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Abstract: Driving mode switches of hybrid vehicles are significant events. Due to the different
dynamic characteristics of the engine, motor, and wet clutch, it is difficult to coordinate torque
fluctuations caused by mode switches. This paper focused on a control strategy for driving mode
switches of plug-in hybrid electric vehicles (PHEVs) with a multi-disk wet clutch. First, the dynamic
model of the PHEV was established, and a rule-based control strategy was proposed to divide
the working mode regions and distribute the torque between engine and motor. Second, the dual
fuzzy control strategy for a wet clutch and the coordinated torque control strategy for driving mode
switches were proposed. The dual fuzzy logic control system consisted of the initial pulse-width
modulation (PWM)'’s duty cycle control and the changing rate of the PWM’s duty cycle control.
Considering the difference in the dynamic characteristics between engine, motor, and wet clutch,
a coordinated control strategy for the driving mode switches of PHEVs was put forward. Third,
simulations of driving mode switches between pure electric driving mode and only engine driving
mode were conducted. The results showed that the proposed control strategy could reduce the torque
ripple and the jerk of the vehicle, completely satisfying the requirements of China. Finally, the control
strategy for the motor-assisted engine starting process was tested on the bench. The experiment
results indicated that the proposed control strategy was effective.

Keywords: plug-in hybrid electric vehicle; driving mode switch; energy management; control strategy

1. Introduction

The energy crisis and environmental pollution are becoming more and more serious. The energy
demand from road traffic is increasingly growing, and the emissions due to road traffic are almost
always an important fraction of the total emissions of a territory [1,2]. In this context, plug-in
hybrid electric vehicles (PHEVs) have attracted significant research attention because they assume
an essential role in decreasing fuel consumption and reducing pollutant emissions [3-5]. Plug-in
hybrid electric vehicles have two core control problems: energy management in the steady state
process and coordinated torque control in the dynamic process. With the development of intelligent
transportation and intelligent network vehicle technology, such as vision and LIDAR [6], vehicle
trajectory prediction [7], driving cognition [8], and V2X technology [9], the first problem will be solved
very well. At that time, the second problem will become the key factor restricting the development of
plug-in hybrid electric vehicles. PHEVs have many driving modes such as pure electrical driving mode
(Ev-mode), only engine driving mode (Eng-mode), hybrid driving mode (Hev-mode), and charging
mode (Char-mode). Due to the different dynamic characteristics of the engine, motor, and wet clutch,
driving mode switches from one to another cause torque fluctuations, which deteriorate the riding

Sustainability 2018, 10, 4237; doi:10.3390/su10114237 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-6968-0479
https://orcid.org/0000-0001-9961-8756
http://www.mdpi.com/2071-1050/10/11/4237?type=check_update&version=1
http://dx.doi.org/10.3390/su10114237
http://www.mdpi.com/journal/sustainability

Sustainability 2018, 10, 4237 2 of 19

comfort. Therefore, it is necessary to control the dynamic process of driving mode switches effectively
to reach a coordinated work state between engine, motor, and clutch [10-12].

Many studies have been conducted about mode switching control problems. Tong et al. [13,14]
defined the coordinated control issue of mode switching for the first time, and proposed a coordinated
torque control strategy for “the engine torque open-loop control, dynamic engine torque estimation,
and motor torque compensation”. The Toyota hybrid system (THS), which adopts planetary gear sets,
uses the motor to compensate torque difference after calculating the engine’s torque. This system
can eliminate torque ripple during mode switching [15,16]. Yang et al. [17,18] designed two adaptive
controllers to make the motor implement the demand torque and compensate the diesel engine error
torque. Su et al. [19] established the engine torque estimation (ETE) model. Then, a motor torque
compensation control based on the engine ripple torque estimation was developed. The above research
studies consider the difference of the dynamic response characteristic between the engine and motor,
and use the motor to compensate the engine torque. However, the role of the clutch during the mode
switching process has been neglected.

Several research works have taken the clutch dynamic characteristic into account when designing
a torque coordination control strategy. Minh and Rashid [20] and Beck et al. [21] applied two model
predictive controllers (MPCs) to regulate the speeds and torques for fast clutch engagement when
HEV-mode switches. Sun et al. proposed a novel torque coordination control strategy for a single-shaft
parallel HEV based on only one model predictive controller (MPC), and the clutch torque is used as an
optimized variable in MPC [22]. Wang et al. proposed a novel mode switch control strategy based
on an MPC algorithm to control the immediate torques of the engine, the motor, and the automatic
clutch [23]. In the above works, the MPC algorithm was used to regulate speeds or torques of the
engine, motor, or clutch. However, the above coordinated control strategies based on MPC are hard to
apply to real-time control because of the computation burden.

