the slope during the vehicle
movement before parking is proposed. During startup, the initial torque is set according to the memorized
slope. In the processes of startup and acceleration, the driver’s startup intention is identified, and different
jerk control targets are set. The torque of the acceleration process is controlled according to the set initial
torque and jerk target. Simulation results indicate that the maximum jerk of the proposed strategy is reduced
by 23.6% for startup on a 5% ramp and by 57.5% for startup at 15% downhill; thus, the strategy mitigates
the problems of the excessive jerk and catapult for startup on a small slope.

INDEX TERMS P2.5 hybrid powertrain configuration, road slope estimation, startup intention identification,
vehicle startup process.

I. INTRODUCTION

With increasingly severe energy crises and environmental
pollution, fuel consumption and emission regulations are
becoming more stringent, and new vehicles based on dif-
ferent types of energy have ushered in broader development
prospects [1]. Owing to the limitations of battery energy
densities, the range anxiety problem related to pure electric
vehicles (EVs) is difficult to solve in the short term. Plug-in
hybrid electric vehicles (PHEVs) have more market-oriented
advantages. Major automobile manufacturers have invested
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in the development of PHEVs, and plug-in hybrid power
systems (PHPSs) with different configurations have appeared
on the market [2]-[4]. Owing to the structural characteristics
of the dual input shaft, the need to avoid power interrup-
tion, and the high transmission efficiency, the proportion of
dual-clutch transmissions (DCTs) in the current PHPSs has
increased annually [5], [6].

Hybrid power systems can be classified in various ways;
generally, P (position) is used to represent the structure
and motor position of electrified components. Single-motor
hybrid systems are classified as P1, P2, P2.5, P3, P4, and
other configurations [7]. In the P2.5 configuration equipped
with a DCT, the motor is significantly integrated into the
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input shaft of the DCT. In contrast with the P1 configuration,
wherein the motor is placed at the output end of the engine,
and the P2 configuration, wherein the motor is placed at
the input end of the gearbox, the P2.5 configuration pro-
vides parking power generation. The motor efficiency is not
affected by the high-temperature thermal radiation from the
engine. The P2.5-motor torque can be directly transferred via
the transmission to start or drive a P2.5 PHEYV, and the clutch
controls the engine power transmission. Furthermore, in con-
trast with the P3 and P4 configurations, wherein the motor is
located at the output end of the gearbox, the P2.5 configura-
tion optimizes the working range of the motor by using part
of the variable speed ratio of the transmission. Moreover, this
configuration improves the power output efficiency, avoids
the need for a low-voltage motor to start the engine, generates
electricity, leads to a small vehicle jerk arising from the cou-
pled use of oil and electricity, and provides improved driving
comfort [8], [9]. Therefore, owing to its various advantages,
the P2.5 configuration based on a DCT has broad application
prospects and research significance.

The startup process, an important part of a vehicle’s
dynamic operation, has continually been a research focus and
has entailed difficulties in the driving processes of dynamic
vehicles [10]. Scholars worldwide have conducted extensive
research for improving the control quality of the pure electric
startup process. In past research, the pure electric startup pro-
cess was controlled according to the comfort and subjective
feelings of drivers and passengers [11]-[13]. These studies
mainly considered the comfort of drivers and passengers,
vehicle performance requirements, etc.; however, they did
not consider the vehicle jerk in slopes or the driver’s startup
intentions. In view of the foregoing problems, in [14], [15],
and [16], different environments and working conditions
were considered for vehicles during startup—specifically,
startup slopes of different types and sizes were considered.
In addition to the vehicle load and other factors, the value of
the slope was approximately determined via slope estimation
after movement, and subsequently, the startup torque was
modified according to different values of the slope to improve
the startup performance. However, problems such as sliding
backward and catapulting can easily arise during the period
from the vehicle movement to the calculation of the slope.
According to this observation, Yang et al. [17] analyzed
the slope and driver’s startup intention and applied initial
startup torques with and without pedal opening, respectively.
Although this approach can ensure that the vehicle does not
slide backward on a small uphill slope, the startup torque
cannot adapt to the influence of the slope change. When the
startup occurs on a small uphill or downhill slope, it can easily
cause evident catapulting or vehicle jerk, affecting the quality
of the startup process.

As indicated by the foregoing analysis, the current research
mainly focuses on improving the accuracy of slope estima-
tion, startup performance, and comfort of drivers and passen-
gers. In the current pure electric startup approach, the initial
torque of the motor is usually set under the condition that the
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maximum allowable slope does not lead to sliding backwards;
this leads to the problems of excessively large vehicle jerk in
small-slope startups and catapulting when the startup occurs
downhill. The optimal method is to set different initial torques
according to different slopes, but the vehicle is stationary
before startup; therefore, the slope cannot be estimated using
a dynamic method. However, it can be determined approx-
imately; for example, through slope estimation. The initial
torque is set according to the maximum allowable slope,
and the torque is adjusted according to the driver’s startup
intention. When the gradient changes, it cannot satisfy the
driver’s real startup demand.

