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ARTICLE INFO ABSTRACT
Keywords: The hybrid power system with dual motors and multiple clutches experiences significant torque
Clutch friction torque fluctuation during mode switching process due to the different torque response characteristics of
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the motor and engine. To address this issue, this paper focuses on the estimation of clutch friction
torque and the development of dynamic coordinated control strategies for the components.
Firstly, based on the dynamic model of the novel dual-motor hybrid electric vehicle, a torque
observer based on the Kalman filter algorithm is developed to predict the friction torque
generated in the clutch sliding friction stage. Secondly, the control strategies are developed for
the mode switching process from single-motor to dual-motor and from dual-motor to parallel
drive on a co-simulation platform. Thirdly, a power level Hardware-In-the-Loop test platform is
built, and the performance of the designed control strategies is verified by the HIL platform. The
results show that for the mode switching process from dual-motor to parallel drive, compared
with the control strategy using the engine target speed, the control strategy based on engine idle
speed proposed in this paper reduces the clutch sliding friction work and the maximum longi-
tudinal jerk of the vehicle by 42.5% and 25.4%, respectively.

1. Introduction

With the development and progress of society, the problems of environmental pollution and energy depletion are becoming more
and more serious. New energy vehicles (NEVs) have drawn increasing attention in the automotive industry [1]. NEVs are mainly
divided into pure electric vehicles (PEVs), fuel cell vehicles (FCVs), and hybrid electric vehicles (HEVs). The technical development of
PEV is limited by the problems of high cost [2], short driving range [3], long charging time [4], battery electrolyte pollution [5], and so
on. Fuel cells have technical issues of low fuel storage safety [6] and high cost, therefore FCVs are still under development and have
relatively few applications. HEV, one of the most promising NEVs, has the advantages of long mileage and low-emission performance.
However, due to the fact that HEV contains both engine and motor, it has a variety of operation modes, which makes its control
strategy very complex. The research on HEV control strategy is of great significance in improving vehicle performance [7].
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Cycle; NEVs, new energy vehicles; PEVs, pure electric vehicles; PMSM, permanent magnet synchronous motor; PSV, proportional solenoid valve.
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Control issues of HEV are usually defined by energy management control strategy (EMCS) [8,9] and dynamic coordinated control
strategy (DCCS) [10]. There are three types of EMCS: rule-based logic threshold control strategy [11], intelligent control strategy [12,
13], and optimization algorithm-based control strategy [14,15]. HEVs drive in different working modes under different working
conditions. Due to the significant difference between the dynamic responses of the engine and that of the motor, as well as the working
state change of the clutch, an undesirable phenomenon of output torque fluctuation may be caused during the transient process of
mode switching [10]. Therefore, it is necessary to design a DCCS for the mode switching process to improve the mode switching quality
of the vehicle. Research on the core technology of HEVs has mainly focused on the steady-state EMCS, which is used for energy
allocation and efficiency optimization. However, there is relatively limited research on the DCCS of torque output from different power
sources during dynamic mode transitions. This paper selects the typical mode switching process of HEV to coordinate the torque
between the motor, engine, and clutch.

The DCCSs proposed in the current literature for mode switching process can be classified into the following three categories. The
first kind of DCCS adopts the strategy of “engine torque online estimation + motor torque compensation.” In order to reduce the torque
fluctuation of the output shaft, the lag of engine torque response can be compensated by the motor torque [16]. In order to obtain an
accurate motor compensation amount, the actual output torque of the engine is measured or estimated. Ref. [17] collected the
transient speed and throttle opening signals of the engine’s actual working process and obtained the engine’s estimated torque by
querying the steady-state map of the engine. Refs. [18,19] built the engine average value model and proposed a DCCS to compensate
for the engine torque in different switching stages. The second kind of DCCS adopts different control algorithms to dynamically
compensate for the torque of the gearbox system directly to ensure the continuity and stability of vehicle power transmission. Ref. [20]
proposed a forward feedback control strategy based on the reference model to reduce the fluctuation of system output power during
the clutch engagement process. Ref. [21] took the clutch torque as the optimization variable and proposed a torque coordinated
control strategy based on data-driven predictive control, effectively reducing the vehicle jerk and shortening the mode switching time.
Ref. [22] proposed a DCCS of “engine torque estimation + jerk prediction model,” which significantly improved the driving perfor-
mance of the vehicle. The third kind of DCCS is to divide the mode switching process into several sub-stages, and design the corre-
sponding controller for each sub-stage. In Ref. [23], the mode switching process of parallel HEV was divided into four stages, and the
disturbance observer was used in the second to fourth stages, effectively suppressing the output torque fluctuation. Ref. [24] divided
the mode switching process of HEV into five stages, and a hierarchical control structure was proposed. The upper controller adopted
Hoo robust control, and the lower controller adopted L2 gain robust tracking control, which effectively shortened the switching time.
Ref. [25] divided the mode switching process of parallel HEV into three stages, and designed a fuzzy-PI controller and an adaptive
sliding mode controller to coordinate the speed and the torque of the engine and the motor to ensure the stability of power trans-
mission. In addition, Refs. [26,27] also studied the mode switching process of HEVs equipped with planetary system coupling
mechanisms. The structural characteristics of the planetary system enabled mutual communication between the three power sources:
the engine, the generator and the driving motor. In this way, the torque of the engine can be obtained in real time so that coordinated
control during the mode switching process can be achieved. It is worth noting that the coordinated control strategies of electric ve-
hicles are also used for ancillary services and vehicle-to-grid systems. Refs. [28,29] studied control technologies based on battery
health status in vehicle-to- grid technology, while ref. [30] reviewed the latest applications and frameworks of communication
technology in distributed generation. At present, the coordinated control technology between vehicle-to-grid technology, commu-
nication technology, and new energy vehicles is also a new research hotspot.

