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Over the years, dual-clutch transmission (DCT) has demonstrated its higher efficiency and
superior shift performances over other types of transmissions, and has been increasingly
used in modern mass-produced vehicles. However, due to the absence of the smoothing
effects of torque converters, vehicles with DCT are easily exposed to driveline oscillations
that lead to poor driving quality, especially during gear shifts. Therefore, torque transfer
through the driveline should be controlled with great care by two clutches and engine
to achieve the DCT’s outstanding performance. The main obstacle to the accurate torque
control is its lack of adequate sensors in production vehicles. Thus, the objectives of this
paper are two-fold. First, a control-oriented model with practical concerns is implemented
for DCT drivelines, aiming to accurately describe the powertrain oscillations that should
be suppressed by the torque control. Secondly, a real-time torque monitoring strategy
based on the proposed model is suggested to deal with the absence of torque sensors. The
primary task of the torque estimator is to concurrently estimate the torque transmitted
through both clutches and drive shaft by using only readily available data from produc-
tion cars. The developed torque estimator is verified through multiple experiments under
various driving conditions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Dual-clutch transmissions (DCTs) use two clutches without a torque converter during gear shifts for fast and efficient
torque delivery to wheels. Thus, DCTs provide a much higher fuel efficiency than conventional automatic transmissions (ATs)
and also good shifting performances [1]. While shifting, DCTs allow both clutches to slip, which possibly reduces the shift
duration and torque discontinuities when compared with manual transmissions (MTs) and automated manual transmissions
(AMTs). Recently, after recognizing its merits, the application of DCT has expanded into pure electric vehicles as well as

production hybrid electric vehicles [2-5].

For vehicles with stepped ratio transmissions such as AT, AMT, and DCT, the integrated control of the clutch(es) and
engine should be performed elaborately to guarantee smooth and fast gear shifts [6]. This is especially true for a DCT where
no damping effects from torque converter exists and both clutches involve gear shifts. A torque feedback control strategy can
be the most effective approach to acquire a high shift performance because the basic function of the transmission system
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is to deliver an engine torque to the wheel axle efficiently. In fact, several studies on the integrated powertrain control to
improve the shift quality have explored torque-based control strategies in order to attain the shift requirements [7-12].

Since the performance of such integrated powertrain control depends heavily on the model accuracy such as those of
driveline and clutch actuators, several attempts have also been made on establishing powertrain models for control. In
[9], Walker et al. demonstrated the improvements of the clutch control performance for a DCT’s gear shifts through the
accurate modeling of the hydraulic clutch actuator. The dynamic modeling methods of a DCT driveline were investigated
with an emphasis on the importance of synchronizer dynamics in [13]. Another requirement for a control-oriented model
is to have a simple structure so that the controller design and implementation are affordable in real applications. Hence, a
simplified driveline model of a DCT is developed in this study to precisely describe the torque fluctuations in the driveline
that occur, especially during gear shifts. Considering that one main goal of the shift controller is to minimize the torque
oscillations through the drive shaft that induces poor ride quality, the proposed model is suitable for designing effective
torque controllers in production vehicles with DCT.

The major obstacle to the torque based powertrain control comes from the fact that torque sensors are not available on
production vehicles due to their high costs and space restrictions. Previously, many studies have proposed various torque
estimation methods to replace the torque sensors, particularly for vehicles with AT or AMT. Several estimation methods
for turbine torque in ATs have been investigated in [14-16]. Nonlinear sliding mode observers were developed to estimate
the torque through a drive shaft in [17,18], and Ibamoto et al. analyzed two different methods for estimating the drive
shaft torque by using the characteristics of the engine torque map and the turbine torque map, respectively [19]. Estima-
tion approaches using observer algorithms were proposed to estimate the drive shaft torque of AMTs in [20,21]. However,
the above-mentioned estimation approaches are not appropriate for DCT because the two clutches simultaneously operate
during its gear shifting and any torque converter is absent in it. Recently, some papers have reported torque estimation
methods for DCT drivelines [22-24] whose applications, however, were only restricted to the vehicle launch phase in which
only one clutch was involved. In [25], Zhao et al. designed a high-order sliding mode observer appropriate for estimating
the torque transmitted through the two clutches during the launch with the simultaneous involvement of both clutches.
Individual clutch torques during a gear shift were estimated using unscented Kalman filters in [26,27] and a Takagi-Sugeno
observer in [28]. In [29,30], the authors developed novel torque estimators for a dry DCT driveline by combining multiple
observers.

