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Driveline Torque Estimations for a Ground Vehicle
With Dual-Clutch Transmission
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Abstract—This study proposes a novel method for estimating
driveline torques for a vehicle with a dual-clutch transmission
(DCT). Knowledge of the driveline torque states, such as the torque
transmitted through a clutch, and transmission output torque, al-
lows a significant improvement in powertrain control performance,
especially during gear shifts and vehicle launch. Furthermore, ve-
hicles with DCT or automatic transmission whose gear shift pro-
cesses involve clutch-to-clutch shifts require information about the
individual clutch torques for sophisticated torque transfer control.
Thus, an adaptive torque observer, which is applicable to DCT
drivelines, is developed to estimate the torque transmitted through
each clutch and output shaft simultaneously. In order to over-
come the lack of measurements in a production car, the proposed
observer uses multiple adaptation laws in accordance with driving
conditions so that it treats parameter uncertainties effectively, such
as those of the clutch friction coefficient, nominal engine torque as
well as vehicle load torque. Also, the observer is characterized by
its simple and intuitive structure based on a reduced-order drive-
line model. The estimation performance of the observer including
its robustness to the parameter errors is evaluated not only by sim-
ulations but also by experiments under various driving scenarios.

Index Terms—Adaptive observer, clutch torque estimation, dual
clutch transmission, engine torque correction, output shaft torque
estimation.

I. INTRODUCTION

DUAL-CLUTCH transmissions (DCTs) have received con-
siderable attention in the global automotive industry, and

have provided significant improvements in both the efficiency
and ride quality of vehicles. DCTs are equipped with two sets
of clutches and transfer shafts to transmit the engine torque to
the axle, which can effectively eliminate the drawbacks of man-
ual transmissions (MTs) and automated manual transmissions
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(AMTs) during gear shifts; that is, such configurations lead to a
significant reduction in torque discontinuities and interruptions.
DCTs also provide significantly higher efficiency than conven-
tional planetary-type automatic transmissions (ATs) [1]. How-
ever, DCTs are more likely to produce awkward shift shocks
during gear shifts because there is no smoothing effect from
torque converters [2]. Recently, in recognition of its advantages,
the application of DCTs has been extended to production hybrid
electric vehicles [3], [4].

For stepped ratio transmissions including AT, AMT, and DCT,
desired shift performance is achievable only through the sophis-
ticated control of the clutch(es) and engine to ensure smooth and
fast torque transfer through the vehicle drivelines [5]. A con-
trol strategy using torque feedback information can be the most
effective approach to accurately control the torque delivery, be-
cause real-time monitoring of driveline torque states facilitates
the direct control of shift quality, as well as powertrain oscilla-
tions. Although alternative torque controllers using information
like the actuator position or clutch pressure can also be im-
plemented, the effects of thermal expansion and clutch wear
on clutch torque transmissibility degrades their control perfor-
mance significantly [6], [7]. In fact, much of the literature on
DCT shift control has adopted torque-based control strategies in
order to achieve the pre-determined shift requirements [8]–[13].
However, torque sensors are not installed in production vehicle
powertrains because of their high costs and spatial limitation.

Many previous studies have attempted to resolve the need for
torque sensors by proposing various torque estimation meth-
ods, especially for vehicles with AT or AMT. A reduced-order
observer was proposed to estimate the output shaft torque of
an AMT considering its nonlinear characteristics in [14], and
another observer of the output shaft torque was designed for pre-
cise clutch engagement control by discriminating two phases of
clutch: stick and slip in [15]. For AT equipped drivelines, vari-
ous methods of estimating turbine torque have been investigated
in [16]–[18], and in [19], [20], the authors introduced nonlin-
ear sliding mode observers to estimate the output shaft torque.
Ibamoto et al. compared two methods for estimating output
shaft torque, based on the characteristics of the engine torque
map and turbine torque map, respectively [21]. However, the
aforementioned estimation methods are not suitable for DCTs,
where the simultaneous operation of two clutches is involved in
gear shifting, and no torque converter is installed.

There have been a few studies reporting on torque estimation
methods for DCTs. Some papers have proposed torque estima-
tion methods for DCT drivelines [22]–[24] but the applicability
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of those approaches is limited to vehicle launch in which only
one clutch was operated. More recently, a high-order sliding
mode observer was developed to estimate the torque transmitted
through each clutch during the launch, which involved the con-
current operations of two clutches [25]. Estimation approaches
for individual clutch torque were proposed using unscented
Kalman filters in [26], [27], and a Takagi-Sugeno observer
in [28].

