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through the dry clutch becomes important. This paper addresses a feedforward control
method of clutch torque during slip engagement of a dry clutch utilizing a clutch friction
model. In many studies, the clutch friction coefficient is considered as the only uncertain
parameter in the clutch friction model. However, the clutch touch point can also serve as
a major source of uncertainty in the clutch friction model. Thus, this paper proposes a si-
multaneous adaptation method to estimate the clutch friction coefficient and the clutch
touch point in real time and a feedforward control method of clutch torque during slip

Clutch touch point engagement of a dry clutch based on the proposed adaptation algorithm. This control ap-
proach is applied to the slip engagement control of a dry engine clutch in a parallel hybrid
vehicle and its effect is experimentally verified using a production vehicle.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Clutch control in the vehicle powertrain has a significant effect on vehicle performance and ride comfort. Typical exam-
ples are transmission clutch control and engine clutch control for a parallel hybrid vehicle. When the clutch systems are
controlled appropriately, the cutoff and vibration of driving torque, generated by an engine and a motor and transmitted to
the wheel end, are minimized, and the running performance and ride comfort of a vehicle at the same time can thereby be
improved [1-3].

There are two kinds of dry clutch engagement methods. The first is the synchronization engagement method in which
a clutch is engaged after the speed of both sides of the clutch is synchronized. The second is the slip engagement method
in which a clutch is engaged when the speed of both sides of the clutch is different. In the case of the synchronization
engagement method, compared to the slip engagement, energy loss due to clutch friction is small, and little clutch wear
and vibration of driving torque during clutch engagement occur. Thus, the synchronization method is mainly utilized for
clutch engagement in production vehicles [4,5].

Fig. 1 shows a lumped inertia driveline model of a parallel hybrid vehicle. As shown in this figure, there are two clutches
in the driveline of a parallel hybrid vehicle: a transmission clutch and an engine clutch [6]. In the case of the transmission
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Fig. 1. Lumped inertia driveline model of a parallel hybrid vehicle.
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Fig. 2. Structure of the clutch actuator.

clutch, slip engagement is always required when gear shift occurs since the clutch should be engaged when the speed of
the engine and the speed of the input shaft of the transmission are different.

Also, in the case of the engine clutch, slip engagement is required depending on situations. An Integrated Starter and
Generator (ISG) is needed to synchronize the engine speed to the motor speed in an engine clutch system. However, consid-
ering a parallel hybrid system without an ISG, slip engagement is required since the engine clutch should be engaged when
the speed of the engine and the speed of the motor are different. Also, in a parallel hybrid system, slip engagement is often
required when the torque capacity of the driving motor is small; for example, when driving torque, which is greater than
the torque capacity that the driving motor can manage, is needed on a steep hill, and the motor speed is lower than the
engine idle speed. As such, there are situations where slip engagement is required in a transmission clutch or engine clutch
system. On the other hand, when clutch slip engagement is performed, energy loss, clutch wear due to clutch friction, and
driving torque vibration can occur, and hence precision clutch slip control is required to minimize these drawbacks.

On the other hand, during clutch slip engagement, since clutch torque is directly related to energy loss, clutch wear,
and vibration of driving torque, preferably the clutch slip control is mainly performed using the clutch torque as a control
variable. However, torque sensors that measure the clutch torque are expensive and bulky, and hence cannot be installed in
a real vehicle. Therefore, the clutch torque should be considered to be unmeasurable. The clutch slip control should thus be
performed using the clutch slip speed as a control variable [7,8], or a clutch torque estimator should be designed to use the
clutch torque as a control variable [4,5,9]. On the other hand, since a torque estimator always includes torque error, it would
not be desirable to perform feedback torque tracking control using the estimated torque directly [10]. Thus, many studies
have proposed a feedforward torque tracking controller using a clutch friction model [11-14].

Fig. 2 shows the structure of the clutch actuator that was utilized in this study. As shown in Fig. 2, a clutch friction model
can represent the relationship between the hydraulic line pressure and the clutch torque in a clutch actuator system with
a hydraulic line or the relationship between a position variable (for example, the piston position) and the clutch torque. In
this study, since the piston position was measurable in the clutch actuator system, the clutch friction model was regarded
as the relationship between the piston position and the clutch torque.

However, there are uncertain parameters in the clutch friction model that vary in real time such as the clutch friction
coefficient and the clutch touch point. Thus, the clutch friction model should be corrected utilizing a clutch torque estimator.
The clutch friction coefficient can be changed depending on the variation of the temperature and surface roughness of the
clutch plates. Thus, previous studies have mainly focused on the adaptation of the clutch friction coefficient in the clutch
friction model [7,8,12,15]. However, as shown in Fig. 2, when there is a hydraulic line in a clutch actuator system, the clutch
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touch point can be changed due to contraction and expansion of the fluid in the hydraulic line depending on the fluid
temperature. In addition, the clutch touch point can be changed if the fluid slightly leaks from the hydraulic line, and also
can be changed by clutch wear. For these reasons, the adaptation of the clutch touch point can be as important as that of
the clutch friction coefficient [16].