In this study, a P2.5-PHEV equipped with a DCT is
employed to solve the aforementioned problems. The motor
is placed behind the clutch as there is no need to engage
the clutch during the pure electric startup process; therefore,
it is not necessary to consider the sliding friction work and/or
transmission efficiency corresponding to the clutch engage-
ment process. Thus, a pure electric startup control strategy
based on slope memory and startup intention recognition is
proposed. According to the last parking time before startup,
the slope value is calculated and stored in the controller.
When the vehicle starts, the slope value is read, and the startup
anti-slide backward torque is determined for the adaptive
slope. Simultaneously, by considering the driver’s startup
demand according to the accelerator pedal opening and its
change rate, the driver’s startup intention is identified. It can
be divided into three types: slow start, normal start, and
fast start. The corresponding pedal types for providing the
required torque during the startup process are soft pedal, lin-
ear pedal, and hard pedal, respectively. Targeting the degree
of vehicle jerk, the startup intention is combined with the
slope value to provide an adaptive compensation torque for
preventing catapulting and excessive vehicle jerk.

This paper is structured as follows. Section 1 discusses the
research background and progress in recent years, along with
the research content of the present paper. Section 2 intro-
duces the structure and working principle of the P2.5-PHPS.
In Section 3, we analyze the pure electric startup pro-
cess dynamics of the P2.5-PHPS and the evaluation index.
In Section 4, we establish a pure electric startup control
strategy for P2.5-PHPS that is based on the slope memory and
recognition of the driver’s startup intention. We summarize
and analyze the results in Section 5.

Il. MODELING OF P2.5-PHPS
A. P2.5-PHPS STRUCTURE AND PRINCIPLE
The research object of this study is a P2.5-PHPS equipped
with a DCT, and it comprises a P2.5-motor, an engine, a
wet DCT, a final drive, and other subsystems. A structural
diagram of the powertrain systems is shown in Fig. 1.

As shown in Fig. 1, the DCT has two input shafts in
a coaxial line; the first input shaft is nested in the hol-
low second input shaft. Further, the first input shaft is a solid
shaft and is connected to Clutch 1 (C1) through the splines.
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TABLE 1. Basic parameters of the vehicle.

Item Parameters Valve
Vehicle mass(Kg) 1580
Tire rolling radius(m) 0.308

Vehicle Windward area(m?) 2.226
Rolling resistance coefficient 0.015
Drag coefficient 0.31

P2 5mot Maximum torque(N.m) 172

~>rmotor Peak power(kW) 80

DCT 15/2™ gear to wheel end ratio(Engine) 13.95/7.466

1" gear to wheel end speed ratio(P2.5-motor) 8.245
2.5Motor can output the driving torque through the input shaft. When
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FIGURE 1. Structural diagram of the P2.5-PHPS equipped with a DCT.
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The 1%, 37, 5% and 7 driving gears are installed on input
shaft 1, and the 2™, 4th 6t and R driving gears are installed
on input shaft 2. The power source of the system comprises
an engine and a P2.5-motor. The engine is connected to
Clutch 1 (C1) and Clutch 2 (C2). The P2.5-motor is placed
behind the clutch and is integrated into the DCT. It is con-
nected to the second input shaft (even shaft) of the DCT
and can share the 2", 40 and 6™ gears. When C2 is used,
the engine can drive the vehicle alone, and the P2.5-motor
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C1 is used, the engine can not only drive the vehicle alone but
also output the driving torque through the second input shaft
together with the P2.5-motor.

By analyzing the structure of the P2.5-PHPS equipped
with a DCT, basic parameters of the vehicle were obtained,
as shown in Table 1.

B. P2.5-MOTOR CHARACTERISTIC MODEL

The power source of the P2.5-PHPS includes the engine and
the P2.5-motor. The pure electric drive (including the pure
electric startup and P2.5-motor) is used as a power source to
provide the torque required for the vehicle.

The P2.5-motor characteristic model is shown in Fig. 2.
Using the relevant experimental data of the P2.5-motor
obtained from a bench test, the relationships among the
torque, speed, and efficiency of the P2.5-motor were
determined through an interpolation method and are shown
in Fig. 2(a). The characteristic curves of the peak torque,
sustainable output torque, peak power, and sustainable output
power are presented in Fig. 2(b). As shown, for the majority of
the working area, the efficiency of the P2.5-motor was main-
tained in the range of 85%—90%, and the highest efficiency
was 96%.
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FIGURE 2. P2.5-motor characteristic model: (a) P2.5-motor efficiency model; (b) P2.5-motor

characteristic diagram.
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FIGURE 3. Simplified DCT system dynamics model based on the P2.5-PHPS.