A major shortcoming of the previously published works is
that simultaneous estimation of each clutch torque and output
shaft torque has rarely been studied. Knowledge of each clutch
torque is necessary for robust actuation of the clutches in the
presence of thermal expansion and clutch wear. Information on
output shaft torque is also required for accurate powertrain con-
trols, since it is directly related to the acceleration and jerk of the
vehicle, affecting the ride quality. In [29], [30], novel estimators
intended for all those torque states were established by combin-
ing multiple observers for each driveline component, but their
structures are not simple enough to be used in practical applica-
tions. Hence, this paper develops a new torque observer for the
simultaneous estimation of individual clutch torque and output
shaft torque in DCT drivelines. The observer was implemented
based on a reduced order model with practical concerns, using
only the measurements already available in current production
vehicles.

Another important problem arising in driveline torque esti-
mations is the poor accuracy of nominal engine torque obtained
from an engine control unit (ECU). It is generally known that
nominal engine torque values are accurate in steady states, but its
discrepancy from the actual engine torque particularly increases
during severe transients, such as when the throttle position is
significantly varied. Thus, the proposed observer also serves to
correct the engine torque values using an adaptive algorithm for
the shift phases, when the engine controller is activated. Accu-
rate information about the net engine torque is also useful for
air/fuel management control and for detecting engine misfires
[31], [32].

The remainder of this paper is organized as follows. In
Section II, a reduced order model of DCT drivelines is intro-
duced. In Section III, the design procedure of the torque ob-
server is presented, and its estimation strategy is also explained
in detail. In Section IV, the feasibility and effectiveness of the
proposed torque estimator are evaluated through various simula-
tions using a high-fidelity SimDriveline model. In Section V, the
estimating performance of the observer is experimentally veri-
fied using a real vehicle as well as a DCT test-bench equipped
with torque sensors. A detailed discussion of the results is also
presented. Finally, this study is concluded in Section VI.

II. MODEL DEVELOPMENT

A. Driveline Model

A driveline with DCT has a structure similar to those with
a MT or an AMT, but it is equipped with one more set of
input and transfer shafts. The driveline model consists of sev-
eral angular speed dynamics developed by using the torque
balance relationships for the lumped inertias of the individual

Fig. 1. DCT driveline model structure.

Fig. 2. Reduced order model structure.

components. The 6th order dynamics are presented in this sec-
tion to demonstrate the structure of DCT driveline [29], as de-
picted in Fig. 1. Here, the variables ω, θ, J , and T denote angular
speed, rotation angle, inertia, and torque, respectively.

The subscripts e, d, c1, c2, t1, t2, o, w, and v stand for engine,
damper, input shaft with clutch 1, input shaft with clutch 2,
transfer shaft 1, transfer shaft 2, output shaft, wheel, and vehicle.

Assuming the behavior of a dual-mass flywheel is represented
as a torsional damper, the speed dynamics of the engine and the
torsional damper are described in (1) and (2).

Jeω̇e = Te − Td, (1)

Jdω̇d = Td − Tc1 − Tc2, (2)

The torque transmitted through the torsional damper is mod-
elled as (3),

Td = kd (θe − θd) + bd (ωe − ωd) , (3)

where kd and bd are the torsional stiffness and damping coeffi-
cient of the damper, respectively.

Denoting the equivalent inertias seen by clutch 1 and clutch
2 for the components, including the input and transfer shafts,
gears, and synchronizers as Jct1 and Jct2, the dynamics of each
transfer shaft are presented in (4) and (5), as follows:

Jct1ω̇c1 = Tc1 − Tt1

it1
, (4)

Jct2ω̇c2 = Tc2 − Tt2

it2
, (5)

where it1 is the gear ratio of the input and transfer shaft 1, and
it2 is that of the input and transfer shaft 2.

The transmitted torque through each clutch is described as
(6) and (7), depending on the states of the clutches [33]:

Tc1 =

⎧
⎪⎪⎨

⎪⎪⎩

0 if disengaged

μk1Fn 1rc1N1sgn (ωd − ωc1) if slipping

Tin1
Δ= Td − Tc2 − Jdω̇d , if engaged

(6)
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Tc2 =

⎧
⎨

⎩

0 if disengaged
μk2Fn2rc2N2sgn (ωd − ωc2) if slipping

Tin2
Δ= Td − Tc1 − Jdω̇d , if engaged

(7)

where μk , Fn , rc and N are kinetic friction coefficient, actuator
normal force, effective torque radius, and number of friction
surfaces of each clutch, respectively.

The dynamics of the output shaft and wheel are also described
in (8) and (9) using the principle of torque balance.

Joω̇o = if 1Tt1 + if 2Tt2 − To, (8)

Jv ω̇w = To − Tv , (9)

where To stands for the output shaft torque, and Tv the vehicle
load torque.

The output shaft torque can be expressed as (10) using the
torsional compliance model.