It can be summarized from the above research that most researchers focus on the torque DCCS of engine and motor, i.e., using the
fast response characteristics of the motor to compensate for the engine torque in real time. However, the influence of clutch state
change on the switching quality during the mode switching process is rarely considered. The clutch is a key component for achieving
excellent performance during the mode switching process of HEVs. The optimal control method in Ref. [31] and the model predictive
control method in Ref. [32] solve the problem of optimal trajectory tracking. In addition, some nonlinear control methods, such as
fuzzy sliding control [33] and nonlinear feedforward feedback control [34], have achieved precise clutch control effects. The above
literature only focuses on the study of clutch engagement control. For hybrid power system (HPS) with clutches, in Ref. [35], a robust
tracking controller is designed to perform the accurate position tracking control. Ref. [36] proposed an adaptive feedforward control
method for clutch torque based on the clutch friction model. In Ref. [37], Model predictive feed-forward control and robust Hoo
feedback control were designed to guarantee the dynamic performance in the clutch slipping phase of the mode transition. Ref. [38]
presented an optimal controller based on off-line computation of control gain profiles for clutch engagement during gear shifts. Much
of the research on the multi-plate wet clutch has focused on filling control [39], slip control [40], and adaptive control [41] to obtain a
smooth clutch-to-clutch shift [42] or launching process [43]. Traditional clutch engagement control methods cannot be directly used
in hybrid power systems’ mode conversion. In addition, the clutch engagement control performance should also consider the dynamic
characteristics of the clutch torque. Based on the changes in the torque transmitted by the clutch or its friction torque, consider the
torque DCCS of the clutch, engine, and motor.

Based on the above literature, compared to the powertrain system of conventional vehicles, the powertrain system of HEVs is
relatively more complex and the working modes are more diverse, which puts higher requirements on the quality of their dynamic
control. In order to further improve the smoothness, comfort, and reliability of the mode switching process of HEVs, reduce clutch
sliding friction work, and shorten the time of power interruption, this paper takes dual-motor HEV as the research object, mainly
studying the DCCS of the mode switching process.

For HEVs, the core task of the working mode switching process is to change the operating state of the actuator, which involves
controlling the engagement and disengagement states of the clutch or synchronizer. In this paper, the key control issues related to
changes in the working status of the actuator include the following aspects: (1) The dual-motor HPS studied in this paper involves
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multiple power sources and actuators. Therefore, in the study of mode switching process, the DCCS of multiple components will be
involved. For example, this paper proposes a DCCS for clutch friction torque and motor torque, as well as a DCCS for motor speed
control and clutch engagement control. (2) The change in the working state of the clutch is a continuous process, and there is still a
sliding friction stage between the separation stage and the locking stage. The friction torque generated by the sliding process is time-
varying and can’t be measured using sensors. This paper uses the Kalman filter algorithm (KFA) to estimate the friction torque
generated by the clutch. (3) In order to make the actuator change its working state more smoothly (for example, the clutch changes
from a disengaged state to an engaged state), the motor speed can be actively adjusted to make the speed of both ends of the actuator
close. For the control algorithm of motor speed, the paper will adopt a composite control algorithm based on fuzzy-PID-bangbang. (4)
The change in the working state of the actuator is a sign of the completion of the mode switching process, so effective control of the
actuator is also one of the key control issues in HPSs.

In conclusion, mode switching is a transient process, and the system structure and control strategy are crucial to its control
effectiveness. A HPS with development value and promotion potential is an effective and desirable solution. Motivated by this issue,
this paper proposes a new HPS with dual motors and three clutches.

The main contribution is given as follows. Firstly, an observer model for the friction torque during the clutch engagement process
was established using the KFA, solving the problem of the inability to measure the friction torque directly. Secondly, a multi-stage
DCCS for the mode switching process was proposed, achieving coordinated control of clutch, motor, and engine. Thirdly, the con-
trol strategy proposed in this paper was validated based on simulation platforms and Hardware- In-the-Loop (HIL) platforms. In
addition, the study of the mode switching process in this paper has important reference significance for the coordinated control
research of other transition processes in HPSs, such as gear shifting and vehicle startup processes.

The rest of this paper is organized as follows. The studied novel HEV and the related model construction are described in Section II
and I1I, respectively. Section IV presents the DCCS. In Section V, the simulation of the proposed DCCS is performed and the results are
analyzed and discussed. The experimental evaluation of the proposed DCCS is conducted in Section VI via comparison studies. The
main conclusions are drawn in Section VII.

2. HPS configuration and working principle
2.1. Configuration and parameters

Since the launch of the first generation Prius equipped with a dual-motor HPS by Toyota Motor Company in Japan in 1997, its novel
configuration, superior power performance, and good fuel economy have attracted the attention of the automotive industry world-
wide, and have also sparked a wave of development of dual-motor HEVs in the automotive industry. Afterwards, dual-motor HPSs such
as the General Volt and Honda i-MMD were introduced one after another. Diversifying hybrid technology routes is a development
trend in the automotive industry. Different hybrid technology routes have their advantages and disadvantages, and there is no best
technology route or product. Each enterprise needs to develop the most suitable technology route and configuration for its advantages
and strategic planning. Developing HEVs has become a top priority for automotive companies around the world, and developing
advanced electromechanical coupling systems plays a crucial role in improving the competitiveness of HEVs.

This paper proposes a HPS scheme that includes dual motors. The system can output torque through three gears, expanding the
range of power source output torque and allowing the engine and motor to work more efficiently, thereby improving the vehicle’s
power and fuel economy. During the mode switching process, torque coordination control of the power source and clutch can ensure
that the vehicle always has driving force during the transient switching process, thereby eliminating power interruption and improving
the smoothness and comfort of the mode switching process.

The powertrain system studied in this paper is a novel dual-motor HPS. The system configuration is shown in Fig. 1, and its main
parameters are listed in Table 1. In the HPS, the power transmission system is composed of an internal combustion engine (ICE),

EM2
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N

Fig. 1. Schematic diagram of the configuration of the HPS.
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electric motor 1 (EM1), electric motor 2 (EM2), and a three-speed gearbox. The executive system of mode switching comprises three
wet multi-plate clutches (C1, C2, and C3), a synchronizer (S), and its hydraulic mechanism. Among them, the working state of C1
enables the connection and separation between ICE and EM1, the working state of C2 and C3 enables the connection and separation
between EM1 and the three-speed gearbox, and the engagement and disengagement of C2, C3, and S enables the switching between the
three gears of the system.