1. DYNAMIC ANALYSIS AND EVALUATION INDEX (hollow shaft) and associated even-gear moment of inertia;
A. SIMPLIFIED KINETIC MODEL OF P2.5-PHPS I,;1 represents the moment of inertia of the driving part of
The structure of the P2.5-PHPS is novel and has rarely been intermediate shaft 1, its associated gear, and final drive 1; I,,

subjected to dynamic analyses. According to the structural represents the moment of inertia from the wheel end of the
diagram of the P2.5-PHPS equipped with DCT, the DCT can vehicle and is equal to that of the output shaft; i, represents

be simplified as a discrete system, and a simplified dynamic the transmission-speed ratio; i,, represents the speed ratio
model of the DCT under the P2.5-PHPS can be established, from the motor to shaft 3; k;, k,,, and ko represent the torsional
as shown in Fig. 3. With regard to the working principle and stiffness values of the engine, motor, and wheel vibration
kinematics, a DCT is equivalent to using two sets of tradi- damper, respectively; k. represents the torsional stiffness of
tional manual transmissions. The first transmission connects the C2 damper; ¢;, ¢y, and ¢ represent the rotational viscous
all the odd gears, and the second transmission connects all ~ damping coefficients of the engine, motor, and wheel damper,
the even gears. The output torque of the engine is transferred ~ respectively; ¢ represents the rotational viscous damping
to different input shafts through two clutches, thereby trans- coefficient of the C2 damper; T, represents the transmitting

mitting the torque to the transmission [18], [19]. When the torque of C2; and Ty represents the resistance torque of the
P2.5-motor outputs the driving torque, the clutch need not be vehicle.
combined, and the engine can choose to engage any clutch to
output the driving torque. B. DYNAMIC EQUATION

The input shaft and output shaft models can be simplified  During the startup process of the vehicle, the torque transmit-
to spring damper models, and the gears can be simplified to  ted by the power source is transmitted to the wheels through

lumped mass models [20]-[22], as shown in Fig. 3. the clutch, transmission, final drive, etc. Owing to the low
The following assumptions are made for the model: (a) the speed, only the rolling resistance, acceleration resistance, and
gap between the gear and the system is ignored; (b) each mod- slope resistance of the vehicle need to be considered. The
ule of the transmission system is embodied as a concentrated Speciﬁc vehicle dynamics expression is as follows:
mass; and (c) the effects of secondary factors (such as clutch
heat recession) are ignored. . du
In Fig. 3, I, represents the moment of inertia of the engine Ty=r- (mg sinf + mgf - cost) + om - E) /me, (D)
output shaft, including the rotating parts of the engine and
driving plate of C2; I,,, represents the equivalent moment of where m represents the vehicle mass, g represents the gravi-
inertia on the P2.5-motor output shaft, including the equiv- tational acceleration, f is the rolling resistance coefficient, &

alent moments of inertia corresponding to the P2.5-motor represents the climbing slope, r represents the wheel radius,
output shaft between the P2.5-motor rotor, P2.5-motor output v represents the speed, § represents the rotation mass conver-
shaft, and 2™ gear of transmission; I,,;; represents the driven sion factor of the wheel, and n; represents the transmission
plate damper of C2, which consists of the input shaft 2 efficiency.
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According to the moving state of the vehicle, the startup
process can be divided into two stages: (a) the vehicle remains
stationary and (b) the vehicle begins to move.

In the stationary phase, the entire vehicle is subjected to
the torque of the motor drive, braking torque, and resistance
torque. The pure electric startup dynamic equation for the
P2.5-PHPS in a stationary vehicle is as follows:

T — k(O — 01) — cm(wm — w1) — Tingas = In - O
Tngos - im — Tg — C;qu cwy = Igequ - g

Ty -ipr — Ty =1y - ax 2
Ty — ko(6p — Oy)+colwo—wy) — Tf —Tp =1, - WOy

Ty =Fp-r

At the beginning of the vehicle movement, the vehicle is
subject to the torque of the motor drive and resistance torque,
and the braking torque is zero. The pure electric startup
dynamic equation for the P2.5-PHPS at the beginning of the
vehicle movement is as follows:

T — k(O — 01) — cm(wm — w1) — ngZs =1y on
Tingos - im — Tg — C;qu cwg = I;qu . d)g

3)

Tg'iol_Tw: w @

Ty — ko(Bo — 6y) + co(wo — wy) — Tf =1, oy,

where T, represents the P2.5-motor output torque; Tj,g2s
represents the shaft 1 output torque; w, represents the
P2.5-motor angular speed; w; represents the shaft 1 output
angular speed; 8, and 61 represent the angular displacements
corresponding to w,, and wp, respectively; i, represents the
final drive speed ratio; T, represents the shaft 3 and final drive
pinion transmission torque; w, represents the axle 3 angular
speed; T,, represents the wheel transmission torque; wq rep-
resents the half-axle angular speed; w,, represents the wheel
angular speed; 6 and 6,, represent the angular displacements
corresponding to wg and w,,, respectively; T}, represents the
braking torque; and F}, represents the braking force.