In fact, the estimation of torque states in the DCT during its shift transient is a quite challenging task since the torque
produced by the engine can be transmitted through both clutches at the same time, which makes the estimation problem
significantly more difficult than the case of one clutch systems (e.g. AMT). In this work, a novel torque observer is developed
to predict the transient torque states through the DCT driveline. Though the primary role of the torque observer is to predict
the drive shaft torque in real time, accurate estimation of the drive shaft torque inevitably requires individual clutch torque
information. Hence, the torque observer also estimates the torque through each clutch concurrently with the drive shaft
torque prediction. The information on individual clutch torques is essential for the robust actuation of the clutches in the
presence of clutch wear and thermal expansion [31,32]. In addition, knowledge of the drive shaft torque can significantly
improve control performances of the powertrain since the drive shaft torque is closely associated with the driving quality
and the jerk as well as the vehicle acceleration. One major weakness of the previous studies is that practical studies on
the concurrent monitoring of torque states through both clutches and drive shaft torque are missing. Here, the developed
torque observer is characterized by its simple structure based on the aforementioned control-oriented driveline model. It
also exhibits high estimation performances in spite of the presence of parametric errors such as that of the clutch friction
coefficient using only the data already available in current production cars.

The rest of this paper is organized as follows. In Section 2, a control-oriented model of the DCT driveline for the accurate
description of a clutch-to-clutch shift procedure is introduced. In Section 3, the torque observer is designed based on the
proposed driveline model, and detailed explanations of the design procedure are also provided. In Section 4, the effectiveness
of the proposed torque estimator is demonstrated through experiments under various scenarios on a DCT test-bench with
torque sensors, and the results are discussed in detail. Finally, this study is concluded in Section 5.

2. Driveline model
2.1. General driveline model

Here, we discuss the modeling of the driveline part only among the powertrain components. The driveline equipped with
a DCT has two sets of clutches and transfer shafts, and the torque produced by the engine is transmitted through either or
both of the clutches to the wheels. The driveline model is composed of several angular speed dynamics derived by using
the torque balance relationships for each component in the driveline. In this paper, the 6th order driveline model specified
in [29] is used to parameterize the target DCT system. The schematic of the 6th order model is illustrated in Fig. 1. In this
figure, the variables w, 6, J, and T represent the angular speed, rotation angle, inertia, and torque, respectively.

With the assumption that the behavior of a dual-mass flywheel can be characterized as a torsional damper, (1) and
(2) describe the speed dynamics of the engine and the torsional damper.

]ed)e:Te_Tdv (1)
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Jawg =Ty = T — Tea, (2)
Eq. (3) models the torque diffused through the torsional damper:
Ty = kq(Be — 04) + cq(we — @y), (3)

where k; and ¢, indicate the damper’s torsional stiffness and damping coefficient, respectively.
After designating the components’ equivalent inertias from clutches 1 and 2, including the input and transfer shafts,
gears, and synchronizers, as J,; and J;, the dynamics of each transfer shaft is described as follows:

. T;
Jernwear =Ter — =, (4)

Ity

. T;
Jerdr = T — 32, (5)

It2

where i;; and i, are the gear ratios of the input and transfer shaft 1 and 2, respectively, and T, T, the torque through
each clutch, and Ty, Ty, the torque through each transfer shaft.
Egs. (6) and (7) indicate the torque diffused through each clutch, which depends on the clutches’ status [33]:

0 if disengaged
Ty = { hiFaraNisgn(wg — wq)  if slipping (6)
Tt 2 Ty — Tea — Ja@as if engaged
0 if disengaged
Ty = { HiaFroNasgn(wg — o)  if slipping (7)

Tip 2 Ty — Tt — Jaa. if engaged

where p, Fy, 1 and N represent the kinetic coefficient, actuator normal force, effective torque radius, and number of friction
surfaces of each clutch, respectively.
The dynamics of the drive shaft and wheel are derived as (8)-(9) after the principle of the torque balance is used.

Jowo = i1 T + i T2 — To, (8)
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.]vd)w = To - Tv, (9)

where T, represents the torque for the drive shaft, while T, indicates the torque for the vehicle load.
From using the torsional compliance model, the drive shaft torque can be expressed as (10).

