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Efficient Mode Transition Control for DM-PHEV

with Mechanical Hysteresis based on Piecewise

Affine H∞ Strategy
Cong Liang, Student Member, Xing Xu, Member, Daniel J. Auger, Senior Member, Feng Wang,

and Shaohua Wang,

Abstract—A dual motor plug-in hybrid electric vehicle (DM-
PHEVs) can achieve higher power and better fuel economy
through Mode Transition Process (MTP) from pure electric
to hybrid driving modes. In a DM-PHEV, the MTP is more
complex, with more components to be managed. As well as
being a combination of a discrete stage transition and a system
with continuous state evolution, the several actuators exhibit
significant discontinuous dynamics and different characteristics
from each other, particularly mechanical hysteresis. This makes
the design of a coordinated controller challenging. In this paper,
a two-layer coordinated control strategy is proposed. The upper
layer is based on a stage-dependent piecewise-affine (PWA) model
which is used to develop a PWA-static output feedback H∞

strategy (PWA-SOF). The lower layer is based on a simplified
actuator lag model, and a H∞ design technique is used to develop
a robust torque controller that reduces the effect of mechanical
hysteresis. The resulting strategy is described as a piecewise-affine
modified static output feedback (PW-MSOF) algorithm. (While
the individual elements are not novel contributions to control
theory, the combination and application to this problem is.)
Performance indices are defined and hardware-in-the-loop (HiL)
test shows that the new controller can effectively suppress the
vehicle jerk without adversely affecting other aspects of system
behaviour.

Index Terms—Mode transition process, PWA, Mechanical
hysteresis, PHEV, H∞

I. INTRODUCTION

W ITH the energy crisis and anthropogenic climate

change presenting significant world challenges, the

arguments for replacing conventional fossil-fuel vehicles are

strong, and electric vehicles and hybrid electric vehicles

(HEV) have become an attractive choice [1]. An HEV has

multiple power sources, typically an internal combustion en-

gine (ICE) and one or more motors, which enable an HEV

to work in various operating modes. The choice of mode and

the torque distribution between power sources is decided by

an energy management controller (EMC) which usually aims
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for optimal long-term energy consumption. However, among

the mode transitions are some highly nonlinear events such as

engine start/off and clutch engagement/disengagement which

may interrupt power or cause torque fluctuations. Also, the

discontinuous characteristics of actuators may lead to vehicle

jerk and which may transmit vibrations from actuators to the

vehicle body, reducing passenger ride comfort. For the control

designer, it is important to design a coordinated controller that

reduces this to an acceptable level [2].

Numerous methods related to engine start, clutch engage-

ment, torsional vibration elimination control strategy have

been proposed to improve the performance of mode transition

process (MTP). Engine start-up is an inevitable process during

MTP. For PHEVs with engine directly connected to the input

shaft, the drive-line oscillations are mainly caused by the

engine ripple torque at low speed. Zhao et al. designed the

optimal crank track for engine speed to start the engine

smoothly and improve ride comfort [3]. Motors are usually

used in this structure to compensate the abrupt change in

engine output torque for its fast response speed [4]. For plug-

in hybrid electric vehicles (PHEVs) with engine connected

with power-train through a clutch, the engine can be started

by the engagement of clutch. The performance of MTP is

highly dependent on the control of clutch [5]. Zhou et al.

proposed a linear quadratic regulator (LQR) coordinated con-

troller considering both the vehicle jerk and clutch slipping

energy loss to smoothly engage the clutch [6]. Xu et al. devel-

oped a coordinated dynamic surface control which considered

uncertainties or disturbances of the system for the MTP of

a power-split hybrid powertrain, and the vehicle jerk can be

suppressed within 10m/s3 with observer error of clutch oil

pressure [7]. Besides the usual performance index, Wang et al.

proposed an optimal oil-pressure curve which was optimized

through considering the rotational displacement-based varying

mesh stiffness (RDMS) of gear teeth and building a nonlinear

transient torsional vibration (TTV) model of planetary hybrid

power-split system (PHPS), both the TTV and ride comfort is

enhanced through the oil-pressure optimization [8].

As the torque transmitted by clutch is different in clutch

slipping stage and clutch engagement stage, which results in

discontinuous dynamic characteristics in MTP with clutch en-

gagement process [9]. Thus, Song et al. divided the switching

process into three stages according to the vehicle dynamics,

and different control strategies are proposed for each process

[10]. However, switched control strategies during MTP may
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introduce instability into the MTP system and local controller

can hardly acquire optimal results in global. PWA system

provides a new possibility to describe the MTP system with

discontinuous clutch engagement process. PWA define the

state equation of nonlinear system into polyhedral region

and associate each region a with different affine state update

equation. It has been employed in the description of many

fields, such as lateral tire forces [11], [12] and magneto-

rheological (MR) suspension system [13]. Considering the

time-varying load of suspension with physical constraints,

Wu et al. proposed a parameter-dependent piecewise-quadratic

Lyapunov function to design a load-dependent PWA H∞

controller for the adjustment of MR dampers, the performance

of suspension can be significantly improved [14], [15]. To

suppress the driveline oscillations and improve passenger

comfort, Constantin et al. used the PWA model to describe

the the powertrain with dry clutch and proposed a predictive

controller based on flexible Lyapunov functions [16]. Although

PWA system has been widely used in the model of nonlinear

and discontinuous systems, few contributions about the appli-

cation of PWA to MTP with discontinuous clutch engagement

process has been reported before.

Another important problem for MTP is the different re-

sponse speed of actuators. The torque of motors and clutch

need to change quickly to acquire a fast and smooth MTP.

Many studies have been conducted to design the motor control

strategy to improve the dynamic response of motors [17]–[19].

From the results of these studies, we can find that though

a well-designed control strategy for motors can improve the

response speed of motors, the response speed cannot be

eliminated due to the physical limitations. Situations are even

more serious in the control of wet clutch. Paul D.Walker et al.

built detailed model of direct acting solenoid valves for clutch

control, and experiments were conducted to verify the model,

experiment results showed that the maximum hysteresis no-

ticeable reached to 0.3 s because of the motion of the valve

spool [20]. Jinrak Park et al. proposed an adaptive control

method of the clutch torque in the slip engagement of a wet

clutch to enhance the response speed of wet clutch, results of

experiments verified that the response speed can be improved

but cannot be eliminated [21]. It can be found that no matter

how the controller of the lower actuator is improved, it always

takes some time for the actuator to respond to the demand

torque from the Hybrid Control Unit (HCU). And for hydrauli-

cally controlled clutches and current controlled motors, their

response times are necessarily inconsistent. The hysteresis of

the actual actuator torque compared to the demanded torque

due to the physical properties of the actuator is the mechanical

hysteresis studied in this paper. The key goal of MTP is

coordinating the torque of actuators. The mechanical hysteresis

of clutch is definitely much bigger than that of motor. The

different response speed will result in uncoordinated dynamic

torque of actuators, which deteriorate the performance of MTP.