In previous studies, the clutch touch point is estimated in a special mode only, not in real time [17,18]. For example,
the hydraulic pressure is memorized when the driveline speed is changed while the transmission clutch is being engaged
slightly in engine idle, vehicle stop, and transmission neutral state, and it is then filtered to estimate the clutch touch point.
In this case, the driver can feel strange to the special action. Also, the clutch slip control cannot cope with the real time
variation of the clutch touch point, and the torque tracking performance thus can become worse. In addition, when the
clutch touch point is estimated in real time, it is possible to diagnose the fault of the actuator hydraulic line by observing
the change of the touch point.

This paper presents a feedforward control method of clutch torque during slip engagement of a dry clutch in the vehicle
powertrain based on the adaptation of the clutch friction model, where the uncertain parameters are the clutch friction
coefficient and the clutch touch point. The adaptation of the two uncertain parameters is conducted at the same time, the
target piston position is calculated using the inverse function of the compensated clutch friction model, and the piston
position is feedback controlled using the piston position sensor. The algorithm proposed in this paper was verified through
experiments using a production vehicle, by applying the algorithm to slip engagement control of a dry engine clutch located
between the engine and the motor of a parallel hybrid vehicle. It can also be used for slip engagement control of a dry clutch
of transmissions such as automatic transmissions, automatic manual transmissions, and dual clutch transmissions.

The main contribution of this study is the proposal of a simultaneous adaptation method of the clutch friction coefficient
and the clutch touch point in real time using the estimated clutch torque, and a feedforward control method of clutch torque
during slip engagement of a dry clutch based on the corrected friction model using the estimated clutch friction coefficient
and touch point.

This paper is organized as follows: Section 2 explains the method to estimate the engine clutch torque. Section 3 deals
with the adaptation method of the clutch friction model, as well as the feedforward control method of the target clutch.
Section 4 shows the experimental results of the proposed algorithm. Finally, Section 5 concludes this paper.

2. Engine clutch torque estimation
2.1. Driveline model of a parallel hybrid vehicle

First, to perform torque-based slip engagement control of an engine clutch, the engine clutch torque must be estimated.
This is because, as noted in the introduction section, there is no torque sensor in a commercial vehicle that can measure

the engine clutch torque.
Referring to Fig. 1, a parallel hybrid vehicle can be modeled as a lumped inertia model as follows [19-21].

.]ed)e = Te - Tec (1)
]md)m = Tec + Tm - Tc (2)
. 1
Jeoe =T — —Tp (3)
ltlf
Jvd)w = To - TL (4)
Tozko<--c_ew> +bo<-w-c_a)w> (5)
ltlf ltlf
. 1
Ty = rw{mygsin(®reeq) + Kirmyg cos(Proqq) + ipngdA} (6)

where T, Tec, Tm, Tc, To and T, represent the engine, engine clutch, motor, transmission clutch, output shaft, and driving re-
sistance torque, respectively, and w,, wm, @ and w,, indicate the rotational speed of the engine, motor, transmission input
shaft, and wheel, respectively, and i;, if, ko, bo, Tw, My, 8 Proad» Kir, p, Vx, C; and A denote the transmission gear ratio, final
gear ratio, spring constant of the output shaft, damping constant of the output shaft, wheel radius, vehicle mass, gravita-
tional acceleration, tire rolling resistance coefficient, air density, vehicle longitudinal velocity, aerodynamic drag coefficient,
and frontal area of a vehicle, respectively.

As shown in Fig. 1, in a parallel hybrid vehicle, there are two ways of estimating the engine clutch torque: the forward
direction from the engine torque or the backward direction from the output shaft torque. In many studies, Eqs. (5) and
(6) have been actively utilized when estimating the driveline clutch torque in the backward direction of the driveline.
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Eq. (5) is a torque compliance model expressing the twist of a shaft, and Eq. (6) is a model expressing the driving resistance
of a vehicle.

On the other hand, when utilizing Eq. (5) for estimation of the driveline clutch torque, the speed of the driveline shafts
must be integrated to calculate the angle of the shafts since the speed of the shafts is measured rather than the angle in a
production vehicle. Thus, backlash between shaft joints can affect the performance of clutch torque estimation considerably
since the direction of shaft rotation is changed frequently during clutch engagement, and noise in the speed of the shafts
can affect the performance as well [22,23]. Also, when utilizing Eq. (6) for estimating the driveline clutch torque, estimation
of the vehicle mass and road grade may be newly required since clutch slip engagement often occurs on a ramp.