2.2. Analysis of working mode

The HPS is subject to different working modes depending on the demanded power when the vehicle is running. For example, when
the vehicle is in a state of low power demand, the driving torque of the vehicle is usually provided by the EM2 alone in pure electric
mode; When the vehicle is in a medium power demand state, the EM1 and the EM2 jointly provide the driving torque for the vehicle in
pure electric mode; When the vehicle is in a state of high power demand, the vehicle works in a hybrid drive mode, i.e., the engine and
dual motors drive the vehicle together. The vehicle can be switched between different working modes by changing the working state of
the engine, the motor, and the clutch.

Taking the gearbox working in G1 as an example (C3 is in the disengaged state), the working states (disengaged or engaged) of C1
and C2 are arranged and combined, and further combined with the working states of EM1, EM2 (in the power generation mode or
electric drive mode), and ICE (whether it is running), the HPS proposed in this paper can have five typical working modes, as shown in
Table 2. The power transmission route diagram under different working modes is shown in Fig. 2.

3. Powertrain modeling
3.1. Engine model

The Engine is a highly complex nonlinear system, and its real model is difficult to establish accurately. Engine modeling methods
are generally divided into theoretical and experimental [44,45]. Theoretical modeling requires detailed thermodynamic, combustion,
and dynamic analysis of the engine’s working process, which is complex and time-consuming. Compared with the theoretical modeling
method, the experimental modeling method is relatively simple, and the engine’s characteristic data required in the model can be
easily obtained through bench tests. Because when conducting simulation analysis on HPSs, it is optional to know the actual working
conditions inside the engine. Only the input and output data of the engine need to be obtained. Therefore, this paper uses experimental
modeling methods in the simulation modeling of HPSs. The engine torque dynamic response is influenced by many factors, making it
difficult to establish an accurate model.

The primary resistance during the engine start-up process is the compression resistance of the cylinder, the frictional resistance of
the piston ring, the frictional resistance of the piston skirt, the frictional resistance of the valve mechanism, the inertial force of the
reciprocating motion of the piston assembly, and the operating resistance of the accessory components. The starting resistance torque
of the engine is complex and closely related to temperature, lubrication status, etc. For the study of HPS mode switching control
strategy (MSCS), it is only necessary to know the input and output characteristics of the engine starting process, without needing to
understand the actual working process of the engine internally. The starting drag torque and torque output characteristics of the engine
studied in this paper are shown in Figs. 3 and 4, respectively.

The start-up engine is one of the key control processes in the mode switching of HEVs. This control process requires not only the

Table 1
Main Parameters of the novel HEV.

Item Parameter/Unit Value

Vehicle Vehicle mass/kg 1545
Wheel radius/m 0.347
Drag coefficient 0.36
Windward area/m? 2.638
Rolling resistance coefficient 0.008

EM1 Type PMSM
Peak torque/Nm 160
Peak power/kW 55
Peak speed/ ( r/min ) 6200

EM2 Type PMSM
Peak torque/Nm 155
Peak power/kW 70
Peak speed/ ( r/min ) 12,000

ICE Peak torque/Nm 210
Peak power/kW 110
Maximum speed/ ( r/min ) 5500

Gearbox First gear speed ratio 2.03
Second gear speed ratio 1.01
Third gear speed ratio 0.63

Main reducer Gear ratio 3.7
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Table 2

The working state of power sources and clutch in each working mode.
Working mode ICE EM1 EM2 C1 Cc2
Single-motor pure electric mode (Mode SP) Stopped Stopped Electric drive Disengaged Disengaged
Dual-motor pure electric mode (Mode DP) Stopped Electric drive Electric drive Disengaged Engaged
Series drive mode (Mode SD) Running Power generation Electric drive Engaged Disengaged
Parallel drive mode (Mode PD) Running Electric drive Electric drive Engaged Engaged
Engine drive mode (Mode ED) Running Stopped Stopped Engaged Engaged

establishment of a steady-state torque model for the engine, but also the establishment of a dynamic torque model. Due to the fact that
this paper doesn’t consider the issue of engine emissions, the engine’s dynamic characteristics are characterized by a combination of
the steady-state look-up table model and the first-order inertia delay link [46].

The engine output torque is

1
7res+ lf(w&a) [@))

Tp =
where Tg and o are the output torque and speed of the engine, respectively, 7, is the time constant of engine torque response, o is the
throttle opening, s is the Laplace operator, f(wg, a) is the mapping function among engine steady torque, throttle opening, and engine
speed, which is obtained from engine bench test data.

3.2. Motor model

Permanent magnet synchronous motor (PMSM) is widely used in automobile power systems because of its simple structure, high
power density, and high efficiency. Similar to the engine, the dynamic models of EM1 and EM2 also adopt the method of combining
experimental modeling and theoretical modeling.

While the motor responds to the target torque, it consumes or generates electricity, and the corresponding current is a function of
output torque, motor speed, battery voltage, and motor efficiency.

When the motor is in electric drive mode, the demand current of the motor is

Ty

by a=—F— 3
479549V,1,, ®

When the motor is in power generation mode, the output current of the motor is

memr]m
Im_g - Wg‘/m (4)
where I, ¢ and I,_; denote the battery’s discharge and charging current, respectively. V,, denotes the terminal voltage of the battery.
1, denotes the motor efficiency, which is a function of the motor rotor speed and the actual output torque of the motor [47].

For dynamic coordination control during mode switching process, it is necessary to coordinate the torque of the power source and
other relevant components. The main purpose is to compensate for torque fluctuations to the greatest extent possible by utilizing the
rapid torque response of the motor. Therefore, the rapid torque response of the motor is a prerequisite for performing dynamic co-
ordination control.

The external characteristic curves of the two motors used in this paper are shown in Fig. 5. By processing the data of the motor
operating characteristics obtained by the experiment, and the power loss characteristic diagram of the two motors can be obtained, as
shown in Fig. 6. The trend of power loss change for EM1 and EM2 is similar; that is, the larger the motor’s speed and torque, the greater
the power loss. EM1’s peak torque is 160 Nm, and its maximum speed is 6200 r/min; EM2’s peak torque is 155 Nm, and its maximum
speed is 12,000 r/min. As an auxiliary motor, EM1 has a smaller working speed range and a lower maximum speed, mainly used to start
the engine. EM2 is mainly used to drive the vehicle.