Ty = ko (8o — Ow) + Co(@wo — ww), (10)

where k, and c, are the torsional stiffness and damping coefficient of the drive shaft, respectively.
The load torque influenced by the road’s inclination, aerodynamic drag, and rolling resistance can be calculated by (11):

. 1
T, = (Mvgsm (@) + j,oairAvCDV2 + Mngrr) T'w. (11)

In (11), My, @, pgir Av, Cp, V, G and 1, indicate the vehicle’s mass, angle of road inclination, air density, vehicle frontal
area, drag coefficient, vehicle speed, rolling resistance coefficient, and wheel radius.

2.2. Control-oriented model

2.2.1. Design procedure

In order to be adopted for automotive control applications, the driveline model needs to be further simplified. Consider-
ing the gear shift of the DCT is performed through the torque handover from one clutch to the other clutch in the driveline,
i.e. a clutch-to-clutch shift, a reduced driveline model should be implemented that focuses on the clutch-to-clutch shift pro-
cedure. Another structural requirement of the control-oriented model is that the model should describe the behavior of the
driveline system as accurately as possible by using already available information in production cars. The model should also
be simple enough to be used for control purposes.

First, we define the new three states xq, x5, X3 as follows:

A

X1 = We — Wc2,
A o,

Xy = l.le{;Z — Ww, (12)
A

x3 =Tp.

Here, x; stands for the slip speed between the engine and the oncoming clutch (clutch 2), while x, describes the tor-
sional compliance rate through the shafts. In general, x; and x5 are considered as control outputs of a shift control system,
since the control performance of those states determines the shift quality. Assuming the compliances through the torsional

damper, input shafts, and transfer shafts can be neglected, i.e., we~wy and w, ~ ir’;’? so that immeasurable states are

eliminated from the model, the time derivative of x; is described as (13) by combining (1), (2), (4), (5), and (8).

. 1 1 1 ipip 1 inip
X=—X+—T——+—" )T —+ T,
! .]cr2.eq 3 Jed ¢ (]ecl ]ct2,eq) @ <]ed ]ctz.eq “
where Jeg = Je + Ja.

(iniq1)”

irif

]ctz,eq = it2ilect2 + ]ct] + _’o

ieaifs
In (13), Je2_eq is the equivalent inertia seen from the on-coming clutch that includes the inertias of all the components
rotating synchronously with the input shaft 2.
Likewise, the dynamics of x; is easily derived as (14).

. 1 1 irif 1 1
= (itzilectz,eq * JU>X3 * itZileth,eq TCl * Jth.eq TCZ * Jv Tv' (]4)
The state x, provides valuable information to predict the transient behavior of the driveline. It is worth noting that x, can
be easily measured on the production DCTs. In [34], the author tried to suppress the driveline oscillations in a production
dry DCT through implementing a torque controller based on the measurements of x,.
The dynamics of the drive shaft torque x5 is obtained using (14) with both the stiffness and damping coefficients re-
maining in it, as follows:

X3 = ko,eqx2 + Co,eq)'(Z
— koo — Conr| ot D)y tc i g, 1 g ) Cear (15)
e e itzilectz.eq JI/ e itZifZ]th,eq ‘ Jth,eq ‘ .II/ .

where ko, ¢q and ¢o, ¢q are the equivalent torsional stiffness and damping coefficients of the drive shaft in the reduced order
model. It should be emphasized that previously, the damping coefficient of the driveline shaft was often removed from the
control-oriented powertrain models for simplicity. That is mainly because using both the stiffness and damping parameters
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requires the inclusion of an additional state of torsional angle in the model. In fact, in some relevant studies, the stiffness
and damping behavior of the shaft was modeled based on the information of its torsional angle as well as its compliance
rate. However, using the torsional angle data is not desirable because the data should be indirectly acquired by integrating
the angular speed with unavoidable measurement noise [35]. Hence, in order to deal with the aforementioned problems
effectively, a model structure (13)-(15) was developed so that the torsional damping characteristics of the drive shaft were
also described without increasing the number of states. Finally, the control-oriented model (13)-(15) can be represented as
a standard linear control system, as follows:

X =Ax+ Bu + ES§
X= (’_‘L X2, X3), u= (Te’ 7]-cls TCZ)’ 5:Tv
0

O ]ctz.eq
1 41
A = O 0 (itziﬁ_’ctz.eq + ]!/) £}
— 1 41 16
_O kO’Eq Co,eq iealfa)er2 eq + Jv ) ( )
1 (1 irlifl (1 irzifz
]ed (Jed + ]th.eq) <]ed + ]th.eq) 0
.o 1
B = i frlln 1 , E = -
0 ltﬂfz!crg.eq Jct2.eq c!."eq
Co.eqlr1lfy Co.eq Jv
- 0 itZifZ]ch.eq Jth.eq !