Therefore, in this study, an engine clutch torque estimator based on the engine torque in the forward direction of the
driveline was utilized actively to reduce the computational complexity of the torque estimation algorithm and improve
practicality in various environments. The following subsection introduces the forward path estimator of the engine clutch
torque, which is used to adapt the clutch friction model later.

2.2. Forward path estimator of engine clutch torque

In this subsection, the forward path estimator of engine clutch torque used in this study and some comparative esti-
mators that use both the forward and backward path methods are introduced to explain the necessity of the forward path
estimator and the estimation results of each estimator will be discussed in the later results section. Before showing the
forward path estimator, comparative estimators are first described.

The first comparative engine clutch torque estimator is a modified version of the model reference PI estimator presented
in previous studies [19,20] Equations of the estimator are written in the appendix for the sake of brevity. The model refer-
ence PI estimator utilizes all of the model Egs. (1)-(6) mentioned in the previous subsection. A measurement update term
is added to the output shaft torque model in the modified version compared with the original version since the uncertainty
of the output shaft torque model was large, and the output shaft torque diverged in some situations in application to a real
vehicle. The details will be discussed in the later results section.

In addition, a Kalman filter based engine clutch torque estimator is newly designed as the second comparative estimator
using the driveline lumped inertia model of Eqs. (1)-(3) and the output shaft torque compliance model of Eq. (5). As de-
scribed in the previous subsection, since the angle of the driveline shafts cannot be measured in a real vehicle, Eq. (5) should
be modified, and thus it is differentiated as follows and the damping coefficient is assumed to be 0.

. )
T, = ko(l}i; - ww) (7)

The driveline dynamics can then be described using Eqs. (1)-(4) and (7) as follows.
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A discrete Kalman filter is subsequently designed by discretizing the above continuous system. Equations of the discrete
Kalman filter are written in the appendix for the sake of brevity.

On the other hand, the computation burden of the model reference PI estimator and the Kalman filter based estimator,
which are comparative estimators, is large since the estimators have a number of states. Furthermore, the output shaft
torque model expressed as Eq. (5) and the driving resistance torque expressed as Eq. (6) were quite different from the actual
model in a real vehicle application. Hence, when estimating the output shaft torque and the driving resistance torque, the
proportion of the measurement update was much larger than the proportion of the model in the estimator. This means that
the output shaft torque model and driving resistance torque model do not contribute significantly to accuracy improvement
of the engine clutch torque estimation since it has large uncertainty in real vehicle application.
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Fig. 3. Block diagram of the engine clutch estimator.

Therefore, in this paper, an engine clutch torque estimator in the forward direction of the driveline using only Eq. (1) is
designed in order to reduce the computational complexity and reduce the effect of model uncertainty. In a previous study
[21], a clutch torque estimator in the forward direction was designed as follows.

We = ]l(Te - Tec) + I (we — @e) 9)
Toe = —ly (e — @) (10)

where the symbol A represents an estimation variable, and Il; and [, are tuning parameters.
Also, the differential equation of the engine clutch torque is expressed as follows, combining the above two equations.

]e ]e 14
L L
Here, the estimated value of the engine clutch torque is a value obtained by passing the right term of the above equation
through a second-order low-pass filter. Generally, when estimating the engine clutch torque using Eq. (1), the estimated
value of the engine clutch torque is a value obtained by low-pass filtering the right term of the above equation. However,
as seen in filtering Eq. (11) for the engine clutch torque estimator to the forward path proposed in the previous study, the
estimator has two tuning parameters to adjust the cut-off frequency of the engine clutch torque filter.
In this study, a forward path engine clutch torque estimator with only one tuning parameter is designed and utilized for
the later clutch friction model adaptation and the torque tracking control by modifying the above estimator with two tuning
parameters.

TEC Tec + Tec - Te .Ied)e (]1)

= l(Te—’fec) (12)
fec‘f'z\/]TTec = _l(a)e _&)e) (13)

where [ is a tuning parameter.
By combining the above two equations, the following differential equation of the engine clutch torque can be obtained.

kTec + 2\/ET€C + Tec - Te ]ed)e (14)

As seen in the above equation, it is possible to adjust the cutoff frequency of the engine clutch torque filter by one
tuning parameter. In addition, the above estimator does not require matrix computation, and thus the computational burden
is very small. Also, there was no significant difference in performance compared with the comparative estimators although
the equations of the estimator are very simple. A block diagram of the final forward path estimator is shown in Fig. 3.