From the above analysis, the authors knew that it was necessary to conduct research on a real-time
control strategy for mode switches while considering the clutch dynamic characteristic. In this paper, a new
type of PHEV with a multi-disk wet clutch was taken as the research object; the torque coordination
control during the braking mode switch for this vehicle has been completed by Yang et al. [24]. This
paper focused on the real time control strategy for the driving mode switches of this vehicle. First,
the dynamic model of the PHEV was established, and a rule-based control strategy was proposed to
divide the working mode regions and distribute the torque between engine and motor. Then, the dual
fuzzy control strategy for a wet clutch and the coordinated torque control strategy for driving mode
switches were proposed. Finally, to verify the proposed control strategy, the simulations and bench
test were conducted.

The outline of this paper is as follows. The structure and dynamic models of the driving system
are analyzed in Section 2. The torque distribution strategy is provided in Section 3. The control strategy
for driving mode switches is proposed in Section 4. The simulation and bench test results are presented
in Section 5. Finally, the conclusions are discussed in Section 6.

2. Structure and Dynamic Model of the Driving System

2.1. PHEV Structure

This study focused on a single-shaft parallel plug-in hybrid electric vehicle. The PHEV’s
powertrain and driveline systems are shown in Figure 1. These systems include a gasoline engine,
an integrated starter and generator motor (ISG motor), a lithium-ion battery pack, a multi-disk wet
clutch, an electro-hydraulic proportional valve (EPV), a continuously variable transmission (CVT),
and an electric oil pump. The vehicle works in different modes by controlling the state of the engine,
the ISG motor, and the wet clutch. The clutch control unit regulates the wet clutch’s oil pressure by
controlling the EPV’s pulse-width modulation (PWM) duty cycle. The electric oil pump provides oil to
the wet clutch and the CVT.
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Figure 1. The plug-in hybrid electric vehicle (PHEV)’s powertrain and driveline systems.

2.2. Dynamic Model of the Driving System

2.2.1. Driving System Model

The simplified drive system is depicted in Figure 2, where Te, Ty, Tcy, Tjoaq, and T, ¢ represent the
engine torque, the motor torque, the clutch torque, the vehicle load torque, and the engine dragging
torque, respectively; w, and w;, are the angular speed of engine and the ISG motor, respectively,
whereas |, and [, denote the equivalent engine rotary inertia and the equivalent vehicle rotary
inertia, respectively.

The driving system may operate under one of the following driving modes: (1) Ev-mode,
(2) Eng-mode, (3) Hev-mode, and (4) Char-mode.

Mode 1. Ev-mode

When the required torque or the vehicle’s velocity is low, the vehicle generally works in Ev-mode.
Only the ISG motor provides the power.

]vehwm =Ty — Tload
T, =0 (1)
T, =0

Mode 2. Motor-assisted engine starting

When the vehicle’s driving mode is changed from Ev-mode to Eng-mode, Hev-mode, or Char-mode,
the engine must be started. The wet clutch must be engaged during this process. To describe the
model switching process more clearly, the clutch engagement process is divided into four stages:
(1) Clutch free travel stage; (2) Clutch sliding stage; (3) Speed synchronization stage; and (4) Completely
locked stage.

(1) Clutch free travel stage

At this stage, the clutch is not contacted, so the engine speed is zero. This stage can be represented
by the following equation:

Iveha)m =Tu — Tloud' (2)
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Clutch sliding stage

At this stage, the clutch begins to contact, it begins to transfer torque. When the clutch torque
is less than the engine dragging torque, the engine speed is zero; and when the clutch torque
is greater than the engine dragging torque, the engine speed will increase. This stage can be
expressed by the following equation:

®)

]vehwm =Tm — Tt — Tioaa )
Jewe = Toy — Tef

(Speed synchronization stage

At this stage, the engine has been started, and the engine control unit adjusts the engine speed

until |wy, — we| < 5 rad/s. This stage can be represented by the following equation:

Joeh@m = Ton — Tep — Tioaa 4)
Jewe = Te + Ty

Completely locked stage

At this stage, engine speed regulation has been completed, the engine speed and the motor speed
have reached synchronization, and the engine has begun to provide torque for the power system.
During this stage, the clutch needs rapid combination. This stage can be represented by the
following equation:

©)

(Je + Joen)wm = Tou + Te
We = Wi '

Figure 2. The simplified drive system.