In Equations (2) and (3), I;qu and C;q“ are the equivalent
moment of inertia and rotating viscous damping coefficient,
respectively [23], [24]. The results are given by Equation (4).

2

i .
I =T+ 2L Lyg + (I + L) - iy -
t
2 2 22
: : Iyl Mt Iy -l "Mt
Flo - 22y i 2l gy Dol
l4 16
2
l .
Gt = o 2t o (ot + C2) gy - “
t

i2 . i2 * Nt
2 2 2 2 ‘ol
+Cc2 . lm2 . l()] . nl + -

i
’% ) ’%1 T
ls

Here, I; represents the moment of inertia of the output
shaft, and i> and i4 represent the ratios of the 2nd gpd 4th gears
of the transmission, respectively.
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The relationships among the speed of transmission input
shaft 2, the intermediate shafts, the output shaft, and the
P2.5-motor are as follows:

Wy = W) - iy, O] = Wms2g * i2, Wps2g = Wg - io1. (5)

Here, i), represents the reduction ratio from the P2.5-motor
output shaft to the input shaft of the transmission.

quu is the magnification factor of the torque transferred
by C2 and corresponds to the transmission output shaft,
as follows:

ES =iy iy g1 - 1. (6)

C. EVALUATION INDEX FOR STARTUP PROCESS

In the startup process of a vehicle, most of the mechanical
energy output by the power source is converted into kinetic
energy, for example, into the sliding work of the driving and
driven plates of the clutch. The research object of this study
is a P2.5-PHPS, in which the P2.5-motor is placed behind the
clutch. The torque of the power source does not pass through
the clutch during pure electric startup; thus, it is unnecessary
to consider the friction work of the clutch.

The vehicle jerk of the vehicle affects the driving comfort,
and sliding backward during vehicle startup can seriously
affect the safety of the driver and passengers [25], [26].
In summary, the vehicle jerk degree and backward sliding
distance are used to evaluate the startup quality of the pure
electric startup process.

1) VEHICLE JERK

The vehicle jerk degree represents the change rate of the
vehicle’s longitudinal acceleration [27]. The magnitude of
this vehicle jerk can be expressed as follows:

A da 3 dTy
= T a T dr’

where § is the coefficient of the revolving mass changes,
ip represents the ratio of the 2" gear of the DCT, and 7,
represents the total efficiency of the vehicle transmission
system. Regarding the vehicle jerk degree, the recommended
value in Germany is 10 m/s>.

Im * 12+ Dol

S-m-r

)

2) DISTANCE OF SLIDING BACKWARD

The ““distance of sliding backward” refers to the distance
by which the vehicle slides backward when it starts on an
incline. Generally, to ensure the safety of the driver and the
surroundings of the vehicle, the distance of sliding backward
should be minimized.

IV. TYPICAL CONTROL STRATEGY AND ANALYSIS

A. TYPICAL CONTROL PROBLEMS

In the P2.5-PHPS, the P2.5-motor is placed behind the
clutch. The clutch does not need to be employed during pure
electric startup, similar to the case of mainstream pure EV
configurations.
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The vehicle startup process can be divided into two stages:
(a) the stationary stage and (b) the movement stage.

When the vehicle is in the stationary stage, its parameters
cannot be determined directly and quickly using the dynamic
equation; they can only be approximated via slope estimation
after motion. Therefore, the motor output torque is difficult
to control during the period from the beginning of vehicle
movement to the slope estimation. This can easily cause
problems such as sliding backward, evident catapulting, and
vehicle jerk, directly affecting the startup quality.

B. UPHILL STARTUP PROCESS

During a pure electric uphill startup, the vehicle is sub-
jected to motor torque, brake torque, slope, and vehicle mass.
Fig. 4 presents a torque variation diagram for the traditional
pure electric uphill startup process, where Ty, represents
the maximum braking torque, T, o represents the mini-
mum anti-sliding slope torque corresponding to the current
vehicle slope value, and Ty represents the sum of the resis-
tance torque at the wheel end of the vehicle.