The performance of the model reference PI estimator, the Kalman filter based estimator, and the forward path estimator
will be compared in the later results section.

3. Clutch friction model adaptation and torque tracking control
3.1. Adaptation of the clutch touch point
Referring to Fig. 2, in this study, the clutch friction model represents the relationship between the piston position in the

clutch actuator system and clutch torque since the piston position was measurable. This is described in the introduction
section in detail.
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In the previous section, the engine clutch torque was estimated. Therefore, the estimated clutch torque corresponding to
the piston position can now be known for the period of clutch slip engagement and this information can be used to adapt
the clutch friction model.

In the x-y coordinate system, where the x-axis and y-axis represent the piston position and the clutch torque, respec-
tively, coordinate points are referred to as torque-stroke (T-S) data; the relationship curve of the piston position and clutch
torque is referred to as a T-S curve. Fig. 4 shows the estimated T-S data and the nominal T-S curve. The estimated engine
clutch torque mentioned in the previous section was utilized for the estimated T-S data. The nominal T-S curve was obtained
experimentally, and utilized as the clutch friction model in this study.

The estimated engine clutch torque was extracted when the clutch torque was larger than 5 Nm, the clutch slip speed
was greater than 20rad/s, and the piston position was between 3mm and 7.5 mm. The engine clutch considered in this
paper is the normally closed type, and the piston is moving from 0 to 13.5mm, and the engine clutch is fully closed and
the clutch torque is maximal when the piston position is 0 mm.

As mentioned in the introduction section, there can be two uncertain parameters in a clutch friction model. The first is
the clutch friction coefficient and the second is the clutch touch point. A clutch friction model can be expressed generally
as follows.

Tcl = /"LCIRCIF(CL )‘-touch) (15)

where T, (g, Ry, F d and Ao, represent the clutch torque, clutch friction coefficient, clutch radius, clutch normal force,
actuator piston position, and clutch touch point, respectively.

In the clutch friction model, the clutch touch point refers to the piston position when the clutch starts transmitting
torque. Also, the clutch normal force is a function of the piston position and the clutch touch point, which is characteristic
of a clutch diaphragm spring.

Basically, the shape of a T-S curve is the same as that of a diaphragm spring characteristics curve (piston position-clutch
normal force) since the T-S curve is a weighted function of the diaphragm spring characteristics curve. Thus, as shown in
Eq. (15), assuming that the shape of the diaphragm characteristics curve and the effective radius of the clutch torque do not
change, the variation of the clutch friction coefficient can affect the slope variation of the T-S curve, and the variation of the
clutch touch point can affect the variation of the amount of parallel drifting of the T-S curve in the piston position axis.

Therefore, in this study, the estimation problem of the clutch friction coefficient and the clutch touch point is regarded
as the same problem as the estimation of a multiplicative constant of the slope and the amount of parallel drifting in the
piston position axis of a nominal T-S curve as follows.

TcIAr = Mcl.chIF(dv )‘touchAr) (16)
Meclr = &clﬂcl.n (17)
)‘touch,r = )‘touch,n + /§cl (18)

where Ty, &g, Bes Melr Melns Mouchr @A Agoucnn Tepresent the actual clutch torque, multiplicative constant of the slope of
a nominal T-S curve, the amount of parallel drifting in the piston position axis of a nominal T-S curve, actual clutch friction
coefficient, nominal clutch friction coefficient, actual clutch touch point, and nominal clutch touch point, respectively.
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That is, it is considered that the actual friction coefficient can be known if the multiplicative constant of the slope of
the nominal T-S curve is known. Also, it is considered that the actual touch point can be known if the amount of parallel
drifting in the piston position axis of a nominal T-S curve is known.

In this study, an adaptive feedforward control method of clutch torque during slip engagement of a dry clutch is proposed
using the compensated T-S curve, as given in Eq. (16). A nominal T-S curve is compensated using a multiplicative constant of
the slope and the amount of parallel drifting in the piston position axis of the nominal T-S curve, as shown in Eqs. (16)-(18).
Hereafter, the multiplicative constant of the slope of the nominal T-S curve is called the friction coefficient gain.

There are two possible ways to estimate the friction coefficient gain and the amount of parallel drifting. The first is to
estimate the two parameters, assuming that the variation of the amount of parallel drifting is affected by the variation of
the friction coefficient gain. For example, referring to Fig. 4, a recursive least square method can be used to estimate the
friction coefficient gain and the amount of parallel drifting so that the shape of the nominal T-S curve matches the shape of
the estimated T-S data as closely as possible. In this case, the friction coefficient gain is abruptly changed when there is an
error in the estimated engine clutch torque, and the amount of parallel drifting is also changed accordingly, and then the
shape of the compensated T-S curve is changed suddenly. Therefore, the feeling of torque transmission through the clutch
during slip engagement can be changed suddenly if the feedforward torque tracking control using the compensated T-S
curve is performed.