Generally, the engine dragging torque is a function of engine speed, but it is greatly affected

by temperature. The engine dragging torque was obtained from the bench test system, shown in

Figure 3. This system mainly includes the engine, the frequency conversion motor (FC-motor),
and the speed-torque sensor (ST-sensor). The engine is dragged by the FC-motor, and the ST-sensor
is used to test the engine’s dragging torque and engine speed. The following were selected as testing
temperatures: —20 °C, —15 °C, —10 °C, =5 °C, 0 °C, 5 °C, 10 °C, 15 °C, 20 °C, and 25 °C. At each
testing temperature, the engine running was dragged at 200 r/min, 400 r/min 600 r/min, 800 r/min,
1000 r/min, and 1200 r/min, respectively. Then, the engine’s dragging torque was tested at each testing
temperature and running speed. Finally, the map of the engine’s dragging torque was obtained, as is

shown in Figure 4.

Rotating speed and Frequency
torque sensor conversion motor

Engine

Figure 3. The engine dragging torque’s bench test system.
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Engine speed [r/min] Engine temperature [°C]

Figure 4. The engine dragging torque.

2.2.2. Clutch Model

The clutch’s engagement process has great influence on the mode switching. To achieve good
clutch control, a hydraulic clutch system controlled by an electro-hydraulic proportional valve (EPV)
was designed. This hydraulic system is shown in Figure 5. This system mainly consists of an EPV,
one-way valves, sensors, an accumulator, a relief valve, an auxiliary motor, and a controller. The controller
regulates the average current of the EPV by controlling the duty cycle of the PWM, thus achieving an
accurate, continuous, and linear control of the clutch oil pressure.

Wet clutch
ittt O Pressure sensor
: No%
o Accumulator \ - Electro-hydraulic
L TIT proportional valve
L= R
= O
Controller ~O” One-way valve
Relief valve |

. Auxiliary motor

I | 0il box

Figure 5. The hydraulic clutch system diagram controlled by an electro-hydraulic proportional valve (EPV).
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The structure diagram of the EPV is shown in Figure 6. When the proportional solenoid is
electrified, the spool moves to the right, and the outlet valve opens to the maximum opening position.
With the increase of load, the outlet pressure of the EPV increases. The outlet pressure acts on the right
end of the valve core through the feedback channel. When the load is small, the outlet pressure is
lower than the setting pressure, which is set by the output force of the plunger (F,), then, the opening
of the outlet valve does not change. When the output pressure exceeds the setting pressure, the spool
moves to the left under the action of pressure difference, and the outlet valve’s opening is reduced.
This ensures that the outlet pressure (P,) remains unchanged and is proportional to the average current
of the proportional solenoid.

Plunger Inlet

proportional solenoid P P2a
ﬁ Outlet

Spool —

V|

Fo
L -~
u T
Ll
Figure 6. The structure diagram of the EPV.
The force balance equation of the spool is expressed as follows:
d*x dx
Fb_PZA:Mﬁ+(BU+Bt>E +K1(X+X0)+st, 6)

where F, is the output force of the plunger, P, is the outlet pressure, A is the feedback area of the outlet
pressure, M is the quality of the spool, x is the displacement of the spool, x is the pre-compression of
the spool, K; is the stiffness of the spring, K; is the hydrodynamic elastic stiffness, By is the viscous
damping coefficient of the spool, and B; is the transient hydrodynamic damping coefficient.

The equation of the proportional solenoid is as follows:

Fb:K2'i/ (7)

where Kj is the current/force gain coefficient of the proportional solenoid and i is the input current of
the proportional solenoid.
The equation for the relationship of EPV’s outlet flow and outlet pressure is as follows:

Q=Cyw-x 2(191—132), ®)

where P is the inlet pressure, w is the gradient of the valve port’s area, C; is the flow coefficient of the
valve port, and p is the fluid density.
After linearization, the following can be expressed:

AQ = Ky - Ax+ K, - AP, ©)

where K; is the flow’s gain coefficient, K; = Cy/(Pa1 — Paz); K, is the pressure’s gain coefficient,
Ky =05x4C/+/ (Pg1 — Paz); C = Cyw \/%; x 4 is the displacement of the spool’s stable working point;
and P41 and Py, are the pressure value of the spool’s stable working point, respectively.
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According to the continuity equation of flow, when the load flow is zero, then the following can

be expressed:
\% sz . dx

A=Fr A

where V is the total volume of liquid in the controlled chamber of the outlet and E is the bulk modulus