2.2.2. Identification of model parameters

One important assumption for the model development (16) is that the drive shaft is regarded as a linear torsional spring-
damper, whose torsional compliance is captured by the angular speed difference between the clutch 2 (divided by gear
ratios) and the wheel axle. Accurate identification of the equivalent coefficients, ko, ¢q and co, ¢q is an essential task in the
model development since the coefficients exclusively determine the transient behavior of the modeled driveline. Denoting
angular positions of the input shaft with clutch 2 and the wheel axle as 0., and 6, the drive shaft torque is explicitly
represented as (17) suitable for the parameter identification:

To = Xﬂ,
where X = [ 0 — 0, 0o _ ww], B= I:ko.eqi|4 (17)

lealfy 2l Co.eq

In order to analyze the relation between the drive shaft torque and the torsional compliance, some experimental data on
the torsional angular velocity (x,)/angle of drive shaft are exhibited in Fig. 3.

The data were obtained by the experiments on a test-bench of a dry-type DCT under the driving scenario of vehicle
launch and a gear shift from 1st to 2nd gear. Note that the angular position data was indirectly obtained by integrating
the measured angular speed with respect to time. Because the angular speed data always accompanies measurement noise,
the corresponding angle data calculated by time integration of it is not reliable, especially as the integration time increases.
Also, it is deduced from (17) that if the torsional angular velocity/angle are close to zero while the drive shaft torque is still
positive, the accuracy of the identified coefficients would be highly sensitive to the measurement errors. Hence, to avoid the
aforementioned problems, only the part (marked in Fig. 3) of the measured data is used for the parameter identification.
The data of interest corresponds to the initial part of vehicle launching.

Then, the least square solution to (17) can be obtained by (18).

B = [’Af"ﬂ = (xTx)”xTTw (18)

Co.eq

The corresponding identified parameter values are as follows: IAco,eq = 4887, Cpeq = 561.

It is worth noting that the parameter values were identified using the data obtained only after the output torque was
generated to avoid initial calculation errors caused by backlash between gears. The identified damping coefficient indicates
the damping characteristics of mechanical components mounted between the clutches and the axle shaft, such as the fric-
tional losses, as well as that of the drive shaft itself.

2.2.3. Model validation

To evaluate the accuracy of the proposed control-oriented model, experiments were conducted on a DCT test-bench.
The mechanical structure of the DCT was exactly the same as the ones produced, but several torque/speed sensors were
additionally attached on the shafts for validation purposes. The detailed information on the test-bench set-ups is provided
in Section 4.

Since we focused on the accuracy of the driveline dynamics only, torque inputs were directly applied to obtain the model
responses so that the influences of the clutch actuator dynamics, including the actuator delay and variations of the friction
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Fig. 3. Data for parameter identification: (a) torsional angular velocity of the transmission, x, (b) torsional angle of the transmission.

coefficient on the driveline model response, were eliminated. Fig. 5 exhibits the responses of the proposed model and the
actual DCT corresponding to the test conditions described in Fig. 4. The test conditions involved a vehicle launch and an
upshift from 1st to 2nd gear. Note that Fig. 5 also exhibited the response of the model without the damping parameter in
order to demonstrate the effectiveness of the proposed model.

In Fig. 5(a), the inaccuracy of the lumped inertias (€.g. Joq, Jcr2, ¢q) Produced the errors in the slip speed responses of both
models, especially during the launch phase. However, the conventional model (without the damping term) exhibited much
larger errors in the transient responses of the drive shaft torque (Fig. 5(b)) when compared with the proposed one. Even
though the conventional model described the oscillations through the drive shaft reasonably in some driving conditions (e.g.,
2~5s in Fig. 5(b)), the model did not cover all of the test conditions, including the gear shifting phase (13~16s in (Fig. 5(b)),
particularly when a non-variable stiffness value was used. Because the damping term was not included in the conventional
model, it exhibited little attenuated oscillatory responses, and unable to describe the natural damping characteristics of the
transmission system such as the frictional losses. On the other hand, the proposed model predicted the responses of the
actual driveline well throughout the test conditions.