A
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L e —
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/ \
/
0 —Fe———————— N
Lt — — - — — —

»
»
FIGURE 4. Torque variation for a typical electric uphill startup process.

to—t1: The vehicle is in an uphill parked state; the driver
steps on the brake and clutch pedals, puts the transmission
lever in position D, and prepares to start driving uphill.

t1—t>: In the control strategy for a typical pure electric
startup, according to the maximum allowable slope, the initial
anti-slide backward torque is set and maintained. At this time,
the driver does not release the brake pedal, and the braking
torque does not change.

to—t3: The brake pedal begins to relax, the brake torque
decreases, and the initial anti-slide backward torque is main-
tained. At this stage, to ensure a smooth start, it is necessary
to adjust the change rate of the driving torque according to the
change rate of the braking torque; that is, the driving torque
of the motor should be equal to the sum of the braking and
resistance torques.

t3—t4: When the driver releases the brake pedal and the
brake torque drops to zero, the motor torque only needs to
overcome the resistance torque. According to the driver’s
startup intention, the motor outputs the driving torque and its
change rate under the limit of the vehicle jerk degree and other
indicators, completing the uphill startup process.
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C. DOWNHILL STARTUP PROCESS

The difference between the pure electric downhill and uphill
startup processes is that in the former, the vehicle receives
torque (such as that due to slope and vehicle mass) as part
of the power for vehicle movement, rather than as resistance.
The torque variation diagram for a typical pure electric down-
hill startup process is shown in Fig. 5.
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FIGURE 5. Torque variation for a typical electric downhill startup process.

to—t1: The vehicle is in the downhill parked state; the driver
steps on the brake and clutch pedals, puts the transmission
lever in D, and prepares to start driving downbhill.

t1—tp: In the control strategy for a typical pure electric
startup, according to the maximum allowable slope, the initial
anti-slide backward torque is set and remains as such. At this
time, the driver does not release the brake pedal, and the
braking torque does not change.

tr—t3: The brake pedal is relaxed, the brake torque
decreases, and the initial anti-slide backward torque is main-
tained. At this stage, to ensure a smooth start, it is necessary
to adjust the change rate of the driving torque according to
the change rate of the braking torque; that is, the sum of the
motor torque and the torque due to the slope and vehicle mass
should be equal to the brake torque. When the motor torque
is less than zero, the vehicle is in the brake power generation
state.

t3—t4: When the driver releases the brake pedal and the
brake torque drops to zero, the motor torque starts to decrease,
and the motor outputs the driving torque at the later stage to
complete the downhill startup process.

D. TYPICAL CONTROL STRATEGY PROBLEMS

According to the analysis of the different stages of the pure
electric startup process, together with the typical control
strategies of a startup process, the following observations are
made.

1) To ensure that the vehicle does not slide backward dur-
ing the startup process, the initial anti-slide backward torque
is set according to the maximum allowable slope in the early
stationary stage of the vehicle. This strategy can effectively
prevent the vehicle from sliding backward before it starts to
move uphill. However, an excessive initial torque can easily
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cause evident catapults and vehicle jerk during startups on
small uphill and downhill slopes, respectively.

2) The initial torque is set according to the maximum
allowable slope. Under the assumption that the driver’s
startup intention is considered, the motor torque will be
adjusted accordingly, based on the typical startup strategy.
When the slope changes, the motor torque cannot effectively
adapt to the driver’s real startup demand.

V. CONTROL STRATEGY

A. FRAMEWORK OF STARTUP PROCESS

In view of the shortcomings of typical control strategies
related to the pure electric startup process, a pure electric
startup control strategy for a P2.5-PHPS equipped with a
DCT is proposed, which is based on the slope memory and
startup intention identification.

The pure electric startup control strategy considered in this
study is divided into four parts: 1) slope memory estimation;
2) initial torque setting based on slope memory; 3) startup
intention recognition based on driver operations; 4) torque
compensation based on the ramp slope and the driver’s startup
intention.

The control-strategy framework for the pure electric
startup process is shown in Fig. 6.

o Initial torque setting based on slope memory

B. INITIAL TORQUE SETTING

According to the latest parking time before startup, the value
of the slope is calculated and stored in the controller.
When the vehicle starts, the value of the slope is read and
called, and the initial startup anti-slide backward torque is
formulated for the adaptive slope.

Fimax_o = mgf - COS tmax + Mg - SIN Cmax

ﬂb . Tb_ max
r

(3)
Fp, =

Here, « represents the slope, B, represents the brake-pedal
opening, Fp max represents the maximum braking force, Fj
represents the braking force, and T} 4y represents the max-
imum braking torque.

The equilibrium equation for the critical point of the vehi-
cle motion is as follows:

F, 9

The slope angle ¢ is determined using Equations (8) and
(9), as follows:

= Fp +mgf - cosa +mg - sina.

. Ft max_a — Fb
o = arcsin — arctanf

mg - /1 +f?