(10)

of oil.
According to Equations (9) and (10),
v sz dx
————-A— =K;-Ax+K,-AP. 11
E dt ar — ATy an
Subsequent to the application of the Laplace transform to Equations (6), (7), and (11), respectively,
the following is obtained:

Fy(s) = APy(s) + (Ms? + Bys + Bss + Ky + Ks) X(S)
Fb(S) = KzI(S) . (12)
FsPy(S) — AsX(S) = KX (S) + K, P (S)

The transfer function of the EPV is expressed as follows:

P (S) _ Ky(As +Ky) (13)
I(S) ¥ Ms3+[MK,+ (B, + B) ¥1s2 + [(Bo + Br)Kp + A2 + (K1 + Ks) ¥ s + Kp(Ky + Ks) + AK,

3. Torque Distribution Strategy

The plug-in hybrid electric vehicle has many different kinds of working modes, so it is necessary
to divide the working mode into different regions [25,26]. A rule-based control strategy for this PHEV
is proposed. The working region was divided for optimal system efficiency, as is shown in Figure 7.
In the figure, n is the engine launch speed limit, T; is the upper limit torque when only electric driving,
T, is the lower limit torque when only engine driving T3 is the upper limit torque when only engine
driving, 1y is the optimized set speed, and SOCpjy is the lower limit of discharge. Ty, is the required
torque. According to Figure 6, the judgment conditions of each driving mode and the target torques
are shown in Tables 1 and 2, respectively.
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o
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Figure 7. The division of the PHEV’s working region.
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Table 1. Judgment conditions of driving mode.

Driving Modes Judgment Condition
Ev-mode n < ng||[Treq(n) < Ti(n) & SOC > SOCppin]

i n < ny & Ty(n) < Treq(n) < Tz(n)|| A
Eng-mode n>ny& n>m & Ton) < Tyeq(n) < T3(n) & SOC > SOCpin
Hev-mode n > ng & Treg(n) > T3(n) & SOC > SOCpin
Char-mode n>ng& [n>ny & T(n) < Treg(n) < Tr(n)]||SOC < SOCpin

Table 2. Target torques of the engine and motor.

Driving Modes Engine’s Target Torque Motor’s Target Torque
Ev-mode T.=0 T = Treq
Eng-mode Te = Treq Ty =0

a1 : Te = Te_opt, if Treqg < Te_opt + Tin_max a1 : Ty = Treqg — T
Hev-mode P 7~ eop - q
{ ar: T, = Treq — Tin_max, if Treq > Teiopt + Tin_max « : Ty = Tiy_max
T = Treg — T, if Tyeg + T, < T B1:Tm=T,
Char-mode ‘Bl ¢ req m_chars o req m_char e_opt { 1:-4m m_char
{ B2:Te = Te_opt/ if Treq = To_char > Te_opt B2:Tm = Te_opt - Treq

As is shown in Table 1, the motor speed, the battery’s state of charge (SOC) and the required
torque are the boundary conditions of mode switching. When the motor speed, battery’s SOC and
required torque meet a certain operating mode area, the hybrid system will switch from the current
operating mode to the selected operating mode.

According to the required torque, the operating mode, and the structure of the hybrid system,
the target torque of the engine and the motor in different operating modes can be obtained. The details
are shown in the Table 2. T, o is the corresponding torque of the engine’s optimal operation point,
Tin_max is the maximum torque of motor, and T, ., is the vehicle’s charging torque.

4. Control Strategy for Driving Mode Switches

In the process of driving mode switching, it is difficult to control the engine because of its
long response time and non-linearity compared with the motor. When the Ev-mode is switched to
Eng-mode, Hev-mode, or Char-mode, the motor must start the engine. The combustion is unstable
at the initial stage of the engine ignition, resulting in a large fluctuation of engine torque. Thus,
the torque of the hybrid system changes dramatically, and then transfers this to the whole vehicle,
affecting the vehicle’s ride comfort [27,28]. Therefore, it is necessary to coordinate the torque of the
engine, the motor, and the wet clutch. The whole process of mode switching is illustrated in Figure 8.
The driver’s driving intention is recognized according to the signals from the accelerator pedal and the
braking pedal, after which the required torque of the vehicle is obtained. The engine’s and motor’s
target torques will be obtained by the torque distribution strategy. The target working mode will be
confirmed according to the required torque, SOC of battery, and vehicle’s velocity. The mode switch
is judged by comparing the current working mode with the target one. If the mode switch occurs,
the coordinated torque control strategy is adopted to control the engine, the motor, and the wet clutch.
After the coordinated control process is finished, the working mode will be updated and the mode
switch process is finished.
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Figure 8. The flowchart of the driving mode switch control.