The torque response time of the motor is much less than that of the engine, and the main research content of this paper is the control
of motor torque during the mode switching process. Hence, the established motor model only needs to simulate the real torque
response characteristics of the motor accurately. Therefore, there is no need to consider the three-phase current, three-phase voltage,
and magnetic loss when modeling the motor. Thereby the motor model can be simplified. Generally, the first-order response of the
motor demand torque can be used to reflect the response characteristics of the motor to the target torque, and the output torque T, of
the motor can be expressed as:

min(Tm,mrv Tm,max) ° m tf Tm,mr > O
m

Tm = 1 (2)
To_tars Tm_min) * = i To_tar <0
max(Tonsar ) TS + 1 i !

where 7,, denotes the time constant of motor torque response, Ty, ., denotes the target torque of the motor. T;;_me denotes the
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maximum output torque of the motor. Tp,_nin denotes the maximum generating torque of the motor.

3.3. Wet multi-plate clutch model

The wet multi-plate clutch is an essential part of the power coupling system of the HEV, and its engagement and disengagement
directly affect the change in the running state of the vehicle. The working principle of a wet multi-plate clutch is shown in Fig. 7. When
the clutch is about to be engaged, the clutch hydraulic control system will increase the oil pressure of the clutch hydraulic cylinder by
controlling the proportional solenoid valve (PSV). When the pressure force generated by the oil pressure pushing the piston can
overcome the resistance of the spring, the driving plate and driven plate of the clutch begin to engage. The engagement of the wet
multi-plate clutch is completed after a period of time, and its process can be divided into three stages, as shown in Fig. 8.

The first stage (0 ~ tp): the complete separation stage, also known as the empty stroke stage. At this stage, there is no friction
resistance between the driving and driven plates of the clutch. Under the hydraulic control system, the piston pushes the driving plate
of the clutch to move towards the driven plate to gradually eliminate the gap between the driving and driven plates of the clutch. At
this stage, the contact pressure of the driving and driven plates of the clutch is almost zero, and no torque is transmitted.

The second stage (ty ~ t1): the sliding friction stage. At this stage, the driving and driven plates of the clutch are contacted. With
increased clutch engagement pressure, the torque transmitted by the clutch increases gradually, and the speed difference between the
driving and driven plates of the clutch (Aw) gradually decreases.

The third stage (t; ~): the locking stage. After entering this stage, the speed difference between the driving plate and the driven
plate of the clutch is zero. At this stage, it is used as a torque transmission device, and the torque transmitted by the clutch is a
particular value.

The main parameters of the wet multi-plate clutch are listed in Table 3.

The clutch hydraulic control system comprises a clutch actuator and a PSV. The separation and engagement of the wet multi-plate
clutch can be realized during the mode switching process through the control of the clutch engagement pressure. The technical pa-
rameters of the direct-drive PSV used in this paper are listed in Table 4.

The driving
plate

v

Output

Input
- shaft

shaft

The driven
plate

Fig. 7. Working principle diagram of wet multi-plate clutch.
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The current-pressure performance curve of the PSV is shown in Fig. 9.

From the technical parameters of the PSV, it can be seen that the response speed of the clutch control system is very fast, which is
much greater than the torque response speed of the engine, and there is little difference with the torque response speed of the motor.
From the current-pressure performance curve of the PSV, it can be seen that the output oil pressure of the control system is
approximately linear with the control current, indicating good control performance. Therefore, in clutch engagement, the clutch oil
pressure can be dynamically controlled to reduce the fluctuation of torque transmission.

3.4. Model validation

In this paper, the engine model, motor model, power battery model, clutch model, hydraulic cylinder model, vehicle dynamics
model and driver model are established in AMESim software. Both the completed vehicle and powertrain system model are shown in
Fig. 10.

Based on the New European Driving Cycle (NEDC), the vehicle model based on AMESim software is simulated and verified, and the
result is shown in Fig. 11. It can be seen from the Fig. 11 that the simulation speed can well follow the target speed under NEDC
working condition, which lays a foundation for the follow-up research on the MSCS of HEV.

4. Dynamic coordinated control strategy development

The analysis in Section 2.2 shows that the novel HEV studied in this paper mainly has five driving modes, and theoretically, mode
switching can be realized between any two modes. As the engine start-stops are involved in the mode switching process, this paper
divides the mode switching into two types: mode switching without engine start-stops and mode switching with engine start-stops.
Among them, for the mode switching without engine start-stops, this paper selects the mode switching process from single-motor
pure electric drive (Mode SP) to dual-motor pure electric drive (Mode DP) as a representative working condition. This paper selects
the mode switching process from dual-motor pure electric drive (Mode DP) to parallel drive (Mode PD) as a typical working condition
for the mode switching with engine start-stops.

4.1. Overall control flow design of the mode switching process

4.1.1. Switch from mode SP to mode DP

For the mode switching process from Mode SP to Mode DP, the control flow chart of mode switching designed in this paper is shown
in Fig. 12. Based on the operating status of each component, the process is divided into four stages: single-motor drive stage, motor
speed regulation stage, clutch engagement stage, and dual-motor drive stage. (1) Single-motor drive stage: During the single-motor
drive stage of the HPS, the synchronizer is fully engaged, and clutches C2 and C3 are completely disengaged. EM2 is the sole
power source, and power is transmitted through gear pair G1 in the transmission mechanism. (2) Motor speed regulation stage: When

Table 3
Main parameters of wet multi-plate clutch.
Clutch Number of friction surfaces Outer diameter of friction surface/mm Inner diameter of friction surface/mm Coefficient of friction
C1 8 129 108.1 0.12
c2 10 120.1 107 0.12
C3 12 126.7 110.8 0.12
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Table 4
Technology parameters of PSV.
Item Working oil pressure Supply voltage Current range Response time
Parameter value 20 bar 12+3V 0~15A <30 ms
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Fig. 9. Current-pressure performance curve of PSV.
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Fig. 10. Model diagram of the novel HEV.

the HPS operates in the EM1 speed regulation stage, the working status of the synchronizer, C2, and C3 remains consistent with the first
stage. EM2 is the only power source, and EM1 starts and operates in speed control mode. The speed control algorithm for EM 1 is fuzzy-
PID-bangbang. (3) Clutch engagement stage: After the completion of EM1 speed regulation, the HPS enters the slipping friction stage of
C2. (4) Dual-motor drive stage: Once the C2 is fully engaged, the HPS enters the dual-motor drive stage. During this stage, both the
synchronizer and clutch C2 are fully engaged, and both EM1 and EM2 act as power sources, with power transmitted through gear pair
G1 in the transmission mechanism.