The second is to estimate the two parameters, assuming that the variation of the amount of parallel drifting is not
affected by the variation of the friction coefficient gain. In this case, even if the friction coefficient gain is changed greatly,
this change does not affect the change in the amount of the parallel drifting, and thus the feeling of torque transmission
through the clutch is not altered rapidly. Therefore, it is possible to perform robust control against the clutch torque error.
Thus, in this study, the amount of parallel drifting of the nominal T-S curve is first estimated and the friction coefficient
gain of the model is then estimated using the amount of parallel drifting.

First, to estimate the amount of parallel drifting, the clutch touch point is estimated by calculating the moving averaged
value of the measured piston position (called the first step touch point), where the corresponding estimated clutch torque is
within the specific threshold, during clutch slip engagement, as given below. In this paper, the lower and upper thresholds
were set as 5 and 10 Nm.

Iy <Toe < Iy (19)
a n a 1
Oks1 = m5k + mdkﬂ (20)

where I3, and I are the lower, and upper thresholds of the estimated engine clutch torque, and d and § indicate the actuator
piston position, and the first step touch point of the engine clutch, and the subscript k denotes the time step during engine
clutch slip engagement.

The adaptation of the final clutch touch point (called the second step touch point) is then conducted using the first step
touch point additionally whenever the clutch slip engagement is finished since the touch point is a slowly varying variable.

Ay =i =2, v, >0 (1)

Mivt = i+ Ahisy (22)

where A represents the amount of variation, and A and y;, denote the second step touch point of the engine clutch and an
update gain of the second step touch point, and the subscript i denotes the number of engine clutch engagements.

A fast-varying first step touch point can be used to diagnose the hydraulic line failure, as noted in the introduction
section, and a slowly-varying second step touch point can be used for clutch slip control.

Finally, the amount of parallel drifting of the friction model in the piston position axis (x-axis in Fig. 4) is calculated
using the second step touch point, as given below. It is utilized to estimate the clutch friction coefficient gain and to control
the slipping clutch.

B=%—u (23)
where A, and B represent the nominal engine clutch touch point and the amount of parallel drifting of the nominal engine
clutch T-S curve in the piston position axis.

3.2. Adaptation of the clutch friction coefficient

In this subsection, the friction coefficient gain is estimated using the amount of parallel drifting of the clutch friction
model, which is estimated in the previous subsection. As in Eq. (16), the engine clutch torque is defined using a multiplica-
tive constant (called a friction coefficient gain), and the amount of parallel drifting of the clutch friction model, and the
update error of the friction coefficient gain is defined as follows [24-26].

Toc = aTecn(d — B)s Tecn(d — /§) >0 (24)
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SZTEC_TBC: (&_O()Tecn(d_lé) :dTecn(d—B) (25)

where Tec;, o, @ and e indicate the nominal engine clutch torque, the friction coefficient gain of the engine clutch, the error
of the friction coefficient gain between the estimated and actual values, and the update error of the friction coefficient gain,
respectively.

The adaptation law of the friction coefficient gain is then defined as follows.

b= Y€, Ya>0 (26)

where y is an adaptation gain of the friction coefficient gain.
The estimated clutch friction coefficient can then be calculated as given below.

=Gt (27)

where p and p, denote the engine clutch friction coefficient and the nominal engine clutch friction coefficient.
For the stability proof of the adaptation law of the friction coefficient gain, the error dynamics of the friction coefficient
gain is defined as follows.

d=0-«o (28)
& = ~Ya@Tocn(d - B) (29)
The stability is then proved using a simple Lyapunov candidate as given below.
1
V=-—a*>0 30
o (30)
V=-Tcn(d-pB) <0 (31)

3.3. Feedforward controller

In this subsection, the slip engagement feedforward controller of a dry clutch is designed using the estimated friction co-
efficient gain and the amount of parallel drifting of the clutch friction model. Referring to Eq. (24), the inverse of Eq. (24) can
be expressed as follows.

d= OtTec.ni1 (Tec) + B (32)

The reference piston position then can be calculated according to the reference engine clutch torque using the estimated
friction coefficient gain as follows.

dr :&fn_1 (Tecr) +B (33)

where dr and Te.r represent the reference actuator piston position and the reference engine clutch torque.

The feedback control of the piston position is then performed using the piston position sensor based on a PID controller.
The details of the piston position feedback control using the PID controller are omitted because it is simple.