There is no doubt that the coordination between torque of

motors and clutch cannot be realized in the Motor Control Unit

(MCU) and Transmission Control Unit (TCU) separately. The

only way to solve this problem is considering the mechanical

hysteresis in the HCU. Some researches have been conducted

to eliminate the inconsistent torque responses of actuators. Liu

et al. took system dynamic characteristics into consideration

and built detailed dynamic models for engine, clutch and motor

of HEV, the comparison between simulation results of dynamic

models and test data of bench test verified the effectiveness of

proposed models [22]. However, the dynamic characteristics

of actuators are not considered in the proposed coordinated

control strategy. Yang et al. considered the different dynamic

response of motor and hydraulic brake system during braking

MTP to design a coordinated control strategy for HEV, the

target brake torque of motor was restricted by the changing

rate of hydraulic brake force, and simulation results verified

that the proposed strategy can effectively reduce the vehicle

jerk of MTP from 77.6 m/s3 to 4.06 m/s3 [23]. However,

only the dynamic characteristics of hydraulic brake system

was considered in the research, the response speed of motor

was assumed as instant. Gao et al. considered the time-varying

delay of clutch pressure control and introduced the adaptive

Smith predictor to compensate the time delay of clutch torque.

However, the coordination between motors and clutch are

realized by the limitation of torque changing rate of clutch,

which will prolong the time of MTP [24].

Though the MTP process has been studied widely, few

people focus on the different response speed between motors

and wet clutch, and many of them treated the motor as

instant respond speed. Besides, most coordinated controllers

divided the MTP process into several stages and designed

separate controllers for each stage, which can hardly ensure

the global optimization and stability of MTP system. To obtain

a smooth and fast MTP for DM-PHEV with discontinuous

clutch engagement process and mechanical hysteresis, this

paper first proposes a PWA-modified static output feedback

H∞ coordinated control (PWA-MSOF) for MTP from electric

driving mode to hybrid driving mode. The main contributions

of this paper are summarized as follows.

1) Considering that the discrete engagement of clutch

and continuous state transition of DM-PEHV can be

described as a hybrid system, PWA model of MTP

is firstly built, which can be useful for dealing with

the discontinuous dynamic characteristics introduced by

clutch engagement. Based on the PWA model of mode

transition process, the global optimization and stability

can be ensured with the proposed PWA-SOF controller.

This is different from the existing coordinated controller

for MTP which just divided the MTP into several stages

and design separate controller for them.

2) The mechanical hysteresis caused by clutch and motors

is described by first-order systems and the map of

hysteresis parameters are built. Although some research

has been done to solve the mechanical hysteresis of

actuators, they usually assumed that the response speed

of motor is instant. This paper considered the response

speed of all the motors and clutches in the proposed

controller, and robust H∞ controller is adopted here to

deal with the time-varied mechanical hysteresis.

This paper is constructed as follows.

• Section II describes the DM-PHEV and formulates the
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Fig. 1. Schematic diagram of the DM-PHEV.

MTP problem.

• Section III builts the PWA model of MTP

• Section IV identifies the mechanical hysteresis of actua-

tors.

• Section V proposes the PWA-MSOF control strategy con-

sidering mechanical hysteresis of actuators to suppress

the vehicle jerk.

• Section VI shows the simulation and HiL results.

• Section VII is the conclusion of this paper.

II. PROBLEM STATEMENT

A. Architecture of DM-PHEV

As shown in Fig.1, the architecture of vehicle is a DM-

PHEV which includes an engine, two motors, three clutches

and an automatic mechanical transmission (AMT), etc. Be-

sides the normal driving motor which is named Motor 2,

an additional Motor 1 is adopted in this structure to provide

extra power and help adjust the working points of engine to

obtain better fuel economy. Motor 2 is the drive motor and is

primarily responsible for providing torque in electric driving

mode. Clutch C1 is located between engine and motor 1. When

the vehicle runs into hybrid driving mode, the clutch C1 should

engage to couple the engine with the power-train. Through

the engagement of Clutch C2&3, the powertrain system can

switch different ratios. On the basis of control of clutches, the

working modes of DM-PHEV can be switched. In this paper,

the study focus on the engagement of clutch C1 to smoothly

start the engine, various actuators in the structure will result in

complicated coordination problem during the mode transition

process.

B. Description of mode transition process

The MTP from electric driving mode (EM) to hybrid driving

mode (HM) starts when the demand torque of vehicle, state of

charge (SOC) of battery or vehicle speed exceeds the threshold

determined by EMC strategy. The MTP from EM to HM

can be divided into four stages as shown in Fig.2(a). The

green dotted line represents the speed of the clutch driven disc

ωl. Different from the traditional internal combustion engine-

driven vehicle, for the hybrid vehicle, the engine is started by

the slipping of the clutch, so the clutch disc connected to the

engine side is the driven disc. The solid purple line represents

the speed of the clutch driving disc (the clutch disc connected

to the powertrain) ωr. Stage 1 is the electric driving stage,
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Fig. 2. (a)Mode transition process. (b)Model of DM-PHEV.

motor 2 drives the vehicle alone. If the mode transition order

is given by EMC, the MTP system runs into engine start stage.

Clutch C1 which is located between engine and motors begins

to slip to start the engine during Stage 2. If the engine speed

ωe is greater than the engine idle speed ωeng idle, the MTP

runs into Stage 3, clutch slip stage. As the torque of clutch

Tcl transmitted to the driveline is resistance torque during the

MTP. To avoid extra vehicle jerk, the torque of motors should

provide extra torque to compensate the torque of clutch C1.

Once the clutch engages, Tcl changes to the torque of engine

Te. If Te > 0, the torque fluctuations will result in vehicle

jerk. To avoid vehicle jerk at the end of Stage 3, the torque

of engine Te need to be zero during this stage and Tcl should

be controlled to zero at the end of this stage. If the difference

between the speed of clutch driving disc ωr and the speed of

clutch driven disc ωl is smaller than a certain value ωs, the

clutch C1 engages and DM-PHEV runs into clutch engaged

stage. The MTP completes and DM-PHEV can be driven by

ICE and motors together.

III. PWA MODEL OF DM-PHEV DURING MTP

A. Model of different stages of MTP system

As shown in Fig.2(b), based on the previous work [25],

the simplified model of DM-PHEV during MTP for controller

design can be described as:

Te − Jeθ̈e = Tel, Tel = kel (θe − θl) + cel (ωe − ωl)

Tel + Tcl = Jlθ̈l,−Tcl + Tm1 + i2Tm2 −
Twv

i0ig
= Jrwθ̈r

Twv = kwv

(

θr
i0ig

− θv

)

+ cwv

(

ωr

i0ig
− ωv

)

, Twv − TL = Jv θ̈v
(1)

with Te being the torque of engine; Je being the inertia

moment of engine; θe being the angle of engine; kel being the

equivalent torsional stiffness of torsional damping spring; θl
being the angle of clutch driven disc; cel being the equivalent

damping coefficient of torsional damping spring; ωe being

the speed of engine; ωl being the speed of clutch driven

disc; Tcl being the torque transmitted by clutch; Jl being the

inertia moment of clutch driven disc; Tm1 being the torque

of motor 1; Tm2 being the torque of motor 2; i2 being

the gear ratio of motor 2; i0 being the final drive ratio; ig



4

being the gear ratio of transmission; Jrw being the equivalent

inertia moment of transmission; θr being the angle of clutch

driving disc; θv being the angle of tire; ωr being the speed

of clutch driving disc; ωv being the speed of tire; kwv being

the equivalent torsional stiffness of tire and half shaft; cwv

being the equivalent damping coefficient of tire and half shaft;

Jv being the inertia moment of vehicle body; TL being the

resistance torque of vehicle.