3. Driveline torque estimation
3.1. Overview

A common objective of the clutch-to-clutch shift control is to minimize the torque oscillations through the drive shaft
and the shift duration simultaneously [7,11]. Since such control requirements are directly associated with torque states in the
driveline, a lot of research has been done on the torque-based control approach to improve shift quality. However, the main
problem arising in the controller implementation is that driveline torque states such as the torque through the drive shaft
cannot be measured on production vehicles. The drive shaft torque determines the quality of the ride and the acceleration
characteristics of a vehicle, so knowledge of this drive shaft possibly enhances not only the performances of powertrain
control, but also those of longitudinal dynamics control. Hence, the main purpose of this section is to introduce a novel
torque estimation approach for vehicle drivelines equipped with a DCT. The design procedure of the torque estimator will
be presented in the following sub-section.
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3.2. Torque observer design

First, using (16), a Luenberger state observer is developed to estimate the drive shaft torque, as follows:

% = A% + Bii + E§ + LCX
where X = ()’(\1, )’(\2, )’(\3), = (Te, TC], Tcz), 8=TU

1 0 o Ly Li (19)
C= o 1 ol L= Ly Lxpn].
L3 L3

Here, L is the observer gain matrix to be designed later.

The vehicle load torque can be calculated by using (11) with V~rywyw, but the calculated load value is inevitably inaccu-
rate due to large parametric errors of (11). Instead, we can obtain the relatively accurate load value by combining the engine
torque multiplied by gear ratios and the whole vehicle inertia, as follows:

Tv = itifTe *]v,eqd)Wv (20)
where i, if is the current gear ratio and Jy, ¢q is the equivalent vehicle inertia from wheel perspective when one of the
clutches is engaged with the flywheel.

Note that the Eq. (20) is valid only when one of the clutches is fully engaged and the other clutch one is disengaged.
Thus, (20) is applicable to most driving conditions except for the short durations of gear shifts and vehicle launch. Under
the assumption that the vehicle load does not change during the short time of the vehicle launch and each gear shift, (20) is
used alternatively to (11) in the torque observer design.

Another serious difficulty in the state estimation using (19) arises from the inaccurate information of the input values u,
particularly that of the clutch torques, i.e. T, T. Thus, the ultimate task of the developed torque observer is to conduct
simultaneous estimation of the transient torque through both clutches and the drive shaft.

Based on (6)-(7), the clutch torque model valid for the slipping phase is rearranged as (21) and (22) to remove the
normal force terms.

T = ataNiFa = pia7eiN f160m1. (21)
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coefficient.

To = ieToNoFn = tiataNa f20m. (22)

In (21) and (22), the normal forces F,, F,y, which cannot be directly measured, are replaced with the actuator positions
O m1, Omy multiplied by some force coefficients fi, f,. The force coefficients fi, f, can be identified by experiments on the
clutch actuator module, generally in the form of a look-up table, one example of which is described in Fig. 6. However, both
the dynamic friction coefficient and force coefficient change continuously based on the slip rate of the clutch and other
environmental factors such as temperature [31,36]. When the nominal values of the friction coefficient and force coefficient,
denoted as {iyy, n, Mi2, 0o fin fon, are known, the Eqgs. (21) and (22) can be modified as follows:

Tor = (1. fin + 1) TiN1Om, (23)

Too = (Miznfon + E2)TcaNaOma. (24)

where ¢, g stand for the uncertain parts of the clutch parameters.
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In order to design proper adaptation laws to treat the parametric uncertainties, a Lyapunov function candidate, which is
positive definite and radially unbounded, is chosen as follows:

Y _1g2 152, 1 o =2, 1. 1z
V= jxl -+ sz -+ j(Co_eqXZ —X3) + mgcl + ESCZ’

~ A ~ ~ A ~ ~ A ~
where # 2 x; — %1, % 2% — Ry, %3 2 X3 — X3, (25)
< A X X A .
E1=E&c1 —&c1, €2 =€ —&-

In (25), &, é. are the parameters estimated through the adaptations and L., L, >0 are the adaptation gains to be
designed.