4.1. Control of the Wet Clutch

The plug-in hybrid power system must start the engine quickly by engaging the clutch during
the process of the motor starting the engine. In this process, part of the motor torque is used to drive
the normal running of the vehicle, and part of the motor torque is provided to drag the engine by
the sliding torque of the wet multi-plate clutch. During this process, the motor torque and clutch
torque should be coordinated to ensure that the engine starting process will not cause excessive
torque fluctuation.

In this process, the clutch torque can be calculated by [11]:

2
T = Zsgn(an — 0 )zARPaRy, (14

where T is the clutch torque, P, is the clutch pressure, w;, and w, are the speed of the motor and
engine, respectively, y is the friction factor, z is the friction pair’s number, Ap is the area of friction
plate, and Ry, is the clutch plate’s effective radius.

The clutch’s oil pressure is controlled by the EPV. The average current of the EPV’s proportional
solenoid can be calculated by [29]:

Uy (1 _ e—TD/T) [1 + e—T(l—D)/T:|

[=—-2 )
2R} 1—e T/t

(15)

where D is the PWM’s duty cycle, T is the PWM's period, U is the steady voltage, Ry is the equivalent
resistance of the proportional solenoid, and 7 is the time constant of the EPV.

According to Equation (14), the clutch torque is a function of the engaging oil pressure, which
is actually the outlet pressure of the EPV. When the spool of the EPV is in equilibrium state,
the outlet pressure of the EPV is proportional to the average current of the proportional solenoid [30].
According to Equation (15), after keeping the PWM'’s period (T) unchanged, the average current of
the proportional solenoid is proportional to the PWM'’s duty cycle (D), and when the PWM'’s duty
cycle (D) varies from 0 to 100%, the average current of the proportional solenoid is changed from 0 to
the steady current (2UTOL)' Therefore, the wet clutch’s torque control is converted into the control of the
PWM'’s duty cycle (D).

In the process of controlling the clutch engagement, the control of the initial PWM’s duty cycle
(Dp) and the changing rate of the PWM’s duty cycle (AD) in sliding stage are the most important,
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which has a great influence on the engagement performance of the wet clutch. The PWM’s duty cycle
of the EPV is controlled through a fuzzy logic control.

A. The fuzzy control of the initial PWM'’s duty cycle.

When the clutch controller receives the engagement instruction, the controller outputs the initial
PWM'’s duty cycle Dy to the proportional solenoid, the spool moves, the outlet valve opens, and the
clutch’s oil pressure rises rapidly to build the initial oil pressure. At the same time, the increment of
the initial PWM'’s duty cycle ADy is calculated according to the accelerator pedal’s opening a and the
change rate of the accelerator pedal’s opening «. Then, the initial PWM'’s duty cycle can be obtained
by the following:

D; = Dy + AD. (16)

Fuzzy control is applied to calculate the increment of the PWM’s duty cycle ADy. « and « are
selected as the inputs of the fuzzy controller, ADj is selected as the output of the fuzzy controller. All of
the parameters of «, &, and ADy are divided into seven fuzzy language sets: VS (very small), S (small),
MS (minor small), M (medium), MB (middle big), B (big), and VB (very big). The fuzzy logic control
rule of the increment of the initial PWM'’s duty cycle ADy is shown in Table 3. When the driver steps
on the accelerator pedal deeply and quickly, the increment of the initial PWM’s duty cycle ADy must
be increased to meet the requirement for strong power. When the driver steps on the accelerator pedal
slowly, the increment of the initial PWM'’s duty cycle ADy must be declined to meet the ride comfort.

Table 3. Fuzzy control rule of the increment of the initial pulse-width modulation (PWM)’s duty cycle.

AD, *
Vs S MS M MB B VB
'] VS VS S S MS M M
S S S MS M M MB
MS S S MS M M MB MB
P M S MS M M MB MB B
MB MS M M MB MB B B
B M M MB MB B B B
VB M MB MB B B VB VB

B. The fuzzy control of the PWM’s duty cycle changing rate in sliding stage.

After the initial PWM'’s duty cycle reaches the target value, the wet clutch establishes its initial oil
pressure. The main and driven plates of the clutch start contacting, sliding, and transmitting torque.
During the sliding stage, the driver’s intention and the degree of the clutch’s engagement should be
determined, and the fuzzy control is used to set the appropriate changing rate of the PWM’s duty cycle.