To = ko (θo − θw ) + bo (ωo − ωw ) , (10)

where ko and bo are the torsional stiffness and damping coeffi-
cient of the output shaft, respectively.

The load torque influenced by road inclination, aerodynamic
drag, and rolling resistance can be calculated by (11):

Tv =
(

Mvg sin (ϕ) +
1
2
ρairAvCD V 2 + MvgCrr

)

rw . (11)

In (11), Mv , ϕ, ρair , Av , CD , V , Crr and rw denote vehicle
mass, angle of road inclination, air density, vehicle frontal area,
drag coefficient, vehicle speed, rolling resistance coefficient,
and wheel radius.

B. Reduced Order Model With Practical Concerns

For practical control applications, it is necessary to further
simply the driveline model, since many of the variables in (1)–
(11) are not measured in production vehicles. Thus, the reduced
order model considering practicality is developed as follows:

Je eq ω̇e = Te − Tc1 − Tc2

Jct1 eq ω̇c1 = it1if 1Tc1 + it2if 2Tc2 − To

Jv ω̇w = To − Tv

where Je eq = Je + Jd,

Jct1 eq =

(

it1if 1Jct1 +
(it2if 2)

2

it1if 1
Jct2 +

1
it1if 1

Jo

)

.

(12)

In (12), the compliances of the torsional damper and the
input/transfer shafts are ignored such that the order of the model
is reduced significantly, leaving only measurable states. Jct1 eq is
the equivalent inertia from the clutch 1 perspective, and contains
the inertias of all the components rotating synchronously with
input shaft 1. The equivalent inertia seen by clutch 2 can be
alternatively used in the reduced order model, provided that ωc1

is replaced by ωc2 in (12). One strong feature of the reduced order
model is that it works for all general driving conditions including
gear shifts and vehicle launch without any structural change. The
structure of the reduced order model is schematically depicted
in Fig. 2.

III. TORQUE ESTIMATION STRATEGY

A. Overview

The main objective of this study is to develop a practical
estimator for the torque transmitted through each clutch, as well
as the output shaft torque in a dry DCT driveline. In this study,
the driveline torque estimation will be conducted by focusing on
the characteristics of the gear shift process, where both clutches
operate concurrently. This further complicates the control and
state estimation problems. Specifically, gear shifts in vehicles
with DCT are performed through the handover of the engine
torque from one clutch to the other clutch, i.e., a clutch-to-
clutch shift. A major obstacle in the torque estimation is the
lack of available torque sensors on a production vehicle. Even
the nominal engine torque acquired from ECU is inaccurate
during the transients like gear shifts. Since engine control is
generally activated during gear shifts to compensate for torque
fluctuations produced by the abrupt gear ratio change, and the
inertia effect [34], [35], the nominal engine torque during the
shifting transients is much less accurate than any other driving
conditions.

A gear shift process of DCT is divided into two phases: the
torque phase, where the torque is transmitted from the off-going
clutch to the on-coming clutch; and the inertia phase, where
the on-coming clutch is synchronized with the engine. In the
driveline torque estimation, it is important to take into account
the characteristics of each shift phase. An estimation method
that is robust to the parametric uncertainties of both clutches is
highly required in the torque phase because both clutch torques
have a significant influence on the whole driveline dynamics.
In the inertia phase, one of the clutches is disengaged, so that
the transmitted torque through it simply becomes zero, but the
engine control is activated, which produces a large uncertainty
in the nominal engine torque.

In order to manage the parametric uncertainties effectively,
after considering such physical properties, the proposed torque
estimator takes the form of an adaptive observer that uses sev-
eral adaptation laws depending on the driving conditions. Also,
the torque observer is developed based on the simplified driv-
eline model (12) with practical aspects, and its performance is
independent of the dynamics of other types of clutch actuators.
The detailed design procedure of the driveline torque estimator
will be introduced in the following sub-sections.

B. Torque Observer Design

1) State Observer for Output Shaft Torque: By adding a new
state for output shaft torque to (12), the state observer is designed
as (13):

˙̂ωe =
1

Je eq

(
T̂e − T̂c1 − T̂c2

)
+ L1 (ωe − ω̂e)

˙̂ωc1 =
1

Jct1 eq

(
it1if 1T̂c1 + it2if 2T̂c2 − T̂o

)
+ L2

(
ωc1 − ˙̂ωc1

)

˙̂ωw =
1
Jv

(
T̂o − T̂v

)
+ L3 (ωw − ω̂w )

˙̂
T o = Ṫo m − L4 (ωc1 − ω̂c1) + L5 (ωw − ω̂w ) , (13)
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where L1, L2, L3, L4, and L5 are the observer gains to be
designed.

The torsional compliance model (14) is employed in the ob-
server in order to improve its transient response.