Under the assumption that variations of the clutch parametric uncertainties are slow, i.e., £.1, £ =~ 0, the time derivative
of (25) is derived as (26) by substituting (16) and (19) into it.

. . . . . . 1 . 1 .
~ o~ 2 ~ o~ ~ o~ ~ o~ ~ o~ ~ A~ ~ A~

V = XX 4+ (Coeq + 1)X0X2 4 X3X3 — Co,eqX3X — CoeqXaX3 — —Ec1€c1 — —Ené

e Ly Lo

5 1 . 1 irpiy N 1 i 5 N N
=X R — [ — + 2LV roNobmbo — [ — + L JraNibméa — Lufy — L%
]ct2.eq Jed jth,eq ]ed jth,eq

- 1 1\. ini - 1 . . .
+(Ceg + ])Xz (-( + Jv>x3 + T N O B + ]7Tc2N29m28c2 — Lk — Lzzxz)

it2 ifZ]th,eq it2 ifZ]th.eq ct2,eq

~ ~ A~ ~ ~ A~ A~ ~ 1 1 ~
+X3 (ko,eqxz + CoeqXa — L31%1 — L32X2) — Co,eqX2X3 — Coeq| KoeqX2 — Coeq| ——— + + | %3
ltzllectz,eq Jv

itli 1 ~ 1 ~ ~ ~ \=~ 1. - 1.
+ Coeq [ LT N1 et + ——TaNaBmader | — Lanfi — Ln®s | %o — —Eiéer — —Enéo. (26)
1t2 le]th,eq Jctz, eq Lcl LC2
If the observer gains are set to satisfy the following requirements,
C C 1 1 1 1 1
L]] > O, L12 é 0.4 s L21 é 0, L22 > 5 o ) + - L31 é T L32 é ko,eq N+
jctz.eq (Co,eq + 1) lt2’f2]ct2,eq ]v ]th,eq lt21f2]ct2.eq Ju

(27)

the Eq. (26) is reduced to (28) after cancelling the multiple terms one after another.
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Then, the following adaptation laws are defined to make V negative semi-definite:

LA ini B .o B
€1 = LCl (— (]eid + M)x] + Ie1lf1 X2>rclN19ml

]ctz.eq ilzileclz,eq (29)
A A il 5 >
) (— (]%d S )Xl + ]T;MX2>Tc2N29m2-

The adaptation laws, £-and &4 have a role to continuously correct the clutch parameter values in accordance with the
errors between the observer’s responses and the actual measurements, &, X,. If the values of either &, X, or 6,1, 0, stay
near zero, then the adaptation laws also becomes zero, which indicates no further correction of the clutch parameter values.

Combining (28) with (29) leads to (30):

. 1

1
V=—Ly® —Ly(c?,, + 1)+ —  +_)&<o 30
n 22( o ) 2 e lt21f2]ct2,eq Jv 2 ( )

H : s H H Co,eq 1 1 H H e i
The inequality is always valid since Li; >0 and Ly, > @D (7&2& Jezen + ]"). From the inequality (30), it is inferred that
V is negative semi-definite, and the boundedness of the estimation errors is guaranteed. Next, the following set is considered
to prove the asymptotic stability of the observer:

Q={X, %, X%, &1. 82 | X1, X2 =0}, (31)
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Table 1
Parameters for Experiments.
Parameter  Value Parameter  Value
Je 0.745 kg-m? Ko, eq 4887 N-m/rad
Ja 0.0165 kg-m?  Cq, ¢q 567 N-m-s [rad
Jern 0.1 kg-m? it 3
Jet2 0.1 kg-m? in 24
Jo 0.04 kg-m? if 6
Ty 134.6 kg-m? i 48
TNy 0.095 m raN> 0.095 m

where V = 0. When X3, denotes the steady state value of X3, it is deduced from (15) that in the set €2, X3, can be represented
as a summation of &4 and £, multiplied by some constants, i.e., X3, = ¢&. + BE, where «, B are the constants. Thus,
X1, X = Oimplies €., €5 =0 as well as £3 =0 in 2. In other words, the origin ¥; = &, =%; = &1 = &5 =0 is the only
invariant subset of 2 that guarantees all the estimation errors are asymptotically converged to zero in a finite time [37].
The resulting torque observer performs simultaneous estimation of the state (T,) and the unknown inputs (T, T), and its
structure is schematically depicted in Fig. 7. Here, the developed torque observer requires the measurement of each clutch
actuator position for parameter updates and not the dynamics of the actuators. In other words, the observer only uses the
driveline dynamics, so it is applicable to general DCTs, regardless of the type or dynamics of the clutch actuators. In the
case of the wet DCT, where the position value cannot be measured, the clutch pressure information is often available, so it
can be alternatively used to derive the adaptive scheme in the same way as (29).