The torque Tcl transmitted by the clutch can be described

as a piece-wise model related to the clutch state:

Tcl =







0 disengaged
µRmNAPclsign(∆wc) slipping

Tlock engaged
(2)

with µ being the friction coefficient, Rm being the equivalent

radius, N being the number of plates, A being the clutch

pressure area, Pcl being the clutch pressure, ∆wc being the

speed difference between the discs of clutch, Tlock being the

input torque transmitted by the shaft. When the clutch is

slipping, the torque transmitted by clutch can be controlled

by the oil pressure; When the clutch is engaged, the torque

transmitted by it will be related to the input torque. In this

structure, the engaged clutch will transmit the torque of engine.

The state variables and control variables are selected as

x =
[

θe − θl ωe ωl − ωr Tcl

θr
igi0

− θv ωr ωv Tm − Tcl

]T

, u =

[

Ṫcl

Ṫm

]

(3)

For engine start stage and clutch slipping stage, the only

difference in the model is the torque of engine Te. During

engine start stage, Te represents the engine ripple torque before

the spark ignites. After the engine starts, the torque of engine

can be controlled by the Engine control Unit (ECU). Since the

engine torque can be treated as output disturbance, the model

of these two stages can be unified as:
{

ẋ = A1x+B1u+ d1

d1 =
[

0 Te/Je 0 0 0 0 −TL/Jv 0
]T (4)

The boundary condition for these two stages can be de-

scribed as ωr − ωl ≥ ωs.

If ωr−ωl ≤ ωs, the MTP runs into clutch engagement stage,

the torque of clutch changes as described in Eq.(2). The model

of MTP in this stage can be described as:
{

ẋ = A2x+B2u+ d2

d2 =
[

0 0 0 0 0 0 −TL/Jv 0
]T (5)

The coefficient matrices of state space equations are shown

in Table.I.

B. Piecewise affine model of MTP system

According to Eq.(2), the torque transmitted by clutch

changes with the state of clutch, which results in different

models for different stages of MTP. Due to the discontinuities

introduced by clutch engagement, the model of the MTP

system changes with the stage. In normal situations, individual

controllers will be designed for each stage. However, the

separate controllers can only ensure the stability and per-

formance based on the model in one stage. The stability of

transition between these stages and the global performance

can hardly be optimized. Thus, a type of hybrid system, PWA

system is adopted here to describe the MTP with discrete

transition between these stages. The PWA model of MTP can

be described as:

ẋ = Aix+Biu+ di, x ∈ ℜi (6)

where ℜi = {li ≤ ωr − ωl ≤ ui} is the i-th region of state

variables. The state variables of MTP are divided into two

regions. The upper limits ui and lower limits li for each region

are:

l1 = ωs, u1 = ωmax, l2 = −ωs, u2 = ωs (7)

The control goal of MTP is to start the engine by controlling

the slipping of the clutch and then engage the clutch smoothly.

The control of MTP can be transformed into a reference

speed tracking problem for the clutch plates. Since the control

theory of the piecewise affine system is based on the zero

point of the equilibrium point, it is necessary to translate the

coordinates of the equilibrium point of MTP to the origin

through coordinate transformation. When the system reaches

equilibrium, the clutch engagement is completed and the speed

at both ends of the clutch tracks the reference speed smoothly.

The equilibrium point of the MTP system is ẋ = 0, then

the equilibrium point of the state variables and the control

variables of the system can be described as:

x∗ =
[

−
Jearef

kel
ωref 0 0

TLigi0+Jvaref

kwvigi0

ωref
ωref

igi0
(Je + Jlw) aref +

TLigi0+Jvaref

i02ig2

]T

u∗ =
[

0
Baaref

i0ig

]

(8)

with Ba being the fitting coefficient of the square of vehicle

speed; aref being the reference acceleration; ωref being the

reference speed of clutch discs. The reference acceleration and

reference angular speed can be calculated through the demand

vehicle speed from driver as:

ωref =
vref
Rt

, aref = ω̇ref (9)

There is no doubt that the equilibrium point exists in the

clutch engagement stage. Thus, we can acquire the following

equation:

ẋ∗ = A2x
∗ +B2u

∗ + d2 (10)

Let x = xt + x∗, u = ut + x∗, the system obtained by

translating the coordinates of the MTP system to (x∗, u∗) is:

ẋt = Aixt +Biut + (di − d2) + (Ai −A2)x
∗

+(Bi −B2)u
∗, Si = {xt |li − cx∗ ≤ cxt ≤ ui − cx∗ }

(11)

for xt ∈ Si, i ∈ {1, 2}.

External input and disturbance w are selected as:

w =
[

dw Te ∆Ba

]T
(12)

where dw represents the measurement noise and external

disturbance in system; ∆Ba is the change of air resistance

torque caused by change of vehicle speed.
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TABLE I
COEFFICIENT MATRICES OF MTP SYSTEM

Stage Coefficient Matrix

2&3

A1 =























0 1 −1 0 0 −1 0 0
−kel/Je −cel/Je cel/Je 0 0 cel/Je 0 0
kel/Jl cel/Jl −cel/Jl 1/Jl kwv/(Jrwi0ig) cwv

/(

Jrwi02ig2
)

− cel
/

Jl −cwv/(i0igJrw) −1/Jrw
0 0 0 0 0 0 0 0
0 0 0 0 0 1/(i0ig) −1 0
0 0 0 0 −kwv/(Jrwi0ig) −cwv

/(

Jrwi02ig2
)

cwv/(i0igJrw) 1/Jrw
0 0 0 0 kwv/Jv cwv/(Jvi0ig) −cwv/Jv 0
0 0 0 0 0 0 0 0























B1 =

[

0 0 0 1 0 0 0 −1
0 0 0 0 0 0 0 1

]T

, E1 =





0 0 1 1 0 1 0 1
0 1/Je 0 0 0 0 0 0
0 0 0 0 1/kwv 0 1/Jv 1/i0ig





T

4

A2 =























0 1 0 0 0 −1 0 0
−kel/Je −cel/Je 0 0 0 cel/Je 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 1/(i0ig) −1 0

kel/Jlw cel/Jlw 0 0 −kwv/(Jlwi0ig) −cwv

/(

Jlwi02ig2
)