(10)
¥ =tana

Stationary Movement Stationary Movement

I
I
Stage |
I
I
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Therefore, the value of the startup initial driving output
torque corresponds to the read climbing angle. The initial
driving torque value of the uphill output corresponds to the
slope angle, whereas the initial driving torque value of the
downhill output is zero. This approach can effectively prevent
backward sliding when the vehicle is started on an uphill
slope and avoid catapulting and evident vehicle jerk during
startup on small uphill and downhill slopes, respectively.

C. STARTUP INTENTION RECOGNITION

An accurate driver model is important for startup quality.
In this study, a multi-layer fuzzy control strategy is used to
simulate the driver’s startup experience and is transformed
into fuzzy control logic rules to accurately identify the
driver’s intention [28]-[31].

Suppose that the fuzzy language for an accelerator pedal
opening («) is {very small (VS), small (S), medium (M),
big (B), very big (VB)}, with the basic universe of [0, 1]; the
fuzzy language for the accelerator pedal opening change rate
(@) is {negative big (NB), negative middle (NM), negative
small (NS), zero (Z), positive small (PS), positive middle
(PM), positive big (PB)}, with the basic universe of [—1, 1];
and the fuzzy language for the startup intention (I) is {very
small (VS), small (S), medium (M), big (B), very big (VB)},
with the basic universe of [0, 1].

A fuzzy control strategy diagram for the driver’s startup
intention (considering the driver’s operation) is shown
in Fig. 7. According to the membership function of the inputs
and outputs of the fuzzy control, as well as the fuzzy control
rules, the fuzzy control surface is obtained.

| B M

NS V4 PS PM  PB]

-1 -0.6 -0.2 0.2 0.6 1
(a) Accelerator pedal opening change rate

B

0.8
0.6
0.2
0
0 0.2 0.4 0.6 0.8 1
(b) Accelerator pedal opening
B

0 0.2 0.4 0.6 0.8 1
(c) Driver's startup intention

D. TORQUE COMPENSATION

According to the driver’s operations, the driver’s startup
intention can be classified as one of three types: slow start,
normal start, and fast start. The accelerator pedal is classified
into three types: hard pedal, linear pedal, and soft pedal. The
hard pedal reflects the dynamic performance of the entire
vehicle, but the handling stability is poor under low loads. The
soft pedal enhances the economic performance of the vehicle,
but the acceleration is low under a strong startup intention; the
control effect of the linear pedal is intermediate. According
to the three different startup intentions, a control strategy is
formulated for the accelerator pedal: the hard pedal enables
a fast start, the soft pedal enables a slow start, and the linear
pedal enables a normal startup. This approach better reflects
the startup needs of the drivers.

The dynamic demand of the vehicle can be expressed
using the climbing slope of the vehicle. Therefore, different
dynamic curves of the vehicle are calculated according to
the power demands under different climbing slopes. The
vehicle’s economy is expressed through the driving motor
working in the high-efficiency range; thus, the vehicle econ-
omy curve is calculated in the high-efficiency range of the
driving motor. The different driving torques corresponding to
the motor speeds under different accelerator pedal opening
degrees are calculated. The relationships among the three
variables were determined using the interpolation method and
are presented in Fig. 8.

To ensure that the vehicular states under different
startup conditions can adequately follow the driver’s startup
demands, the identified driver’s intention is combined with

| |
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& |
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FIGURE 7. Fuzzy control strategy diagram of the driver’s startup intention.
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the slope to compensate for the torque during the startup
process under different startup conditions. A sudden change
in the driving torque significantly affects the smoothness of
the vehicle startup. Therefore, the maximum vehicle jerk
degree should be considered in the maximum compensation
torque [31].

. dv'  da R/
]: — = — = ——— D)y —

dt dt S-m-r dt an
j=<10

Therefore, to ensure ride comfort, the torque change rate
of the P2.5-motor should satisfy
S-m-r

i2‘im'77v

dTm/dtmax = jamx . (12)

S M \Y
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(a) Driver's startup intention

M B
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(b) Climbing angle

0.8 1

0.2

0.4 0.6
(c) Torque compensation

0.8 1

If the technical requirements of the P2.5-motor are con-
sidered, the theoretical response time is approximately
20 ms [33]. Combined with the specific parameters of the
research object in this study, the maximum torque compensa-
tion of the P2.5-motor within the motor response time under
the maximum vehicle jerk limit is approximately 15 N-m.
According to this result, a torque compensation strategy com-
bining the ramp data and the driver’s startup intention is
developed.

Suppose that the fuzzy language for the driver’s startup
intention (/) is {very small (VS), small (S), medium (M),
big (B), very big (VB)}, with the basic universe of [0, 1];
the fuzzy language of the climbing angle (/) is {very small
(VS), small (S), medium (M), big (B), very big (VB)}, with
the basic universe of [0, 1]; and the fuzzy language for
torque compensation (AT) is {very small (VS), small (S),
medium (M), big (B), very big (VB)}, with the basic universe
of [0, 1].