The change rate of the accelerator pedal’s opening a and the speed difference of the clutch plate
|Aw| are selected as this fuzzy controller’s inputs, whereas the output of the fuzzy controller is the
changing rate of the PWM'’s duty cycle. &, |Aw| and AD are also divided into seven fuzzy language
sets: VS, S, MS, M, MB, B, and VB. The fuzzy rules of the changing rate of the PWM’s duty cycle AD
are shown in Table 4. In the sliding stage, when the accelerator pedal is stepped on quickly, the driver
wants to complete the mode switching process as fast as possible, so the changing rate of the PWM'’s
duty cycle should be increased quickly. If the driver steps on the accelerator pedal slowly, the comfort
should be fully considered; thus, the PWM’s duty cycle should be increased slowly. If |Aw]| is large,
which indicates that the clutch engagement degree is low, then AD should be declined to meet the ride
comfort; if |Aw| is small, which means that the clutch engagement degree is high and the clutch oil
pressure is high, then AD should be increased to reduce the sliding friction work as much as possible.
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Table 4. Fuzzy rules of the PWM'’s duty cycle changing rate.

) IAwl
AD VS S MS M MB B VB
VS M MS S S VS VS VS
S MS M MS S S VS VS
MS B MB M MS S S VS
i M B B MB M MS S S
MB VB B B MB M MS S
B VB VB B B MB M MS
VB VB VB VB B B MB M

The integrated fuzzy control system of the PWM’s duty cycle control of the EPV is shown in
Figure 9. As shown, the wet clutch’s oil pressure is controlled by regulating the EPV’s duty cycle
through the dual fuzzy control.

o EPV
—® Fuzzy control of the - F iP T
. increment of PWM’s > The prop orfuonal ’»! The spool = The clutch -y
a solenoid P :
2, duty cycle i
|Ac

»| Fuzzy control of the
PWM’s duty cycle
o changing rate in
sliding stage

Figure 9. The integrated fuzzy control system of the PWM'’s duty cycle control.

4.2. Driving Mode Switch’s Control Strategy

The driving mode switch can be divided into two types: the mode switch with clutch engagement
and the mode switch without clutch engagement. The first type takes place mainly while the Ev-mode
is switched to Eng-mode, Hev-mode, or Char-mode. This type of mode switch requires motor-assisted
engine starting. During the motor-assisted engine starting process, to achieve continuous control of the
clutch oil pressure, to ensure that the clutch is engaged rapidly and smoothly, and to take advantage of
the fast response characteristic of the motor, the dual fuzzy control strategy for a wet clutch and the
coordinated torque control strategy are combined to control the clutch’s oil pressure and the motor’s
torque. Taking the switching from Ev-mode to Eng-mode as an example, the combined control strategy
for motor-assisted engine starting is shown in Figure 10. The combined control strategy for the switch
from Ev-mode to Eng-mode- can be divided into four stages.

The first stage: the whole vehicle runs in Ev-mode, the engine is closed, the clutch is separated,
and only the motor provides the normal driving torque of the vehicle:

Tm — Treq. (17)

The second stage: the vehicle control unit (VCU) sends out the mode switch command, and the
clutch begins to engage. The engagement oil pressure is controlled by regulating the PWM’s duty cycle
through the above fuzzy control system. At this time, the motor must not only provide the torque to
run the vehicle, but also must provide the clutch torque to start the engine:

Ty = min(Treg + Tep, Tin_max)- (18)

The third stage: when the engine speed is equal to the motor speed, the engine is ignited. Since the
output torque of the ignition engine is not stable, it is necessary to use the motor to obtain torque

compensation:
Te = Te_act
- . 19
{Tm:Treq_Te ( )
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The fourth stage: when the absolute value |AT| of the difference between the engine torque and
the engine target torque is within the allowable range 6Ty, the clutch is locked, the motor is closed,
the vehicle is driven by the engine alone, and the mode switching ends:

Ty = Treg
Ty =0 . (20)
| Te = Treq| < 0Treg

The type of the mode switch without clutch engagement takes place mainly while the Eng-mode,
Hev-mode or Char-mode is switched to Ev-mode, or the mode switches between Eng-mode, Hev-mode,
and Char-mode. The torque coordinated control strategy for this type of mode switch is that the torque
changing rate of the engine is controlled and the motor provides torque compensation. Taking the
switching from Eng-mode to Ev-mode as an example, the torque coordination control strategy for the
clutch separation process is shown in Figure 11.

v
Ev-mode 4@
Yes
Swicth flag=1
+€

Clutch engagement
Torque coordination 1 G
Yes
¢€

Engine torque increase
Torque coordination 2

Clutch locking
v

‘ Eng-mode ‘

Figure 10. The control flow from Ev-mode to Eng-mode.