− cel
/

Jlw cwv/(i0igJlw) 1/Jlw
0 0 0 0 kwv/Jv cwv/(Jvi0ig) −cwv/Jv 0
0 0 0 0 0 0 0 0























B2 =

[

0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 1

]T

, E2 =





0 0 0 0 0 1 0 1
0 0 0 0 0 0 0 0
0 0 0 0 1/kwv 0 1/Jv 1/i0ig





T

Finally, we can acquire the standard PWA model of mode

transition process as:

ẋt = Aixt +Biut + Eiw + bi
bi = (Ai −A2)x

∗ + (Bi −B2)u
∗, xt ∈ Si

(13)

As the model built in this section is used for the design of

coordinated controller which works on discrete frequency, the

state space equation built before should be discretized. Then,

the model of MTP including the change of torque transmitted

by clutch can be transformed as a class of discrete-time PWA

systems [13]:






















xt(k + 1) = Ad
i xt(k) +Bd

i ut(k) + Ed
i w(k) + bdi

Ad
i = eAiTs , Bd

i =
Ts
∫

0

eAi(Ts−x)Bidx

Ed
i =

Ts
∫

0

eAi(Ts−x)Eidx, b
d
i =

Ts
∫

0

eAi(Ts−x)bidx

(14)

where xt(k) is the system state vector; w(k) is the disturbance

input vector which belongs to l2[0,∞); Ai, Bi are the system

matrices with corresponding dimensions of the ith subsystem.

Remark 1. For normal PWA system, the system region

partitions can be divided into two classes Γ = Γ0 ∪Γ1, where

Γ0 is the set which contains origin-included partitions, and

Γ1 is the set of the origin-excluded partitions [26]. For the

MTP system of DM-PHEV, the model changes with the state

of clutch. The inequality to describe the border of regions can

be rewritten as:
[

xt

1

]T [

Hi
THi ∗

hi
THi hi

Thi − 1

] [

xt

1

]

≤ 0 (15)

where

Hi = 2c/(ui − li), hi = (2cx∗ − ui − li)/(ui − li)
c =

[

0 0 1 0 0 0 0 0
] (16)

Remark 2. Let Θ = {(i, j) |xt(k) ∈ Si, xt(k + 1) ∈ Sj }
represents the set of index pairs which denotes the possibility

of switching from one partition to others or itself [27]. The

possible switch of MTP system can be divided into three

conditions: the state variables transit in the region of Stage

2/3; the state variables transit from the region of Stage 2/3 to

the region of Stage 4; the state variables transit in the region

of Stage 4.

The performance indices which can be used to evaluate the

MTP include:

1) Optimal ride comfort: One of the most important index

is to insure the ride comfort of passengers, which can be

evaluated by the vehicle jerk min j = min ȧ = min v̈,

with a being the longitudinal acceleration of vehicle.

2) Minimum energy consumption: The slip of clutch

may cause extra energy consumption, and this can

be expressed as the clutch slipping energy loss

minW = min
tf
∫

t0

Tcl(ωl − ωr)dt.

3) Torque demand of driver: Torque demand is expressed

as the tracking of the driver’s desired speed min(ωr −
ωref ).

Considering the performance indices of MTP, the perfor-

mance outputs z are selected as:

z =
[

ωl − ωcr Tcl Ṫcl ωr − ωref

Tm − Tcl − (Je + Jlw) aref −
TLigi0+Jvaref

i02ig2 Ṫm − Ṫcl

i2

]T

(17)

The performance output ωl − ωr is selected to start the

engine quickly and engage the clutch smoothly; Tcl is se-

lected to ensure the minimum energy consumption, the torque

transmitted by the clutch at the end of the slipping stage is

expected to be zero to avoid the sudden change of torque;

Ṫcl is selected to limit the sudden change of wet clutch;

ωr − ωref is selected to meet the torque demand of driver;

Tm − Tcl − Jew −
TLigi0+Jvaref

i02ig2 is also selected to minimum
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the energy consumption of motors; Ṫm − Ṫcl

i2
is selected to

ensure the coordination between torque of clutch and motors.

Since the angle signals in the state variables are difficult to

be measured directly by the sensor, the measurement output y

of the system is defined as:

y =
[

ωl − ωcr Tcl ωr − ωref

Tm − Tcl − (Je + Jlw) aref −
TLigi0+Jvaref

i02ig2

]T (18)

Finally, the PWA model of MTP system can be written as:
{

xt(k + 1) = Ad
i xt(k) +Bd

i ut(k) + Ed
i w(k) + bdi

z (k) = Cixt(k) +Diut(k), y (k) = Cy
i xt(k)

(19)

IV. IDENTIFICATION OF MECHANICAL HYSTERESIS

The PWA model of MTP built above assumes that the

torque of actuators can response the command of controllers

immediately. However, once the torque command is given

by the coordinated controller, it takes a little time for the

controllers of actuators to adjust the actual torque of actuators

to the desired torque. To describe the actual response of

actuators, the mechanical hysteresis identification of the clutch

and the motor is carried out in this section. As both the

clutch and motors have its own controllers, the characteristics

of mechanical hysteresis are influenced by the controllers of

actuators. The identification of mechanical hysteresis is based

on actuators with fixed controllers.

A. Mechanical hysteresis of wet clutch control system

To simulate the dynamic characteristics of the wet clutch,

an electro-hydraulic system from proportional valve current

to clutch friction torque is established. Here the model of

electro-hydraulic system is built according to [7]. Based on the

AMESim model of wet clutch, the step response of wet clutch

is simulated as shown in Fig.3. Fig.3(a) is the torque response

of wet clutch under constant current. It can be found that

the hydraulic system of wet clutch result in sever hysteresis.

Besides, we can find that the current-steady torque curve

in Fig.3(b) shows dead zone at small current and pressure

saturation at big current. The nonlinear dynamics of electro-

hydraulic system makes it difficult to design the controller of

wet clutch system. Thus, the stable torque response of wet

clutch is fitted by a third-order polynomial Tcl-I curve as

shown in Fig.3(b).

Tcl = p1I
3 + p2I

2 + p3I + p4 (20)

where

p1 = −0.000384, p2 = 0.05614, p3 = 3.971, p4 = −88.26
(21)

with I being the current of the proportional valve.

As the controller of electro-hydraulic system is not the key

problem of this paper, based on the fitting curve in Fig.3(b),

a PID controller in [7] is adopted here to control the current

of valve to adjust the actual torque of clutch to the torque

demand Tcl dmd from upper controlle as shown in Fig.3(c).

The mechanical hysteresis of wet clutch is inexorable in-

herent characteristics.

In order to compensate for the vehicle jerk caused by

dynamic characteristics of actuators in the coordinated con-

troller, a simplified model must be constructed to describe

the mechanical hysteresis. It can be seen from Fig.3 that

the dynamic response of clutch is similar to the first-order

system, To describe the mechanical hysteresis in simplified

mathematical model, a first-order system is adopted here as:

τcl
dTcl (t)

dt
+ Tcl (t) = ucl (t) (22)

with τcl being the hysteresis parameter of clutch, ucl being

the reference torque demand of clutch.