The fuzzy control strategy diagram for torque compensa-
tion combining the ramp data and the driver’s startup inten-
tion is shown in Fig. 9. According to the membership function
of the inputs and outputs of the fuzzy control and fuzzy
control rules, a fuzzy control surface is obtained.

VI. MODELING AND SIMULATION ANALYSIS
According to the analysis of the configuration and startup
process, together with the corresponding startup control strat-
egy, a pure electric startup model for a P2.5-PHPS equipped
with a DCT was established and simulated.

To ensure the accuracy of the control algorithms (e.g.,
torque compensation) under different startup intentions,
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FIGURE 9. Fuzzy control strategy diagram for torque compensation.
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FIGURE 10. Simulation of driver’s startup intention verification.

it was necessary to verify the recognition of the drivers’
startup intentions under different operations. By applying
step signals of 0% to 15%, 0% to 45%, and 0% to 80%
to the accelerator pedal opening, the change rate of the
accelerator pedal opening and driver’s startup intention
curves under different step signals were obtained, as shown
in Figs. 10(b) and 10(c), respectively. As shown in Fig. 10,
when the accelerator pedal opening changed in positive gra-
dient steps, the rate of change of the accelerator pedal opening
and the quantitative value of the driver’s startup intention
increased. The results indicate that the driver’s startup inten-
tion strategy can effectively track the changing trend of the
accelerator pedal opening and its change rate, providing a
basis for accurate torque compensation in combination with
the road condition information.

To compare and analyze the startup performance and effec-
tiveness of the control strategy under different startup inten-
tions and slopes, uphill and downhill startup conditions were
simulated and verified.

1) The maximum opening of the accelerator pedal was set
as 15%, the change rate of the fixed accelerator pedal opening
was 0.05, and the climbing angle was 5%. The simulation
results for the startup process are shown in Fig. 11.

A comparison of the motor-torque simulation results based
on this control strategy and a traditional typical control strat-
egy is shown in Fig. 11. As indicated by Fig. 11(a), in the
typical startup control strategy for 0-0.4 s, the initial startup
torque was applied, and the maximum initial slide backward
torque was reached at 0.4 s. The maximum vehicle jerk was
approximately 9.83 m/s>. In the proposed startup control
strategy, the slope value calculated and stored in the controller
at the last parking time was read during the startup, and
the initial startup anti-slide backward torque of the adap-
tive slope was formulated. It reached a maximum value of

VOLUME 9, 2021

approximately 70 N-m at approximately 0.2 s. At approx-
imately 1.47 s, the torque change rate of the P2.5-motor
corresponded to the change rate of the braking torque, and the
P2.5-motor was in the driving state. At approximately 1.50 s,
the braking torque was zero, and the output torque increased.
A comparison diagram of the distance of sliding backward for
the startup process is presented in Fig. 11(d). As shown, dur-
ing an uphill startup, the backward sliding can be effectively
prevented using both the typical method and the proposed
method. A speed comparison diagram for the startup process
is presented in Fig. 11(b). As shown, the torque compensation
strategy considering the combination of the ramp and the
driver’s startup intention increased more quickly after the
vehicle started to move and better reflected the driver’s startup
demand. A vehicle jerk comparison diagram for the startup
process is shown in Fig. 11(c). As shown, the maximum
vehicle jerk of the entire startup process was approximately
7.31 m/s>.

Based on the comparative analysis and the startup control
strategy, backward sliding can be effectively prevented during
an uphill startup. Moreover, the slope resistance moment is
small when the startup is conducted on a small uphill slope,
and the new method can prevent catapulting. The maximum
vehicle jerk of the entire startup process was 7.31 m/s>—an
effective reduction of 25.4%.

2) The maximum opening of the accelerator pedal was set
as 15%, the change rate of the fixed accelerator pedal opening
was 0.10, and the climbing angle was 15%. The simulation
results are shown in Fig. 12.