Finally, the structure of the adaptive feedforward control algorithm of a dry engine clutch proposed in this study can be
depicted as shown in Fig. 5.
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4. Experimental results
4.1. Engine clutch torque estimation

In this subsection, the performance of the engine clutch torque estimator proposed in this paper was verified through
an experiment with a production parallel hybrid vehicle. Fig. 6 shows the experimental production vehicle and data flow
diagram. A schematic diagram of the experimental vehicle driveline is presented in Fig. 1. The experimental vehicle was
equipped with a dual clutch transmission (DCT). Since gear shift does not occur during slip engagement of the engine
clutch, only one transmission shaft is shown in Fig. 1.

Fig. 7 shows the installation diagram of the clutch torque sensor. A wireless flexplate torque sensor from the HBM Com-
pany was attached to the engine flywheel to measure the engine clutch torque and all parts including the ECU, TCU, and
Hybrid Control Unit (HCU) except for the modification of the experimental vehicle for the torque sensor were original. The
control algorithm was programmed in the control units, and measurements and command signals were logged by a laptop
through CANcaseXL.

Here, the engine torque used as an input variable of the engine clutch estimators, which were introduced in Section 2,
can be obtained in a real vehicle application as the sum of the indicated engine torque, which is generated by the fuel
combustion, the friction torque, and the starter and generator torque. The indicated engine torque and the friction torque
can be obtained as a function of the engine speed, intake manifold pressure, numbers that describe whether accessories are
working, and some other parameters. Also, the starter and generator torque can be obtained through current measurement
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Table 1
Model parameters.

Engine inertia, kg m? Je=0.14
Motor inertia, kg m? Jn=0.1
Clutch inertia, kg m? Je=01
Vehicle inertia, kg m? , = 142.07
Output shaft torsional stiffness, N m ko = 700
Output shaft torsional damping coefficient, kg m?/s b, = 1300
Transmission 1st gear ratio*final gear ratio, - ir1if = 16.1924
Transmission 2nd gear ratio*final gear ratio, - ir2if =9.2852
Vehicle mass, kg m, = 1500
Wheel radius, m rw = 0.3076
Air density, kg/m3 p=1226
Aerodynamic drag coefficient, - ;=03
Effective frontal area, m? A=1

Tire rolling resistance coefficient, - K, =0.01
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Fig. 8. Driveline speed during the verification experiment of the engine clutch torque estimator.

of the starter and generator. The details of the engine torque estimation are not addressed here since it deviates somewhat
from the scope of this paper. However, the engine torque was assumed to be a measurable variable in this study.

In addition, the driving motor torque could be obtained through current measurement of the driving motor, and the
engine speed, motor speed, two input shafts’ speed of a dual clutch transmission, and wheel speed were measurable in the
experimental vehicle.

During the first experiment, the engine clutch was slipping and engaged two times while the car launched. The model
parameters used in this paper are shown in Table 1.

Figs. 8 and 9 show the driveline speed and torque during the experiment. In the legend, DCT shaftl and DCT shaft2
denote the input shaft speed of the odd gear stage and even gear stage in the dual clutch transmission of the experimental
vehicle, respectively. Also, is the gear ratio from the input shaft of an engaged gear to the wheel.

Figs. 10 and 11 show the results of the engine clutch torque estimation during the experiment. Fig. 11 is an enlarged
graph of Fig. 10 for a certain period. In Figs. 10 and 11, the estimated engine clutch torque by the forward path estimator,
model reference PI estimator, and Kalman filter based estimator was compared with the measured value. In the legend,
forward path, model reference, and Kalman denote the estimated engine clutch torque by the forward path estimator, the
model reference PI estimator, and the Kalman filter based estimator, respectively. Also, ‘measured’ denotes the measured
engine clutch torque and ‘slipping phase’ means the period when the clutch slip speed is larger than 20rad/s, the piston
position is between 0 and 13.5mm, and the engine clutch is slipping and being engaged.

Fig. 14 shows the estimated T-S curve data during the slipping phase of the engine clutch. In Fig. 14, it can be seen that
the estimated engine clutch torque by the Kalman filter-based estimator, the forward path estimator, and the model-based
PI estimator was in turn closer to the measured engine clutch torque during the slipping phase. Table 2 shows the RMS error
between the estimated and measured engine clutch torque during the slipping phase depending on each method. Similar
to the results shown in Fig. 14, the RMS error between the estimated and measured value was small in the order of the
Kalman filter based estimator, the forward path estimator, and the model reference PI estimator. However, the differences
among the RMS error of each method were small. This reflects that the effect of the torque estimation in the backward
direction of the driveline in the entire torque estimation process is small.
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Fig. 9. Driveline torque during the verification experiment of the engine clutch torque estimator.
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Fig. 10. Estimated engine clutch torque during the verification experiment of the engine clutch torque estimator.
Table 2

RMS error between the estimated and measured
clutch torque during slipping phase.