Curve fitting tool of MATLAB is used here to fit the delay

parameter τcl in Eq.(22). From the simulation results we can

find that τcl may vary with the initial torque and final demand

torque, the final results τcl is shown in Fig.3(d).

To verify the accuracy of fitting, here a step response of

wet clutch control system is shown in Fig.3(e) as a example.

We can find that the reference torque is 80 Nm, the real

torque transmitted by clutch experiences a dead zone and then

acts as a one-order response. It can be seen that though the

fitting torque does not perfectly fit the actual torque of the

clutch, but compared with the demand torque given by the

controller, the error between the fitted dynamic torque and the

actual torque is smaller. Various step torque demand orders

are give to wet clutch, and the errors between actual torque

and fitting torque of wet clutch are shown in Fig.3(f). The

fitting torque according to Eq.(22) can effectively eliminate

the error between demand torque and real torque transmitted

by clutch. Thus, Eq.(22) can be used to model the dynamic

characteristics of wet clutch system.

B. Mechanical hysteresis of PMSM control system

Similarly, proportional–integral–derivative (PID) control

strategy is adopted here as the controller of motors [28].

The plant model of PMSM and its controller can be built by

the commercial software AMESim. Based on the simulation

results of AMESim, we can find that the actual motor torque

shows hysteresis relative to the demand motor torque as shown

in Fig.4(a). Besides, the hysteresis varies with the range of

torque demand. Thus, here a first-order system is also adopted

here to model the mechanical delay exists in motor control

system as

τm
dTm (t)

dt
+ Tm (t) = um (t) (23)

with τm being the hysteresis parameter of motors, um being

the reference torque demand of motor.

Using the curve fitting tool of MATLAB we can acquire a

map of hysteresis parameter τm of motor control system as

shown in Fig.4(b). We can find that the mechanical hysteresis

of motor system ranges from about 1 ms to 6.3 ms. The value

is related to the initial motor torque and final demand torque.

To verify the effectiveness of model of dynamic response

characteristics, the fitted torque under the demand torque of

80Nm is compared with the actual motor torque, as shown in
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Fig. 3. Dynamic characteristics of wet clutch. (a)Response characteristics of wet clutch C1. (b)Current-Torque fitting curve. (c)Control strategy of clutch.
(d)Mechanical hysteresis of clutch. (e)Torque comparison of clutch. (f)Torque error comparison of clutch.
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Fig. 4. Dynamic characteristics of PMSM. (a)Response characteristics of PMSM. (b)Mechanical hysteresis of PMSM. (c)Torque comparison of PMSM.
(d)Torque error comparison of PMSM.

Fig.4(c). It can be found that the fitting torque is closed to the

real torque of PMSM.

Besides, the error between fitting torque and real torque

under different demand torque are simulated and the results are

shown in Fig.4(d), the maximum error between fitting torque

Tm fit and actual motor torque is only 12 Nm at a step torque

demand of 120 Nm.

Thus, the proposed dynamic model in Eq.(23) can effec-

tively describe the dynamic response of motor control system.

The simplified model of MTP system with hysteresis built

in this section is the preparation for the coordinated controller

which will be designed in the next section.

V. PWA-MSOF H∞ COORDINATED CONTROL STRATEGY

CONSIDERING MECHANICAL HYSTERESIS IN MTP

The purpose of coordinated controller is to smoothly start

the engine and engage the wet clutch by coordinating the

torque of motor and the torque of clutch. From the fitting

results shown in Fig.3(d) and Fig.4(b), we can find that the

mechanical hysteresis of clutch is much bigger than that of

PMSM. Although the torque command given by coordinated

controller is compatible, the actual torque may exhibit different

dynamic characteristics because of the mechanical hysteresis.

Thus, a coordinated controller which considers the influence

of mechanical hysteresis is necessary for MTP. While it is

a good choice to extend the PWA model with mechanical

hysteresis, the increase in the number of dimensions always

makes the solution difficult. Thus, this section proposed a hier-

archical PWA-MSOF H∞ control strategy as the coordinated

controller of MTP. The upper layer controller is a PWA-based

output-feedback H∞ controller (PWA-SOF) which ensure the

performance of MTP with ideal actuators; Different from the

normal coordinated controllers which need to be individually

designed for each stage, the performance index for PWA-based

coordinated controller is unified for the discontinuous MTP

system and the designed controller can ensure the stability
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and optimality of the entire mode transition process. The

lower layer controller is a state-feedback H∞ controller to

slove the mechanical hysteresis which may seriously deteri-

orate the performance of MTP and make a modification for

the torque calculated by the proposed PWA-SOF controller.

The combination of these two controllers is the PWA-MSOF

control strategy which can deal with vehicle jerk caused by the

discontinuous clutch engagement and mechanical hysteresis

in MTP. The control architecture of PWA-MSOF is shown in

Fig.5.

A. PWA-SOF controller for MTP without considering mechan-

ical hysteresis

Based on the PWA model, a PWA-SOF control strategy

for the MTP with discontinuous clutch engagement process is

proposed.

According to [13], the SOF control strategy can be derived

from a static state feedback (SSF) H∞ controller. Thus, a static

state feedback control strategy should be designed first. For

the MTP of DM-PHEV, the PWA-SSF control law for MTP

system in region i can be written as

ut(k) = Kixt(k) (24)

where Ki is the gain matrix in region i. Substituting Eq.(24)

into Eq.(19), a closed loop system can be obtained as follows
{

xt(k + 1) = Ãixt(k) + Ed
i w(k) + bdi , z(k + 1) = C̃ixt(k)

Ãi = Ad
i +Bd

i Ki, C̃i = Ci +DiKi

(25)

Then H∞ performance index γ∞ is defined as

‖z‖2 ≤ γ∞
2‖w‖2 (26)

It can be found that the PWA system formulates a switched

system with the same equilibrium point. Based on the PWA

system, the goal of H∞ control strategy is to find Lyapunov

function which not only ensure the stability of PWA system

within one region, but also ensure the stability of system

transmit from one region to another region. Thus, the MTP

coordinated controller is to design a control gain Ki such that

the MTP system is asymptotically stable and the H-infinity

norm γi from w to z is minimized in the whole state region,

as shown in Eq.(26).