10



Q. Xue et al.

—— Simulation speed
— NEDC

Il

600 1000 1200
TimeS

—

[553

(=]
T

Vehicle speed(km@)
5 8 & 8
T T T T

[3
S

=)
—]

0

Fig. 11. Simulation results based on NEDC working conditions.

| Single-motor drive
LINRE EM2 drives the vehicle
stage

individually

I Motor speed regulation Yes
| stage EMI1 starts and
regulates speed

No

The speed difference
between the driving and driven
ends of C2 reaches the
threshold

ooy g ekt s Xes s .
|Clutch engagement [ l
i stage
(a8 tgzeztaarti EM?2 torque
£a8 dynamically

compensates the

C2 friction torque o
friction torque of C2

1

I

1

1

!

! No estimation
1 [
1

1

I

1

1

| I - driv i
 Dual-mofordrive ey EM2 drive the '
| stage :
1 I

vehicle together

Fig. 12. Control flow chart of switching from Mode SP to Mode DP.

Heliyon 10 (2024) e27255

In summary, for the mode switching process from Mode SP to Mode DP, this study developed a sequential DCCS of single-motor

drive — motor speed control — clutch engagement control —

dual-motor drive. Specifically, in the C2 slipping friction stage, a torque

DCCS with clutch friction torque estimation and motor torque dynamic compensation has been further developed.

4.1.2. Switch from mode DP to mode PD
The switching process from Mode DP to Mode PD is divided into four stages: dual-motor drive, engine start, engine speed regu-
lation, and parallel drive. The control flow chart is shown in Fig. 13.

11
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4.2. Design of clutch friction torque observer

Since the friction torque generated in the sliding friction stage of the engagement process of wet multi-plate clutch is difficult to
measure directly, the friction torque is estimated by KFA based on the vehicle longitudinal dynamics model, and the measurable state
information of vehicle powertrain systems such as motor speed and gearbox input (output) shaft speed. Taking the switching process
from Mode SP to Mode DP as an example, the observer of the friction torque of C2 is designed.

4.2.1. Dynamic analysis of mode switching process
In this paper, the following assumptions are made when modeling the dynamics of the novel HEV.

a In the modeling process, only the vehicle running on a straight line is considered, and special working conditions such as turning
are not considered.

b In this paper, each part of the automobile is simplified and modeled by the centralized mass method.

¢ The torsional vibration, damping, and friction resistance in the transmission system are ignored.

d The influence caused by the slip and slip movement between the wheel and the ground is ignored.

The schematic diagram of the dynamic model is shown in Fig. 14.
The dynamic analysis of the four stages of the mode switching process from Mode SP to Mode DP is as follows.

@ Single-motor drive stage
At this stage, the system contains three degrees of freedom. The torque of EM2 is transmitted to the gearbox output shaft through

the first gear (G1). There is a definite kinematic relationship between the speed of EM2, the speed of the gearbox input shaft and the
output shaft.

Engine start” "~ - s

stage ClI oil pressure
increase
¥

EM1 torque dynamic
compensation C1

Cl1 enters the friction torque
sliding stage

No

ngine
peed reaches idle speed

Engine speed regulation
stage [ Engine igiu'tion start |

[ C1 oil pressure decreases |
v

Engine speed regulation |

The speed
difference between the drivin,
iriven ends of C1 reaches t
threshold

and

Parallel drive
stage

The engine and the motor
together drive the vehicle

Fig. 13. Control flow chart of switching from Mode DP to Mode PD.
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Dy

= Wiy = Wour ® iG1 ()]

10

The power of EM2, the vehicle’s resistance, and the moment of inertia of each gearbox component are equivalent to the gearbox’s
output shaft. The dynamic equation of this stage can be obtained as follows:

d, d, d,
Tevz @10 @ igr — Tow =gz @ CEL o iy ®igr +Jin® % oG +Jou® ZM (6)
t t
From equations (5) and (6), it can be obtained that:
. . .2 .2 dwour
Temz ® igo ® igt — Tow = [(Jea2 @ igo” +Jin) @ ic1” + o] ® 0 (7)
1
For the EM1:
d,
T @ 24 =0 ®
t
For the engine:
dy
J. <=0 9
. 4 ©)

@ Motor speed regulation stage

At this stage, the system contains three degrees of freedom. Since the C2 is in the disengaged state, there is a speed difference
between the driving and driven plates of C2, that is, wgy1 # ®in.
The dynamic equation of this stage is:

L . . A,
Temz @ igo @ ici — Touw = [(JEMZ iy’ +Jin) i’ +J0ut} i (10)
t
For the EM1:
Temi ® e =Tem an

For the engine:

dy,
d;

J,e—=0 12)

® Clutch engagement stage

At this stage, the C2 enters the sliding state and transmits friction torque. The dynamic equation currently is:

Tez Tes Tin
( 2 C ]ln' wln

/\T e
=NEm!

L L
II

out GZ G

—

LT
Iy

EM1
JEm1, @Wgm1

Jout: Wour T,
Fig. 14. Schematic diagram of dynamic model.
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. . . . . d’Unul
Temz ® io ® i1 + Tz @ icr — Tow = [(Tevz ® ig0> + i) ®ic1” +Jour| © . (13)
t
For the EM1:
dﬂ)mﬂ
Jean @ d‘ =Temi — Tz 14)
t

For the engine:

dy,

J, e 4

=0 (15)

@® Dual-motor drive stage

After C2 is fully engaged, the system contains 2 degrees of freedom. There is a definite kinematic relationship among the four
variables of EM1 speed, EM2 speed, gearbox input shaft and output shaft speed.
WEM2