Method RMS error (Nm)
Forward path estimator 13.35
Model reference PI estimator  14.46
Kalman filter 12.79

Fig. 12 shows the output shaft torques calculated by the following three methods. The first method is to calculate the out-
put shaft torque using the measured engine clutch torque and the lumped inertia model, which are expressed as Egs. (2) and
(3), and the second method is to calculate the output shaft torque using the shaft torque compliance model, which is ex-
pressed as Eq. (5), and the third method is to calculate the output shaft torque using the driving resistance torque model
and the lumped inertia model, which are expressed as Eqs. (4) and (6). Measured values of motor torque and driveline speed
were utilized in the calculation process.

The output shaft torque obtained by the first method is regarded as the actual value and compared with the output shaft
torque obtained by the other two methods. It then can be seen in Fig. 12 that there are considerable difference between the
output shaft torque obtained by the shaft compliance model and the driving resistance torque model, and the actual output
shaft torque. Also, it can be seen that the output shaft torque obtained by the shaft torque compliance model is divergent in
several sections. This is due to the influence of backlash between the shaft joints at around 20 s and the uncertainty of the
gear ratio during transmission gear shift at around 37 s, 50 s, 55 s, and 62 s. Furthermore, the output shaft torque obtained
by the driving resistance torque model showed a pure time delay compared with the actual value when the output shaft
torque suddenly increased at around 33 s and 52 s.
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Fig. 11. Enlarged graph of estimated engine clutch torque during the verification experiment of the engine clutch torque estimator.
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Fig. 12. Comparison of output shaft torque depending on a model.

From this result, it can be found that the shaft torque compliance model and the driving resistance torque model are
significantly different from the actual model in real vehicle application. This means that the proportion of the measurement
update should be much larger than the proportion of the model when estimating the output shaft torque and driving resis-
tance torque. In addition, the output shaft torque model and the driving resistance torque model cannot play a significant
role in improving the accuracy of the engine clutch torque estimation.

In conclusion, when comparing the estimators that combine the forward path and the backward path such as the model
reference PI estimator and the Kalman filter based estimator with the forward path estimator in terms of actual vehicle
application, the computation burden of the forward path estimator is smaller and the accuracy of the forward path estimator
is similar to that of other estimators.

On the other hand, as for the limitations of the forward path estimator, as shown in Figs. 8 and 9, some amount of
engine torque is generated during engine start-up before the clutch engages. However, as shown in Eq. (14), which is the
filtering equation of the forward path estimator, the engine torque generated at this time should be canceled out with the
engine inertia torque expressed by multiplication of the engine inertia and the derivative of the engine angular speed in the
forward path estimator, and thus the estimated engine clutch torque should be the zero during engine start-up. However,
in reality, as shown in Fig. 10, the engine torque that is generated during engine start-up before the clutch engages is not
canceled out perfectly with the engine inertia torque due to the measurement error of the engine speed by sensor noise
and resolution, as well as due to the unmodeled engine behavior, and thus the estimated engine clutch torque is not zero
but fluctuates before the clutch is engaged.

Also, Fig. 12 shows the tendency that some of the estimated engine clutch torque by the forward path estimator within 8
to 13.5 mm of the piston position is larger than the zero. The clutch touch point is about 6.5 mm, and the fact that the piston
position is between 8 and 13.5 mm means that the clutch is not touched yet. This would result from the measurement error
of the engine speed by sensor noise and resolution, and the unmodeled engine behavior as well, as mentioned above.
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Fig. 14. Estimated T-S curve data during slipping phase of engine clutch.

In the same context, Fig. 12 also shows that some of the estimated torque by the forward path estimator within 3 to
7 mm of the piston position is larger than the measured torque. This would result from the engine torque error during the
slipping engagement. This can be seen in Fig. 13. This figure shows the engine torque, the engine inertia torque expressed
as the product of the engine inertia and the derivative of the engine angular speed, the estimated engine clutch torque by
the forward path estimator, the measured engine clutch torque, and the piston position multiplied by the constant 5 during
the experiment. In Fig. 13, it can be seen that there is some error between the estimated and the measured engine clutch
torque in the section from 33.5 to 34.5 s. At this time, the inertia torque of the engine is close to zero, which indicates that
the error of the estimated engine clutch torque results from the engine torque. This results shows that the engine torque
estimation is important during a torque transient situation, and study of the engine torque estimation is left for future work.