Theorem 1. (Special case of [29]) For all (i, j) ∈ Θ, if

there exist matrices: Pi = Pi
T > 0,Pj = Pj

T > 0,Yi,Wi and

scalar αi, an optimal set of gains Ki = WiYi
−1 in Eq.(31)

exists such that the following LMIs hold:

min
γ2,Pi,Yi,Wi

γ2 (27)

if i ∈ Γ0








Pi − Yi − Yi
T ∗ ∗ ∗

0 −γ2I ∗ ∗
Ad

i Yi +Bd
i Wi Ei −Pj ∗

CiYi +DiWi 0 0 −I









< 0 (28)

if i ∈ Γ1












Pi − Yi − Yi
T ∗ ∗ ∗ ∗

0 −γ2I ∗ ∗ ∗
Ad

i Yi +Bd
i Wi Ed

i Ψij ∗ ∗
CiYi +DiWi 0 0 −I ∗

HiYi 0 αihi

(

bdi
)T

0 Φi













< 0

Ψij = −Pj − αib
d
i

(

bdi
)T

,Φi = αi

(

I − hihi
T
)

(29)

where Pi is the Lyapunov matrix for xt(k); Pj is the Lyapunov

matrix for xt(k + 1); Specially, if xt(k) and xt(k + 1) are in

the same region, then Pi = Pj .

Proof. The proof is omitted here due to the limitation of

space. The details can be found in reference [13], [29].

The controller will transfer the system states from the area

not including the equilibrium point to the area including the

equilibrium point as soon as possible and ensure the stability of

the system during the switching process. Thus, compared with

the regular model, the control strategy based on PWA system

can acquire better performance during the transition from one

region to another region, while ensuring the stability of whole

system.

Finally, the optimal PWA state-feedback gain set Ki can be

calculated in MATLAB by using LMI toolbox as

Ki = WiYi
−1 (30)

Furthermore, the PWA static output feedback (PWA-SOF)

control law can be described as

ui(k) = Ky
i y(k) (31)

Thus, the Eq.(19) can be transformed as
{

xt(k + 1) = Âixt(k) + Ed
i w(k) + bdi , z(k + 1) = Ĉixt(k)

Âi = Ad
i +Bd

i K
y
i C

y
i , Ĉi = Ci +DiK

y
i C

y
i

(32)

According to [13], the design problem of the mode tran-

sition coordinated static output feedback controller can be

equivalently not finding a set of output feedback gains Ky
i

to satisfy Ky
i C

y
i

∆
= Ki. It can be known from Theorem 1 that

Ki = WiY
−1
i , and then it can be seen that the problem can be

transformed into finding a matrix transformation method for

the result calculated based on the state feedback and writing it
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in the form of multiplying the output feedback gain matrix by

Cy
i . According to [13], based on the PWA static state feedback

controller, the PWA static output feedback controller (PWA-

SOF) of the MTP control system can be derived from Theorem

2 as follows.

Theorem 2. For Yi and Wi in Theorem 1, make the

following substitutions:

Yi = QiYQ,iQ
T
i +RiYR,iR

T
i ,Wi = WR,iR

T
i (33)

where YQ,i = YQ,i
T ∈ R(x−y)×(x−y), YR,i = YR,i

T ∈
Ry×y,WR,i ∈ Ru×y are new LMI variables. Qi, Ri are

constant matrices which satisfy that

Cy
i Qi = 0, Ri = Cy†

i +QiLi, C
y†
i = (Cy

i )
T
(

Cy
i (C

y
i )

T
)−1

(34)

If there exists feasible solutions for the substituted LMI, the

PWA-SOF gains can be obtained as that:

Ky
i = WR,iYR,i

−1 (35)

Variable Qi can be selected as Qi = null (Cy
i ). Variable

Li ∈ R(x−y)×y and according to [30], the selection of L can

be written as

L = Q†
iYi(C

y
i )

T
(

Cy
i Yi(C

y
i )

T
)−1

(36)

where Q†
i =

(

(Qi)
T
Qi

)−1

(Qi)
T

. This selection of L can

ensure that the performance of the output feedback controller

is closer to that of the state feedback controller.

Proof. The proof is omitted here due to the limitation of

space. The details can be found in reference [30].

By substituting the variables in Theorem 1 and solving

those LMIs, the output feedback control gain can be obtained

according to Eq.(31).

B. Torque distribution of overdrive system

From the structure of DM-PHEV, we can find that the

torque of motor 1 and motor 2 work together during the mode

transition process, which can be described as an overdrive

system. Since the MTP is a preparation process for the steady

driving mode, the steady torque demand of hybrid mode

is decided by the EMC. Thus here the torque T d
m1, T

d
m2

distributed by an EMC are considered as the reference torque

to allocate the torque between motor 1 and motor 2. As the

energy management controller is not the key issue in this

paper, a simple rule-based energy management controller is

adopted here. Quadratic optimal control strategy is adopted

here to allocate the demand torque Tm from PWA-MSOF to

torque of motor 1 Tm1 and torque of motor 2 Tm2.

min
u

fu =
1

2
‖Qu (u− ud)‖

2
2 (37)

s.t.

u =
[

Tm1 Tm2

]T
, ud =

[

T d
m1 T d

m2

]T

Tm =
[

1
i2

1
]

[

Tm1

Tm2

]

, umin ≤ u ≤ umax
(38)

C. Lower level robust H∞ controller for actuators with me-

chanical hysteresis

Based on the mechanical hysteresis model built before, a

lower level robust H∞ controller is adopted here to modify

the demand torque given by upper layer PWA-SOF controller.

The goal of this controller is to make the actual torque of

actuators track the demand torque while the torque of clutch

and motors can be coordinated during this process, the state

variable of this system is selected as

xτ =
[

Tcl − Tcl dmd Tm1 − Tm1 dmd Tm2 − Tm2 dmd

]T

(39)

where Tcl dmd and Tm dmd are the demand torque given by

PWA-SOF.

Control inputs are defined as the difference between modi-

fied torque and demand torque given by PWA-SOF.

uτ =
[

ucl − Tcl dmd um1 − Tm1 dmd um2 − Tm2 dmd

]T

(40)

with um being the modified torque demand of motors, ucl
being the modified torque demand of clutch.

The goal of this controller is to modify the demand torque

given by PWA-SOF so that the actual response torque of clutch

and motors are coordinated. Thus, the performance output zτ
is selected as

zτ =
[

Tcl − Tcl dmd Tm1 − Tm1 dmd

Tm2 − Tm2 dmd Tcl − i2Tm2− Tm1

] (41)

The model of mechanical hysteresis can be described as

ẋτ = Aτxτ +Bτuτ + Eτwτ (42)

where

Aτ =





− 1
τcl

0 0

0 − 1
τm1

0

0 0 − 1
τm2



 , Bτ =





1
τcl

0 0

0 1
τm1

0

0 0 1
τm2





Eτ =





1 0 0
0 1 0
0 0 1



 ,
τcl ∈

[

τmin
cl , τmax

cl

]

τm ∈
[

τmin
m , τmax

m

]

(43)

As the hysteresis parameter τcl and τm are time varying

mechanical delays, defining

Ai =







− 1
τ i
cl

0 0

0 − 1
τ i
m1

0

0 0 − 1
τ i
m2






, Bi = −Ai (44)

where

τ icl ∈
{

τmax
cl , τmin

cl

}

, τ im ∈
{

τmax
m , τmin

m

}

(45)

Then the model can be transformed as

A (λ) , B (λ) =
8
∑

i=1

(Ai, Bi)λi,

λi ≥ 0,
8
∑

i=0

λi = 1; i = 1, · · · , 8

(46)

Similarly, the Eq.(46) can be discretized as:

xτ (k + 1) = Ad
τxτ (k) +Bd

τuτ (k) + Ed
τwτ (k) (47)
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Fig. 6. Comparison of proposed PWA-MSOF, PWA-SOF and H∞-SOF. a Comparison of clutch driven disc speed. b Comparison between clutch driving
disc speed and reference speed. c Comparison of MTP stage. d Vehicle jerk. e Slipping energy loss. f Torque transmitted to the wheels.