No

[ Engmode | Niads s~

es
& No

‘ Motor starting
Yes

Engine torque reduction and
motor torque increase
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Figure 11. The control flow from Eng-mode to Ev-mode.
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The torque coordinated control strategy for this switch can be divided into three stages.
The first stage: the whole vehicle runs in Eng-mode, the motor is closed, the clutch is locked,
and only the engine provides the driving torque of the vehicle:

Te = Treq- (21)

The second stage: at the beginning of mode switching, the motor control unit (MCU) receives
the instructions from the vehicle controller, and the motor starts. The motor gradually increases the
torque while the engine gradually decreases the torque, and the torque decreasing rate of the engine
is controlled:

{ Te_tur = Te_req + f kedt , (22)
Tm = Treq - Te?act

where T, e, is the engine torque before change, T, _t,r is the target engine torque after changing rate
control, k. is the changing rate of the engine torque, and T, ,,,; is the engine’s actual output torque.

The third stage: when the absolute value |AT| of the difference between the motor torque and the
motor target torque is within the allowable range 6Ty, the engine shuts down and the clutch separates
quickly. The motor alone drives the vehicle. The mode switching ends.

5. Simulation and Test

To verify the effectiveness of the proposed control strategy, the simulation was carried out in
MATLAB/Simulink, and the test was also implemented on the plug-in hybrid system’s test bench.
All parameters of the studied PHEV are listed in Table 5. The mode switch had an impact on the
vehicle’s ride comfort. This impact can be measured by jerk, which can be obtained by taking the

derivative of acceleration.
da  d?*v

]:

Table 5. Parameters of the PHEV.

Components Parameters Value
Vehicle weight 1395 kg
Front face area 2.265 m?
Vehicle Air resistance coefficient 0.301
Radius of the wheel 0.307 m
Coefficient of rolling resistance 0.0135
Eneine Peak power 90 kW
& Maximum torque 155 Nm
Peak power 30 kW
ISG motor Maximum torque 113 Nm
Capacity 30 Ah
Rated voltage 316 V
Battery Initial SOC 0.95
Minimum SOC 0.25
CVT Speed ratio 0.422-2.432
The final driver Speed ratio 5.24

5.1. Simulation Analysis

The motor-assisted engine starting process includes not only the clutch engagement control, but
also the engine and motor torque coordination control. It is the most important and complicated mode
switching in the hybrid system. The simulation results of this process are shown in Figure 12.
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Figure 12. The simulation results for the motor-assisted engine starting process. (a) The changing
curves of torque; (b) the changing curves of speed; (c) the clutch oil pressure curve; and (d) the jerk
during mode switch.

As shown in Figure 12, at the beginning, the vehicle operates in Ev-mode. At 2 s, the vehicle
controller sends out switching instructions. From the clutch oil pressure curve, it can be seen that the
oil pressure begins to rise. From the changing curves of torque, it can be seen that the motor torque
compensates the wet clutch torque. At 2.16 s, the wet clutch torque is greater than the engine dragging
torque, and the engine starts to rotate. At 2.37 s, the engine speed is equal to the motor speed, and the
torque transmitted by the clutch and the engine dragging torque are equal. At this time, the engine
ignites, and the motor offsets the torque fluctuation when the engine starts. As shown in the changing
curves of torque, the system output torque fluctuation is small, and the system’s speed fluctuation
is also small as shown in the speed curve. The jerk curve shows that the maximum jerk during this
mode switch is —3.9 m/s. In China, the recommended value of vehicle’s jerk is |J| < 17.64 m /s> [31].
Therefore, this mode switch fully meets the requirements of China.

The simulation results of the mode switch from Eng-mode to EV-mode are shown in Figure 13.
The vehicle drives in Eng-mode. As the total driving torque decreases, the vehicle controller sends
mode switching instructions at 2.1 s. The engine begins to decrease the engine torque, and the motor
increases its torque to compensate for the difference between the required torque and engine torque.
At 2.22 s, the absolute value of the difference between the motor torque and the motor target torque is
within the allowable range, and the engine shuts down. At the same time, the clutch begins to separate
quickly, and the motor compensates the resistance torque produced when the clutch is not completely
separated; at 2.23 s, the mode switch ends, and the vehicle is only driven by the motor. As shown in
the jerk curve, the maximum jerk during this mode switch is 0.97 m/s?, which means that the vehicle
ride comfort is good during this mode switching.
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Figure 13. The simulation results for the mode switch from Eng-mode to EV-mode. (a) The changing
curves of torque; (b) the changing curves of speed; (c) the clutch oil pressure curve; and (d) the jerk
during mode switch.