4. Experiments
4.1. Experimental Set-ups

Several experiments were conducted in order to demonstrate the torque observer’s performance. As depicted in Fig. 8,
a DCT driveline test-bench where torque sensors are mounted were used for validation. This is because the torque sensors
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Fig. 10. Torque estimation results for case (1): (a) clutch 1 torque, (b) clutch 2 torque, (c) drive shaft torque.

cannot be installed in an actual vehicle because of spatial limitation. The parameter values identified are provided in Table 1.
In the test DCT, torque transducers as well as encoders were installed on the shafts to obtain the actual torque transmitted
through the driveline for validation purposes. In the experiments, MicroAutoBox dSPACE 1401 was used to run the torque
observer algorithm and process the sensor signals.

The primary objective of conducting the experiments is to validate the estimation accuracy of the torque observer that
covers various driving conditions and its robustness to parametric uncertainties. As described in the introductory section,
the most difficult condition for estimating the driveline torque is when the vehicle performs a gear shift. During gear shifts
in vehicles with a DCT, the torque through both clutches needs to be identified simultaneously for the final estimation
of the drive shaft torque. Hence, a test scenario was determined such that it contained multiple gear shifts along with
normal driving situations. Fig. 9 illustrates the clutch actuator positions and the vehicle states corresponding to the test
scenario. In the beginning of the experiment, the vehicle launched as clutch 1 was engaged with the engine. After accel-
erations, an upshift from 1st to 2nd gear, and then a downshift from 2nd to 1st gear occurred sequentially. In addition,
the experiments were carried out for two cases of different clutch parameter values to demonstrate the error-correction
ability of the adaptation laws (29). We assumed two sets of nominal values for the dynamic friction coefficients of each
case: (1) pyy =04, ppy,=0.1 and (2) pyy, =0.1, pyo, = 0.4, which were carelessly chosen. Here, we want to verify
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Fig. 11. Clutch parameter adaptations for case (1): (a) for clutch 1, (b) for clutch 2.

if all the estimated torques will converge near the true values in spite of the poor accuracy of the nominal parameter
values.

4.2. Experimental results and discussion

4.2.1. Case (1): pigy =04, tyy,=0.1

First, we assumed the friction coefficient values of each clutch were as follows: (ty; , = 0.4 and fty, , = 0.1. The friction
coefficient values could be more elaborately modeled or estimated, but such poorly chosen constants were intentionally
used for a more accurate assessment of the adaptive observer’s performance. Fig. 10 exhibits the corresponding test results.
For the direct comparison of the proposed observer with the conventional position map-based approach, the results of map-
based torque estimations merely based on the force-position map and the nominal friction coefficient were also exhibited in
Fig. 10. In the map-based estimation approach, the nominal force coefficients had been acquired in advance by experiments
as the look-up tables of the clutch actuator positions, and the driveline torque values were calculated using the nominal
force-position maps and the nominal friction coefficients.

It was inferred from Fig. 10 that the nominal clutch parameter was significantly over-estimated for clutch 1 (Fig. 10(a))
and under-estimated for clutch 2 (Fig. 10(b)), which induced larger errors between the actual clutch torques and the map-
based ones without adaptations. Thus, both the clutch torques and the drive shaft torque exhibited large estimation errors
(Fig. 10(c)). It was obviously seen that the map-based approach was vulnerable to the parameter errors. On the other hand,
all the torque states estimated by the proposed adaptive observer converged quickly near the true values in spite of the in-
accurate nominal parameters. In the introductory section, particular emphasis was placed on the importance of the transient
torque through the drive shaft in terms of shift quality. The oscillations of the drive shaft torque that occurred during the
gear shifts or vehicle launch were also precisely described by the torque observer. Because the torque observer was mainly
designed based on the proposed control-oriented model, it successfully captured the transient behavior of the driveline.
Note that large negative torques were observed at around 22~24s in Figs. 10(a), (c) because the driveline was decelerated
by the engine brake in this period. Though the actuator position of clutch 1 remained positive during the period so that the
corresponding map-based torque was also positive, the adaptive observer still followed the actual value well by correcting
the clutch parameter.
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Fig. 12. Torque estimation results for case (2): (a) clutch 1 torque, (b) clutch 2 torque, (c) drive shaft torque.