Considering the uncertainties of mechanical hysteresis, a

robust H∞ controller is appropriate and practical. Therefore,

a state feedback controller is designed as follows:

uτ = Kτxτ (48)

For time-varying τcl and τm, find a Lyapunov matrix Pτ and

control gain Kτ for Eq.(48), such that the closed-loop system

Eq.(46) is asymptotically stable, the H∞ norm γ∞ from wτ to

zτ is minimum. The control gain in Eq.(48) can be obtained

through the following theorem.

Theorem 3. The control gain in Eq.(48) exists if there exists

matrices Pτ , Gτ , Yτ , such that the following LMI holds:








Pτ −Gτ −GT
τ 0 Ad

τGτ +Bd
τYτ Ed

τ

∗ −I CτGτ +DτYτ 0

∗ ∗ −Pτ 0

∗ ∗ ∗ −γ∞
2I









< 0

(49)

Proof. The proof is omitted here due to the limitation of

space. The details can be found in reference [31].

Then the desired state-feedback gain K can be calculated

in MATLAB by using LMI toolbox as

Kτ = YτGτ
−1 (50)

Finally, the modification for the torque demand ∆T can be

calculated as

∆T = Kτxτ (51)

VI. SIMULATION AND HIL TEST RESULTS

In this section, simulation and HiL tests will be done to

verify the effectiveness of proposed PWA-MSOF controller.

A. Simulation and results analysis

To get insight into the performance of the PWA-MSOF,

this paper will simultaneously show the simulations of the

PWA-SOF without considering the mechanical hysteresis of

actuators. Besides, an static output feedback H∞ (H∞-SOF)

coordinated control strategy is also adopted here as a compar-

ison with the upper layer PWA-SOF controller. The design of

it can be found in [31]. The dynamic model of DM-PHEV is

established in MATLAB/Simulink and AMESim according to

the plant mode which can be found in the previous work [25].

The sampling intervals for plant model, upper layer controller

and lower layer robust H∞ controller are 10e-6 ms, 0.01 ms

and 0.01 ms, respectively. The key parameters of this DM-

PHEV are given in Table.II. The MTP from electric driving

mode to hybrid driving mode usually happens in acceleration

condition. Thus, here an acceleration scenario is adopted to

verify the proposed coordinated control strategy.The feedback

gain of upper layer PWA-SOF controller and lower layer

robust H∞ controller is:

Ky
1 = −

[

−33.53 −24.43 −30.65 −8.32
−33.65 −24.32 −31.89 −9.36

]

Ky
2 =

[

0 −41.83 −4.96 0.08
0 −1.31 −30.7 −12.02

]

Kτ =





−0.223 0.064 0.138
0.162 −0.052 −0.161
0.266 −0.120 −0.205





(52)

The feedback gain of upper layer H∞-SOF is:

Ky
1 =

[

−28.85 −21.53 −17.54 −0.69
−29.37 −22.19 −21.94 −2.13

]

Ky
2 =

[

0 0 0 0
0 0 −15.10 −4.88

] (53)

To verify the necessity of proposed PWA-MSOF, the results

of PWA-MSOF,PWA-SOF and a H∞-SOF controller working

on DM-PHEV with mechanical hysteresis are shown in Fig.6.

It can be seen from Fig.6(a) that both the speed of clutch driven

disc ωl controlled by PWA-SOF, PWA-MSOF and H∞-SOF

can track the reference speed. However, the ωl controlled by

PWA-MSOF can converge to the reference value faster and

more smoothly. The speed of clutch driving disc ωr which

represents the vehicle speed is shown in Fig.6(b). Through

the consideration of mechanical hysteresis, the ωr controlled
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Fig. 7. Torque of actuators. a Actual and demand torque of motor 2 controlled by PWA-MSOF. b Actual and demand torque of clutch C1 controlled by
PWA-MSOF. c Actual and demand torque of motor 1 controlled by PWA-MSOF. d Actual and demand torque of motor 2 controlled by PWA-SOF. e Actual
and demand torque of clutch C1 controlled by PWA-SOF. f Actual and demand torque of motor 1 controlled by PWA-SOF.
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Fig. 8. Torque error between demand torque and actual torque of actuators. (a)Motor 1. (b)Motor 2. (c)Wet clutch.

TABLE II
PARAMETERS OF DM-PHEV

Parameter Value Unit

Vehicle

Vehicle massmveh 1970 kg

Effective windward area Aa 2.66 m2

Wheel rolling radius Rw 0.353 m
Wind resistance coefficient Cd 0.357
Rolling resistance coefficient f 0.016
Final reduction transmission ratio 3.842

ICE
Maximum speed nemax 5500 r/min
Maximum output torque of Temax 210 Nm
Maximum output power Pmax 63 Kw

Motor

Maximum power of motor 1 P1max 55 Kw
Maximumt torque of motor 1 T1max 160 Nm
Maximum speed of motor 1 n1max 6200 r/min
Maximum power of motor 2 P2max 70 Kw
Maximum torque of motor 2 T1max 155 Nm
Maximum speed of motor 2 n2max 12000 r/min

Clutch

Number of clutch contact faces N 4

Oil density ρ 850 kg/m3

Outside radius of clutch plate Ro 180 mm
Inside radius of clutch plate Ri 30 mm
Piston diameter dp 100 mm
Rod diameter dr 40 mm
Oil pressure provided by the tank Pin 15 bar

by PWA-MSOF has fewer fluctuations than that controlled by

PWA-SOF and H∞-SOF controller. Besides, the speed con-

trolled by the H∞-SOF controller shows a larger fluctuation

than that controlled by PWA-SOF, verifying that the PWA-

SOF has better performance in dealing with the discontinuous

CAN

Host computer

Model configurationModel configuration

Strategy compilationStrategy compilation

NI VeriStand

Rapid prototype 

controller

PWA-MSOF control 

strategy

NI real-time 

simulator

AMESim/Simulink 

co-simulation

model of DM-PHEV

Fig. 9. Schematic diagram of HiL test.

dynamics caused by clutch engagement. Fig.6(c) denotes the

current stage of MTP. At 30.2 s, a MTP command is given

by the EMC. Then the MTP runs into Stage 2, engine start

stage. The torque transmitted by clutch Tcl begins to increase

to start the engine. Simultaneously, the torque of motor 1 and

motor 2 rise to compensate the resistance torque from clutch

C1. When the speed of engine exceeds engine idle speed,

MTP runs into Stage 3, clutch slipping stage. When the speed

difference is less than a certain value, MTP runs into Stage 4.