Wepm1 = i = Win = Oour ® IG1 (16)
20

The dynamic equation of this stage is:

d, dogy .. o d,,
Tevi®icr + Trmz © igo ® iGr — Touw =Jemi @ — @ i + Jpun © —22 @ igy @ i + T @ —" @ Gy + T @ —2- a7)
d, dt dr d"
From equations (16) and (17):
. . . .2 .2 d“-’mn
Temioicr + Teya @ igo @ icr — Touw = [(JEMI + e @iy +Jin) ® i +Jnur} L e (18)
t
For the engine:
d,,
1. <=0 19
) (19)

where T, Temi, and Ty represent the output torques of the engine, EM1 and EM2 respectively. T¢i1, Tc2, Tes, and Ts represent the
torque transmitted by C1, C2, C3, and synchronizer respectively. T, and T, represent the torque of the gearbox input shaft and the
equivalent resistance torque on the gearbox output shaft, respectively. Je, Jgvi, Jemz, Jin, and Jo, represent the equivalent moment of
inertia on the engine, EM1, EM2, gearbox input shaft and output shaft, respectively. w., ©gv1, and gy are the rotational speeds of the
engine, EM1, and EM2, respectively. wi, and o,y are the rotational speeds on the gearbox input and output shafts, respectively. iy is
the speed ratio of the reducer fixedly connected with the output end of EM2. ig;, igo, and igs are the speed ratios of the gearbox’s first,
second, and third gears, respectively.

4.2.2. Design of the observer model of clutch friction torque based on KFA
In the process of clutch sliding engagement, the dynamic differential equation of EM2 and C2 is equation (13).
Definition:

. T()L(
Teyz @ igo — = T (20)
lGi

[(erz @i +Jin) ®ic1” +Tous] @ l.i: I (21)

Gl
The simplified dynamic equation of the transmission system can be written as:

dw,

Tt — T =J, 22
f 2 o (22)
Differentiating both sides of formula (22), it can be obtained that:

dT of dT»z d“,

Ty Pa _ g Lo 2

o 4 (23)
Discretize formula (23) to obtain:
w.(k) —2w.(k—1)+w.(k—2
T (k) =Ta(k — 1) + T (k) — Tpp(k — 1) — J,. (&) ( ) ( ) (24)

2

The equation at k+1 time:
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w.(k+1) = 20.(k) + o.(k — 1)

To(k+1)=To(k) + T (k+1) — Ty (k) — I . (25)
Discretize formula (22) to obtain:
w.(k) = ok — 1) + 2T (k) — 212 (k) (26)
Je Je
The equation at k+1 time:
t 1
a)((k-i-l):a)f(k)-‘rj— ,,,f(k-l-l)—J— w(k+1) 27)
The discrete state variables are:
x(k)=[wc(k) @c(k—1) Ta(k) To(k—1)" (28)
The control variables are:
u(k) = [Toy (k) Tk —1)]" 29)
w.(k+1)
) ) ) ) ) w.(k)
The state space expression of the system can be obtained as follows, combined with the above equation. Tl 1) =
c2 +
Te2(k)
0 05 -5 o
Je we(k+1)
L
0 0 0o - a7 . (k)
J. o . Teo(k+1)
t, ot T2 (k)
0 0 0 1
05 0 0 5y
‘, e (k) Je
0 1 —5- 0 1) .
c @ (K- s Tr
o,y +19 7 { g Q((I)I)} (30)
e de g o] | Tak) mf
t, T, 101
Tea(k-1)
0 0 0 0 0 0
Equation(30) can be abbreviated as:
x(k+1)=Ax(k+1) + Asx(k) + Byu(k) (€2D)]
Through matrix change, equation (31) can be rewritten as:
x(k+1) =Ax(k) + Bu(k) (32)
y(k+1)=Cx (k+ 1) + Du(k) (33)
A=(E—A,)'A;,B=(E—A,)"'B, (34
The coefficient matrix in formulas (32) and (33) is:
0 0.5 0 0 0.0001 0.0003
A -1 2 0 0 B — -0.0004 0.0006
- 0 0 0 0 - 0 0
6200 -6200 0.3 O 2.6667 -2
=[1 0 0 0]

(o

D =0.
4.3. Torque dynamic coordinated control strategy

According to the flow chart of mode switching designed in this paper, the torque DCCS is an essential component during the mode
switching process. Among them, the most important is the DCCS of motor torque and clutch friction torque. During the mode switching
process, the friction torque generated by the clutch can cause fluctuations in the total torque of the transmission output shaft.

Therefore, the advantages of fast dynamic response and easy control of the motor can be utilized to compensate for the friction torque
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of the clutch in real time.

Taking the clutch and motor as a driving system, on the basis that the sum of the clutch friction torque and the motor output torque
is equal to the driver’s required torque, the output torque of the motor is adjusted dynamically in real time according to the estimated
friction torque. Fig. 15 shows a schematic diagram of the DCCS for the motor torque to compensate for the friction torque of the clutch.

5. Simulation results and discussion

Based on the MSCS proposed in Section 4, the MSCS model is established in MATLAB, mainly including the AMESim interface
module, mode switching control module based on Stateflow, and control module at each stage of the mode switching process. By
setting the S-function interface module in MATLAB/Simulink and the interface block module in AMESim, the signal interaction be-
tween the vehicle model built by AMESim and the MSCS model established in MATLAB can be realized to complete the establishment
of the co-simulation platform based on AMESim and MATLAB. Taking the switching from Mode SP to Mode DP as an example, the
pseudocode corresponding to the control strategy during the mode switching process is shown in Table 5.

5.1. Switch from mode SP to mode DP

Based on the co-simulation platform of AMESim and MATLAB, the MSCS proposed in this paper is simulated and analyzed. The
simulation results are shown in Fig. 16.