In order to more clearly present how the adaptation laws (29) work during the torque estimations, plots on the varia-
tions of the clutch parameters are illustrated in Fig. 11. In Fig. 11, the y-axis denotes the variable parameters of the clutch
torque model (21), (22), the dynamics friction coefficients multiplied by the coefficients of the force-position map, i.e. @y fi,
iofs. The large discrepancies between the nominal values and the true ones are evident in Fig. 11. It was deduced from
Figs. 10,11 that torque calculations merely using the clutch actuator position information cannot cover various driving condi-
tions because its estimation ability heavily depends on the accuracy of the nominal friction coefficient and the force-position
(or torque-position) map. On the other hand, the adaptation scheme continuously corrected the parameter values from the
feedback of the torque observer error, which improved the observer’s performance significantly.

4.2.2. Case (2): g1 n=0.1, Uy, =04

Next, another experiment was carried out with nominal friction coefficients assigned in an opposite way to case (1). The
corresponding test results are shown in Fig. 12. In this case, the map-based torque response of clutch 1 (without adaptation)
exhibited large negative errors while that of clutch 2 showed positive errors, which tended to be completely opposite to
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case (1). However, the torque observer still demonstrated its high estimation performance throughout the test scenario. The
parameter variations of each clutch are depicted in Fig. 13, which well verified the error-correcting ability of the adaptive
scheme.

It is worth noting that any structural/parametric changes or further gain tuning of the observer were not performed
throughout the experiments. Nevertheless, it was demonstrated by the experiments that the proposed torque observer
worked for all the general driving conditions, including the gear shifts where the two clutches were manipulated con-
currently.

Another strong aspect of the torque observer is that its estimation ability is irrelevant to clutch states, i.e., whether the
clutch is engaged, slipping, or disengaged. As described in (6) and (7), the clutch torque model is very different in accordance
with the clutch states. Since the adaptive scheme (29) merely uses the slip torque Eqs. (21),(22), its adaptation performance
may be degraded when the clutch is not slipping. However, the torque observer was designed to always meet the Lyapunov
stability condition (Section 3.2). Thus, it successfully estimated the driveline torques for the given driving scenario whether
the clutches are slipping or not. The test results well verified the effectiveness of the proposed torque estimation approach,
which was in close agreement with the predictions from the stability proving procedure.

5. Conclusion

In a vehicle driveline with DCT, the torque delivered by the engine can flow through both clutches during shift tran-
sients, so how to control the transient torque effectively through the driveline is a key to enhance the shift quality in the
absence of the dampening effects from torque converters. Thus, this study investigated the control-oriented modeling and
torque estimations of the DCT driveline for practical control applications. A control-oriented driveline model was established
that considered practicalities such that both the stiffness and damping characteristics of the driveline were well described
without any further increments of the model order. In addition, an adaptive torque observer was developed to concurrently
monitor the transmitted torque of both clutches and the drive shaft in the driveline, which can be used to significantly
improve the longitudinal dynamics control quality of the vehicle as well as its powertrain control performances. The torque
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observer was designed merely based on the proposed driveline dynamics, which is applicable to general DCTs, so that its
estimation ability is not relevant to certain dynamics of the clutch actuators.

It was clearly observed from the experimental results on the DCT test-bench that the torque observer predicted the driv-
eline torque states precisely in spite of the clutch parameter errors. The observer works under all normal driving conditions,
including vehicle launch and gear shifts. In this study, it was assumed that all the rotational inertias in the vehicle driveline
were constant during normal driving conditions. However, the lumped inertia values, particularly the vehicle inertia, can
be varied according to driving circumstances. Therefore, it remains for future studies to effectively deal with such vehicle
parameter uncertainties in the related works on control or state estimation of vehicle powertrains.
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