5.2. Bench Test Analysis

The plug-in hybrid system’s test bench, shown in Figure 14, was built up. This bench system
consisted of an engine, an ISG motor, a lithium iron phosphate battery, a CVT, a braking system,
a loading system, and a control system. The power source included a gasoline engine (the peak power
was 90 kW and the maximum torque was 155 Nm), an ISG motor (the peak power was 30 kW and the
maximum torque was 113 Nm), and a lithium iron phosphate battery pack (the capacity was 30 Ah
and the rated voltage was 316 V). The control software was developed using MATLAB/Simulink
(MathWorks, Natick, MA, USA), and the D2P (From Development to Production) was used as the
controller of this test system.

As is well known, the motor-assisted engine starting process is the most important and
complicated mode switching in the hybrid system. Therefore, the combined control strategy for
motor-assisted engine starting was conducted on the test bench. The results are shown in Figure 15.
As shown, the vehicle runs in Ev-mode at the beginning. At 132.8 s, the working mode of the vehicle
is transferred from Ev-mode to Hev-mode. The wet clutch begins to engage and the motor torque
increases. At 133.1 s, when the engine speed is close to the motor speed, the engine is ignited. The motor
compensates the engine’s torque ripple. Since the output torque of the ignition engine is not stable,
the motor compensates the torque ripple. When the absolute value of the difference between the
engine torque and the engine target torque is within the allowable range, the wet clutch engages
quickly. Finally, the vehicle operates in Hev-mode. According to Figure 15d, the maximum jerk of the
vehicle is about 9.32 m/s?, which is a reasonable jerk. Therefore, the experiment results indicated that
the control strategy for motor-assisted engine starting was effective.
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Figure 14. The hybrid system’s test bench.
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Figure 15. The experiment results. (a) The changing curves of torque; (b) the changing curves of speed;
(c) the clutch oil pressure curve; and (d) the jerk during mode switch.

6. Conclusions

This paper focused on a control strategy for driving mode switches of plug-in hybrid electric vehicles
with a multi-disk wet clutch. The dynamic model of the PHEV was established, and a rule-based control
strategy was proposed to divide the working mode regions and distribute the torque between engine
and motor. Then, the dual fuzzy control strategy for a wet clutch and the coordinated torque control
strategy for driving mode switches were proposed. The dual fuzzy logic control system consisted of
the initial PWM'’s duty cycle control and the changing rate of the PWM'’s duty cycle control.

To verify the effectiveness of the proposed control strategy, simulations of driving mode
switches between Ev-mode and Eng-mode were conducted. The results showed that the proposed
control strategy could reduce the torque ripple and the jerk of the vehicle, completely satisfying the
requirements of China. Furthermore, the combined control strategy for the motor-assisted engine
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starting process was tested on the bench. The experiment results indicated that the proposed strategy
was effective.

In this paper, the authors did not study a control strategy for the braking mode switching and the
mode switching between braking mode and driving mode. However, the coordinated control strategy
for the driving mode switch proposed in this paper can provide reference for a control strategy for
these two types of mode switches.
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Nomenclature

CVT Continuously variable transmission
Char-mode Charging mode during driving

D The PWM'’s duty cycle

Dy The initial PWM’s duty cycle

AD The changing rate of PWM'’s duty cycle
F, The output force of the plunger

EPV Electric-hydraulic proportional valve
Ev-mode Pure electric driving mode

Eng-mode Only engine driving mode

Hev-mode Hybrid driving mode

ISG Integrated starter and generator

ke The changing rate of the engine torque
MPC Model predictive controller

n The motor’s speed

1 The engine launch speed limit

PHEV Plug-in hybrid electric vehicle

PWM Pulse-width modulation

P, The clutch pressure

SOC The state of charge

SOChin The lower limit of discharge

Treq The required torque

Te The engine’s output torque

T The motor’s output torque

Te max The maximum torque of the engine
Tin_max The maximum torque of the motor

Ty The clutch torque

Ter The engine dragging torque

o The accelerator pedal’s opening

« The change rate of the accelerator pedal’s opening
|Aw] The difference in the clutch plate’s speed
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