Nevertheless, as shown in Figs. 10 and 11, the estimated T-S curve data show a similar tendency with the measured data
within a piston position of 3 to 7mm, and hence the estimated T-S curve data within 3 to 7mm of the piston position were
extracted and utilized for the adaptation of the friction model and the slip control of the engine clutch in a later experiment.

4.2. Clutch friction model adaptation and torque tracking control

In this subsection, the adaptation algorithm of the clutch friction model and the feedforward control method proposed
in this paper were verified through another experiment with a production parallel hybrid vehicle.
During the second experiment, the engine clutch was slipping and engaged over ten times while the car started.
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Fig. 16. Driveline torque during the verification experiment of the adaptation and control algorithm.
Table 3

RMS error of the target and estimated clutch
torque during the adaptation period.

Time RMS error (Nm)

First four engagements  29.04
Last four engagements 12.65

Figs. 15 and 16 show the driveline speed and torque during the verification experiment. In this experiment, the initial
value of the friction coefficient gain and the clutch touch point were set as 2 and 6.57 mm, respectively, and the nominal
clutch touch point was set as 6 mm. The friction coefficient gain and the clutch touch point were changed as shown in
Fig. 17(a) and (b). Also, the amount of parallel drifting of the model was changed as presented in Fig. 17(c). As shown
in Fig. 17(b) and (c), the clutch touch point moved up and down at around 6.5mm, and the amount of variation of the
clutch touch point was small since the actual touch point was not changed during the experiment. This shows that the
adaptation of the clutch touch point was performed well during the experiment. Furthermore, as shown in Fig. 17(a), the
friction coefficient gain converged to around 0.7 from the incorrect initial value of 2, and this shows that the adaptation of
the friction coefficient gain was performed well.

Fig. 18 shows the target and estimated clutch torque during the experiment. In the second experiment, the clutch torque
sensor was not installed in the experiment vehicle, and thus the estimated torque was considered as the actual torque. The
similarity of the estimated and measured clutch torque was verified in the previous results section. In Fig. 18, the yellow
line (dashdot) shows the adaptation period when the clutch slip speed and the clutch torque are larger than 20rad/s and 0
Nm, respectively, and the piston position is between 3 and 7 mm and the engine clutch is being engaged.

Also, Table 3 shows the RMS error between the target and the estimated clutch torque in the first and last four en-
gagements during the adaptation period. Fig. 18 shows that the clutch torque did not follow the target torque well in the
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Fig. 17. Adaptation results during the verification experiment of the adaptation and control algorithm: (a) the estimated friction coefficient gain, (b) the
estimated touch point, (c) the estimated amount of parallel drifting of the model.
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Fig. 18. Target and estimated clutch torque during the verification experiment of the adaptation and control algorithm.

beginning but the tracking performance became better over time while the friction coefficient gain and the amount of par-
allel drifting of the model were compensated. This table also shows that the torque tracking error decreased significantly
due to the adaptation of the friction coefficient gain and the amount of parallel drifting of the model.

Furthermore, Fig. 19 shows the nominal T-S curve and the initial and compensated T-S curves. The initial and compen-
sated models, where the friction coefficient gain and the amount of parallel drifting were applied, were utilized for the slip
control.

5. Conclusion

This paper proposed a method for adaptive feedforward control of clutch torque during slip engagement of a dry clutch
in a vehicle powertrain based on clutch torque estimation. The proposed method was applied to the slip engagement con-
trol of a dry engine clutch of a parallel hybrid vehicle, and was verified with production vehicle experiments. The engine
clutch torque was first estimated using a driveline model. Furthermore, the clutch friction coefficient and the clutch touch
point were estimated simultaneously to compensate the clutch friction model using the estimated engine clutch torque. The
compensated clutch friction model was then utilized for feedforward control of the engine clutch during slip engagement.
The clutch torque tracking performance was improved using the proposed algorithm and verified with production vehicle
experiments. The experiments presented in this paper showed that the estimated clutch torque can be used to adapt a



264 J. Park, S. Choi and J. Oh et al./Mechanism and Machine Theory 134 (2019) 249-266

250 T T T T T
acquired data
200 .ntlnr.mnal model
initial model
—-=—- compensated model
150 [
£
<
g 100 [ g
g
L
50 [ 1
0 L —_
50 . . . L L .
0 2 4 6 8 10 12

piston position(mm)

Fig. 19. Compensated clutch friction model during the verification experiment of the adaptation and control algorithm.

clutch friction model and control a clutch. For future work, a backward engine clutch torque estimator that can be utilized
in a gradient road will be designed and the engine torque compensation method will be considered in order to improve the
performance of the forward engine clutch torque estimator.
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Appendix

A. Model reference PI estimator of engine clutch torque
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B. Kalman filter based estimator of engine clutch torque
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