As shown in Fig. 16 (a) and (b), mode switching starts at 11.06s, the system enters the motor speed regulation stage from the single-
motor drive stage, and EM1 starts to output torque and carries out active speed regulation control. According to Fig. 16(b), it can be
observed that after 11.41s, C2 generated negative torque. Since the C2 was not fully engaged during this stage, it was unable to
transmit the output torque from EM1 (positive torque). Hence, the negative torque generated by C2 was estimated using the KFA. At
the same time, during this stage, there was a sudden change in the output torque of EM2, mainly because the output torque of EM2
dynamically changed based on the estimated torque of C2, and the change in output torque of EM2 indirectly proved the effectiveness
of clutch estimation torque. As can be seen from Fig. 16 (c), in the motor speed regulation stage, the establishment of oil pressure in the
empty stroke stage of C2 is completed synchronously, which is ready for the rapid engagement of C2 after the EM1 speed regulation is
completed. As shown in Fig. 16 (a), at 11.41s, the speeds at both ends of the C2 are basically synchronous and the C2 begins to engage.
The clutch will generate friction torque during engagement. As seen from Fig. 16 (b), in the clutch sliding friction stage, the EM2
dynamically compensates the friction torque generated by the C2. As seen from Fig. 16 (d) and (e), the sliding friction work generated
by C2 is 46.9 J, and the maximum longitudinal jerk during mode switching process is 4.96 m/s>. Furthermore, as shown in Fig. 16 (e),
before 11.41s, the longitudinal jerk is 0, mainly due to the fact that only EM2 drives the vehicle during this stage, and the output torque
of EM2 is a constant value. Starting from 11.41s, the longitudinal jerk shows a trend of first slightly decreasing (negative value) and
then gradually increasing (positive value). After 11.41s, the mode switching process is in the C2 engagement stage, during which there
is a slight sudden change in the longitudinal jerk. The main reason for the slight sudden change in longitudinal jerk is that C2 begins to
slip, and the friction torque generated by C2 is transmitted to the output shaft of the gearbox, resulting in a decrease in the total torque
transmitted to the vehicle’s drive shaft, resulting in negative acceleration; Subsequently, after C2 is fully engaged, with the inter-
vention of EM1 torque, the total torque of the gearbox output shaft and the vehicle drive shaft gradually increases and tends to flatten,
and the trend of longitudinal jerk change at this time is related to the cycle conditions.

5.2. Switch from mode DP to mode PD

Based on the co-simulation platform of AMESim and MATLAB, the MSCS from Mode DP to Mode PD is simulated and analyzed. The
simulation results are shown in Fig. 17.

As can be seen from Fig. 17 (a), (b) and (c), before 10.61s, EM1 and EM2 jointly drive the vehicle. It can be seen from Fig. 17 (c) at
10.61s that C1 starts to charge oil, indicating that the system starts switching modes. As the oil pressure of C1 increases, C1 enters the
sliding stage. As can be seen from Fig. 17 (b), the EM2 dynamically compensates the friction torque generated by the C1 in the sliding
stage in real time. At the same time, under the drag of the friction torque of the C1, the engine speed gradually increases. As shown in

Known parameters Kalman filter
such as motor [~ .
algorithm
torque and speed l
Clutch friction

torque estimate

Motor drive I:dotor ta;tget N Motor
torque OHEeaer controller
compensation

Fig. 15. Schematic diagram of motor torque compensation clutch friction torque.

16



Q. Xue et al. Heliyon 10 (2024) e27255

Table 5
Code for mode switching strategy.

Algorithm 1 : Code for mode switching strategy

1: Cy1 2 — Control signal of stagel to stage2

2: Cs2.3 — Control signal of stage2 to stage3

3: Cst3 4 — Control signal of stage3 to stage4

4: Wem1._targer — Target speed of EM 1

5: WeM1_actuat — Actual speed of EM 1

6: We2 aciive = The speed of the active end of C2
7: We2 driven — The speed of the driven end of C2
8: Tem1_controt = Torque control signal of EM 1
9: P hota — Working oil pressure of C2

10 : Pc3 acrual = Actual oil pressure of C2

11: P¢3 controt = Control oil pressure of C2

12 Ca12< 0

13: Cs23 < 0

14 : Cusq < 0

15: while (Cy1 2 =1 & Cy23 = 0 & Cy3 4 = 0), initialize the EM1 and regulates speed. do
16 : WEM1_targer < Wc2_ driven

17 : fori=1N

18 : if abs(Wem1_actuat-WeM1_targed) > 100

19 : Compute the control signal Torque of EM1 Tgum;_control
20 : Update the Wgmi_qctual

21: else

22 : Cuzz <1

23 : Curz <0

24 Cusq < 0

25 end if

26 : end for

27 : end while

28 : while (Cy23 =1 & Cy1 2 = 0 & Cy3 4 = 0), build the oil pressure. do
29 : for k = 1:N

30: if Wez active ! = Wez driven

31: Control the torque of the EM2

32: Compute the control signal Pcz controt

33: Update the Wy gerive

34: else

35: Pcz hotd < Pcz actual

36: Coazq <1

37: Car2< 0

38 : Cuzs < 0

39: break

40 : end if

41: end for

42 end while

43 : while (Cy34 =1 & Cy1 2 = 1 & Cyz 3 = 0), hold the pressure of C2. do
44 : Pcz control < Pcz hold

45 : end while

Fig. 17 (a), at 10.79s, the engine speed reaches the idle speed (700 r/min). At this moment, the engine is ignited and started. In order to
avoid sudden changes in system torque after the engine is started, it can be seen from Fig. 17 (c) that after the engine is ignited, the oil
pressure of C1 gradually decreases to ensure that C1 no longer transmits torque, which is also ready for engine speed regulation. As can
be seen from Fig. 17 (a) and (c), when the speed difference between the driving and driven ends of C1 decreases, the oil pressure of C1
increases rapidly. When the speed of the engine and the EM1 is equal, it marks the end of the mode switching process. It can be seen
from Fig. 17 (d) and (E) that the cumulative sliding friction work generated by the C1 during mode switching is 1683.4 J, and the
maximum longitudinal jerk is 5.12 m/s°.

6. Experimental results and analysis
6.1. Establishment of power level HIL test experimental platform

HIL test is a crucial part of the control strategy “V” cycle development process [48,49]. In order to improve the development ef-
ficiency of the control strategy and verify its control effect, this paper builds an HIL testing platform, as shown in Fig. 18. The platform
includes the NI PXI platform, a controller, a human-computer interaction interface on the computer, PSV, a current detection module
(CDM), a power supply, and other components. Among these components, a rapid prototyping controller is used as the controller. The
vehicle model is processed and calculated in real time through the HIL test system’s simulation platform to simulate the vehicle’s
actual operation. The PSV and the HEV model constitute the controlled object in the HIL test system, which is controlled by the
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Fig. 16. Simulation results of switching from Mode SP to Mode DP.

controller in the HIL test system. The PSV in the hydraulic system of HPS is added to the HIL test system, and the controller sends the
actual power drive signal to control the PSV. The current detection module (CDM) is responsible for processing the signal of the PSV to
facilitate the signal interaction between the physical actuator and the virtual simulation model. Through the CDM and simulation
platform, data exchange and information transmission can be carried out between the controller and the controlled object, enabling
the simulation of the actual working environment of the controller for HIL testing. Additionally, the real-time monitoring and man-
agement system serve as the command center of the entire system, allowing adjustment of test parameters and the addition of data

recording channels.