A comparison of the motor-torque simulation results for
the proposed control strategy and a typical control strategy is
presented in Fig. 12. As shown in Fig. 12(a), for the typical
startup control strategy, the initial startup torque was applied
from O to 0.4 s, and the maximum initial startup torque
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FIGURE 12. Comparison of the simulation results for downhill startup on a medium slope.

value was reached at 0.4 s. The maximum vehicle jerk was
approximately 9.83 m/s>. For the proposed startup control
strategy, the initial startup anti-slide backward torque for the
adaptive slope was zero (determined by reading the value
calculated and stored in the controller at the last parking
time). At approximately 1.4 s, the torque change rate of the

77054

P2.5-motor corresponded to the change rate of the braking
torque. At this time, the P2.5-motor was in the braking power
generation state. When the braking torque became zero at
approximately 1.5 s, the braking power generation torque of
the P2.5-motor decreased, and the driving torque was gradu-
ally output. A comparison diagram of the distance of sliding
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backward for the startup process is presented in Fig. 12(d).
The backward sliding can be effectively prevented during
a downhill startup using both the typical method and the
proposed method. The speeds of the startup processes were
compared, as shown in Fig. 12(b). In the torque compensation
strategy considering the ramp and the driver’s startup inten-
tion after the vehicle started to move, the speed increased
more slowly, better reflecting the driver’s startup demand.
A vehicle jerk comparison diagram for the startup process is
presented in Fig. 12(c). As shown, the maximum vehicle jerk
of the entire startup process was approximately 4.18 m/s>.

Compared with the typical startup strategy, the proposed
startup control strategy better reflected the advantages of
the vehicle and provided better startup quality in a down-
hill startup process. The maximum vehicle jerk of the
entire startup process was 4.18 m/s>—an effective reduction
of 57.5%.

3) The maximum opening of the accelerator pedal was set
as 80%, the rate of change of the fixed accelerator pedal
opening was 0.11, and the climbing angle was 25%. The
simulation results are shown in Fig. 13.

A comparison of the motor-torque simulation results for
the proposed control strategy and a typical control strategy
is shown in Fig. 13. As shown in Fig. 13(a), for the typical
startup control strategy, the initial startup torque was applied
from O to 0.4 s, and the maximum initial startup torque
value was reached at 0.4 s. The maximum vehicle jerk was
approximately 9.83 m/s>. For the proposed startup control
strategy, the slope value calculated and stored in the controller
at the last parking time was read during startup, and the
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initial startup anti-slide backward torque of the adaptive slope
was determined. It reached a maximum value of approxi-
mately 0.5 s, that is, approximately 220 N-m. At approx-
imately 1.47 s, the torque change rate of the P2.5-motor
corresponded to the change rate of the braking torque, and
the P2.5-motor was in the driving state. At approximately
1.50 s, the braking torque was zero, and the output torque
increased. A comparison diagram of the distance of sliding
backward for the startup process is presented in Fig. 13(d).
The backward sliding can be effectively prevented during an
uphill startup using both the typical method and the proposed
method. A speed comparison diagram for the startup process
is presented in Fig. 13(b). As shown, the torque compensation
strategy combining the ramp and the driver’s startup intention
increased more quickly after the vehicle started to move
and better reflected the driver’s startup demand. A vehicle
jerk comparison diagram for the startup process is shown
in Fig. 13(c). As shown, the maximum vehicle jerk of the
entire startup process was approximately 7.51 m/s>.

In contrast with the typical startup strategy, the maximum
initial torque corresponding to the maximum climbing angle
is applied in the stationary stage of the vehicle. The new
method can effectively reduce the vehicle jerk by limiting the
change rate of the driving torque. The maximum vehicle jerk
degree was 7.51 m/s>—an effective reduction of 23.6%.

VIi. CONCLUSION

1) For a P2.5-PHPS equipped with a DCT, control strate-
gies for a typical pure electric startup process are analyzed
in several stages. The current pure electric startup strategy,
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which employs a slope-memory strategy to set the initial anti-
slide backward torque, is proposed to estimate and store the
slope during the vehicle movement before parking. This can
not only prevent the vehicle from sliding backward when it
starts on an uphill slope but also avoid catapulting and evident
vehicle jerk when it starts on small uphill and downhill slopes,
respectively.

2) Targeting the shortcomings of a typical pure electric
startup control strategy, a pure electric startup control strategy
based on slope memory and recognition of the driver’s startup
intention is proposed. According to the last parking time
before startup, the slope value is calculated and stored in the
controller. When the vehicle starts the next time, the slope
value is read, and the startup initial anti-slide backward torque
for the adaptive slope is formulated. Simultaneously, with the
vehicle jerk degree regarded as the target (and with consid-
eration of the driver’s startup intention and the slope value),
an adaptive compensation torque is provided to prevent cata-
pulting and evident vehicle jerk.

3) Simulation results indicated that the driver’s operation
can be accurately identified by establishing a driver’s startup
intention strategy and that a pure electric startup control strat-
egy based on slope memory and recognition of the driver’s
startup intention can prevent a vehicle from sliding backward
and catapulting. Such a strategy can also reduce the vehicle
jerk and provide better startup quality than the typical startup
control strategy.

4) This study was based on a P2.5-PHPS equipped with a
DCT. For other hybrid power systems, similar studies can be
conducted with consideration of the driver’s startup intention
and the slope value for evaluating the adaptability of this
method to different vehicles.
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