We can find that the time of MTP controlled by PWA-MSOF
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Fig. 10. Comparison of proposed PWA-MSOF and PWA-SOF in HiL test. a Comparison of clutch driven disc speed. b Comparison between clutch driving
disc speed and reference speed. c Comparison of MTP stage. d Vehicle jerk. e Slipping energy loss. f Torque transmitted to the wheels.
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Fig. 11. Torque of actuators in HiL test. a Actual and demand torque of motor 2 controlled by PWA-MSOF. b Actual and demand torque of clutch C1
controlled by PWA-MSOF. c Actual and demand torque of motor 1 controlled by PWA-MSOF. d Actual and demand torque of motor 2 controlled by
PWA-SOF. e Actual and demand torque of clutch C1 controlled by PWA-SOF. f Actual and demand torque of motor 1 controlled by PWA-SOF.

is 0.52 s, while that controlled by PWA-SOF and H∞-SOF is

about 0.71 s and 0.74 s, respectively. All the maximum vehicle

jerk is smaller than recommended vehicle jerk (less than 10

m/s3). For H∞-SOF controller, the maximum vehicle jerk is

about 8.15 m/s3, which is much bigger than the other two

controllers. As the PWA-SOF controller considered the global

optimization during the MTP, while the H∞-SOF controller

can only optimize during the current stage of MTP. Thus, the

MTP controlled by PWA-SOF exhibits smaller vehicle jerk

at the border of clutch slipping stage and clutch engagement

stage. The maximum vehicle jerk controlled by PWA-SOF

reach to about 4.8 m/s3. This is caused by the uncoordinated

dynamic characteristics of clutch and motors introduced by

the mechanical hysteresis. While the proposed PWA-MSOF

controller can effectively reduce the vehicle jerk to about

1.69 m/s3. At the same time, the slipping energy loss of

these three controllers are similar. Thus, the proposed PWA-

MSOF controller can acquire better performance of MTP with

mechanical hysteresis.

From the performance indices, we can definitely find that

the PWA-based controller exhibits better than traditional H∞-

SOF controller. To further verify the difference between pro-

posed PWA-MSOF and PWA-SOF, the torque of actuators

controlled by PWA-SOF and PWA-MSOF are shown in Fig.7.

T dmd is the ideal torque of actuators optimized by PWA-

SOF. T dmd mod is the modified torque command given to the

controller of actuators. The real torque response of actuators

is T real. It can be seen that compared with PWA-SOF, the

demand torque of clutch is modified to be bigger so that the

actual torque of actuators can be more closed to the demand

torque. Since the response speed of motor is much quicker

than clutch, to decrease the error between motors and clutch,

the demand torque of motors are modified to be smaller.

The torque errors between demand torque and actual torque
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of actuators are shown in Fig.8(a), Fig.8(b) and Fig.8(c),

respectively. While the torque error of the clutch is reduced,

the torque error of the motor is increased to achieve torque

coordination between the actuators. Based on the modified

torque demand of PWA-MSOF, the torque transmitted to

the wheels shows smaller fluctuations than that controlled

by PWA-SOF as shown in Fig.6(f). Thus, the PWA-MSOF

can make the actual torque of actuators coordinated through

considering the mechanical hysteresis.

Totally, the proposed PWA-MSOF controller can effectively

improve the performance of MTP with mechanical hysteresis

introduced by actuators.

B. HiL test and results analysis

To verify the effectiveness, feasibility and real-time perfor-

mance of proposed PWA-MSOF control strategy in the actual

controllers and environment, the controller is implemented in

a rapid prototyping controller and tested in real-time using a

hardware-in-the-loop (HiL) simulator running a full nonlinear

model. The nonlinear vehicle model built by AMESim is

simulated in a NI real-time simulator which can simulate

the dynamic characteristics of powertrain in high frequency.

The control strategy (PWA-MSOF, PWA-SOF) is designed by

MATLAB/Simulink and then be compiled and downloaded

into the rapid prototype controller. The host computer can ob-

serve the data of HiL tests. The communication between rapid

prototype controller and NI real-time simulator is realized by

CAN bus. The schematic diagram of HiL test is shown in

Fig.9.

As shown in Fig.10(a) and 10(b), the reference value of

clutch speed ωref is well tracked by ωl and ωr controlled

by PWA-MSOF. The fluctuation and tracking error of speed

controlled by PWA-MSOF are smaller than those controlled by

PWA-SOF. The quantitative results of performance indices of

MTP are shown in Table III. In HiL test, the vehicle jerk con-

trolled by PWA-SOF and PWA-MSOF is 4.9 and 2.32 m/s3,

respectively. Compared with the former, the latter’s value is

reduced by 52.65%. Besides, the time of MTP controlled by

PWA-MSOF is shorter than that controlled by PWA-SOF. The

slipping energy loss of clutch controlled by the two methods is

similar. Fig.11 shows the results of torque in HiL test. Totally,

the test results are similar to the simulation results. Because of

the noise of information transmission between controller and

NI real-time simulator, the limitation of controller operation

accuracy and speed and the CAN-induced delays, the results

are a little different from those of simulation, but the trend is

similar.

In short, the HiL test results verify the real-time perfor-

mance of the proposed coordinated control strategy.

VII. CONCLUSION

To suppress the influence of mechanical hysteresis and ele-

vate the quality of MTP, a PWA-MSOF coordinated controller

which can optimally allocate the torque of motor and clutch

is proposed in this research. The main conclusions are shown

the following:

TABLE III
QUANTITATIVE COMPARISON RESULTS OF HIL.

Performance indices PWA-SOF PWA-MSOF

Jerk (m/s3) 4.9 2.32
Deviation of jerk x 52.65%
Time (s) 0.698 0.495
Deviation of time x 28.78%
Slipping energy loss (J) 9172 9170
Deviation of slipping energy loss x 0.02%

1) The MTP with discontinuous clutch engagement pro-

cess is described as a PWA system and a coordinated

controller based on proposed PWA model of MTP is

designed.

2) The mechanical hysteresis introduced by actuators are

identified and robust H∞ controller is adopted to elimi-

nate the influence of uncoordinated mechanical hystere-

sis.

3) HiL test demonstrates that the vehicle jerk controlled by

PWA-MSOF can be reduced by 52.65% with the PWA-

MSOF strategy. Besides, the slipping energy loss and

time of MTP of both controllers are similar.

In short, the proposed control strategy can improve the

performance of MTP with mechanical hysteresis, and can

provide a theoretical reference for the PHEV in engineering

practice. Meanwhile, the proposed strategy is only validated

in HiL test. In the future, a test bench with wet clutch and

motors will be built and more tests about PWA-MSOF will be

conducted.
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