6.2. Experimental research on different control strategies

Ref. [50] designed a model predictive controller to control the output torque between various components and the speed of each
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Fig. 17. Simulation results of switching from Mode DP to Mode PD.

shaft to achieve smooth clutch engagement and improve driving comfort. However, the literature didn’t introduce the impact of
time-varying friction torque during clutch engagement and the DCCS during mode switching. To solve the friction-induced discon-
tinuity during the clutch engagement, previous researchers have investigated adaptive control [51], disturbance observer [23], and
fuzzy gain-scheduling control to adapt the nonlinearities of the clutch torque [52]. In addition, the DCCSs that exert the motor torque
compensation can also achieve a smooth mode shift [53,54]. This paper establishes an observer model for the friction torque during the
clutch engagement process based on the KFA and designs a multi-stage DCCS during the mode switching process. This paper selects the
mode switching process from Mode DP to Mode PD as the representative working condition for experimental validation. The control
strategy verification experiment of other mode switching is similar. Based on the built power level HIL test platform, the MSCS based
on engine idle speed start (Strategy A) and the strategy based on engine target speed start (Strategy B) are compared and analyzed. The
main difference between the two MSCSs is the starting mode of the engine (whether the engine is started at idle speed or target speed).
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Fig. 18. Power level HIL test bench.

The comparison results of the HIL test of MSCS based on different engine starting speeds are shown in Fig. 19.

It can be seen from Fig. 19 that the start time of mode switching under both MSCSs is 17.52s. As can be seen from Fig. 19 (a) and (b),
when the C1 generates friction torque, both MSCSs dynamically compensate for the friction torque of the C1 by using the output torque
of the EM1. As can be seen from Fig. 19 (c) and (d), under Strategy B, when the engine speed reaches 700 r/min, the oil pressure of C1
doesn’t decrease, and EM1 continues to drag the engine speed up through the friction torque of the C1 until the engine speed is equal to
the motor speed at the current time. It can be seen from Fig. 19 (e) that the sliding friction work generated by Strategy A and Strategy B
is 2075.7 J and 3611.8 J, respectively, and the sliding friction work generated by Strategy A is reduced by 42.5% compared with
Strategy B. The main reason for this difference is that when Strategy B is adopted, the C1 is always in the sliding friction state when the
engine speed increases to the speed of EM1, while when Strategy A is adopted, the C1 is adjusted to the disengaged state when the
engine speed reaches 700 r/min, so Strategy B produces more sliding friction work. As can be seen from Fig. 19 (f), the maximum
values of the longitudinal jerk generated by Strategy A and B are 5.21 m/s> and 6.98 m/s® respectively, and the maximum value of the
longitudinal jerk generated by Strategy A is reduced by 25.4% compared with that generated by Strategy B. There are two main reasons
for this. On the one hand, when Strategy A is adopted, the engine speed reaches the idle speed and ignites, and the C1 is quickly
separated. Thus it can avoid the torque fluctuation caused by the engine’s output torque. On the other hand, when Strategy B is
adopted, the engine speed increases directly to the speed of EM1 under the traction of clutch friction torque. After the C1 is engaged,
the torque transmitted by the C1 suddenly changes from the friction torque to the engine’s output torque. In Ref. [55], a multistage
optimal control method has been proposed to facilitate the decision-making process for engine torque and clutch-transmitted torque.
The HIL test results illustrate that the jerk intensity remains below 10 m/s> throughout the entire mode transition process. Addi-
tionally, in Ref. [56], a comprehensive multi-phase engine-start control strategy has been presented. Through simulations and
experimental tests, it has been demonstrated that the jerk intensity during the mode switching process is also below 10 m/s>, thereby
meeting the regulatory requirements. These studies serve as important references that validate the effectiveness of our proposed
approach in achieving smooth mode transitions and ensuring driving comfort.

7. Conclusions

This paper presents a novel type of dual-motor hybrid power system. Based on the analysis of the system’s working mode and
modeling principle, the typical mode switching cases are selected, and the control strategy development, simulation and experiment of
the mode switching process are conducted. The main findings can be summarized as follows.

1 A model of a novel dual-motor HEV is established based on AMESim software, and a co-simulation platform for researching and
developing MSCSs is established based on AMESim and MATLAB.

2 Taking the mode switching process from single motor to dual motor as an example, a torque observer is designed for the friction
torque generated in the clutch sliding stage based on KFA and dynamic model.

3 Aiming at the mode switching process of switching from single motor to dual motor, a control strategy of “Motor speed regulation
-+ Clutch friction torque estimation + Motor torque compensation” is proposed. For the mode switching process from dual motors to
parallel drive, a control strategy of “Clutch oil pressure control + Clutch friction torque estimation + Motor torque compensation -+
Engine speed regulation” is proposed. The control strategy designed in this paper is simulated and verified based on the co-
simulation platform.

4 Considering the proportional solenoid valve, a power level HIL test platform for studying the control strategy is built in this paper.

5 The mode switching process from dual motors to parallel drive is experimentally tested, and the effects of different engine starting
methods on the mode switching process are compared. The results show that compared with the control strategy using the engine
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Fig. 19. Test results of different mode switching strategies.

target speed, the control strategy based on engine idle speed proposed in this paper reduces the clutch sliding friction work and the
maximum longitudinal jerk of the vehicle by 42.5% and 25.4%, respectively.

In future studies, it would be worthwhile to investigate the effects of torque fluctuations and develop control strategies to mitigate
their adverse effects. This research direction would contribute to a comprehensive understanding of the system dynamics during mode
transitions and further refine the proposed clutch friction torque observer and dynamic coordinated control strategies. Furthermore,
future research can delve deeper into the relationship between clutch friction characteristics and factors such as temperature and oil

pressure. This deeper exploration would enhance the existing models and control strategies, providing a more nuanced understanding
of the system behavior.
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