Ṫo m
Δ= ko eq

(
ω̂c1

it1if 1
− ω̂w

)

, (14)

where ko eq is the equivalent stiffness of the output shaft in the
reduced order model. Such a simple compliance model may be
vulnerable to the measurement error of speeds, but it has been
validated that the shaft compliance information is useful for
estimating the transient torque through the shaft [30].

It is worth noting that no derivative of the measured speed is
used in (13) to avoid the adverse effects of measurement noise.

2) Adaptation Law for Individual Clutch Torque: Although
the clutch torque can be modelled by using (6), (7), it is difficult
to accurately identify the friction coefficient of the clutch, since
it varies continuously with the temperature or slip speed of the
clutch [6], [36], [37]. Another problem that arises when estimat-
ing the torque transmitted through a dry clutch is that the clutch
normal force cannot be measured, so it needs to be calculated
as a function of the corresponding actuator position. Hence, an
adaptation algorithm to treat such parametric uncertainties is
designed in this sub-section.

First, the clutch torque equations during slipping are arranged
to explicitly exhibit the positions of the clutch actuators, as
follows:

Tc1 = μk1Fn1rc1N1 = μk1kf 1θm1rc1N1, (15)

Tc2 = μk2Fn2rc2N2 = μk2kf 2θm2rc2N2, (16)

where θm1, θm2 are the positions of the clutch actuators, and
kf 1, kf 2 the force transmissibility coefficients used to define re-
lationships between the actuator position and the normal force
of each clutch. In general, the nominal values of kf 1, kf 2 at the
corresponding actuator positions are obtained empirically from
a powertrain test-bench, usually in the form of a force-position
map. By defining the known nominal parts of the friction co-
efficient and force transmissibility coefficient as μk,n and kf,n ,
respectively, and the unknown parts as μ̂k and k̂f , (17) and (18)
are derived.

Tc1 = (μk1,n + μ̂k1)
(
kf 1,n + k̂f 1

)
θm1rc1N1

= (μk1,n kf 1,n + τc1) θm1rc1N1,

where τc1
Δ= μk1,n k̂f 1 + μ̂k1kf 1,n + μ̂k1k̂f 1. (17)

Tc2 = (μk2,n + μ̂k2)
(
kf 2,n + k̂f 2

)
θm2rc2N2

= (μk2,n kf 2,n + τc2) θm2rc2N2,

where τc2
Δ= μk2,n k̂f 2 + μ̂k2kf 2,n + μ̂k2k̂f 2. (18)

Then, the adaptation laws for the unknown lumped parameters
τc1 and τc2 are defined as (19) and (20):

˙̂τc1
Δ= γc1θm1rc1N1

(

−ωe − ω̂e

Je eq
+
(

1 +
it1if 1L4

ko eq

)

(ωc1 − ω̂c1)
)

,

(19)

˙̂τc2
Δ= γc2θm2rc2N2

(

−ωe − ω̂e

Je eq

+
(

it2if 2

it1if 1
+

it2if 2L4

ko eq

)

(ωc1 − ω̂c1)
)

, (20)

where γc1 and γc2 refer to the adaptation gains that determine
the adaptation rate.

The adaptation laws update τ̂c1 and τ̂c2 in real time based on
the current actuator positions and the estimation errors of the
observer (13).

Note that the position information is only available if the
transmission is fitted with dry type clutches. In the case of wet
DCTs, the clutch pressure is often measured instead of the clutch
position, and it can be used in the adaptation algorithm to correct
the friction coefficient in the same manner as (19), (20).

3) Adaptation Law for Engine Torque: Accurate knowledge
of the engine torque is essential in any research related to power-
train management including driveline torque estimation. Since
no sensor is available for engine torque in production vehicles,
the nominal engine torque calculated from ECU is often used as
the actual engine torque. However, the nominal engine torque is
not accurate during the shift transient where the engine control
is in effect. Thus, in this sub-section, another adaptation law
is introduced to manage the inaccuracy of the nominal engine
torque. The actual engine torque is represented as (21):

Te = Te,n (1 + τe) , (21)

where Te,n refers to the known nominal engine torque and τe the
unknown part. Then, an adaptation algorithm for τe is designed
as follows:

˙̂τe
Δ= γe

1
Je eq

Te,n (ωe − ω̂e) . (22)

In (22), γe is the adaptation gain. The adaptation law updates
τe based on the nominal engine torque and the engine speed
error.

4) Adaptation Law for Vehicle Load Torque: The vehicle
load torque should also be known in real time for the driveline
torque estimations. Since accurate measurement of the vehicle
load torque is not possible, the vehicle load was roughly calcu-
lated using (11) under the assumption that V ≈ rw ωw in many
previous studies. However, the accuracy of (11) is highly vul-
nerable to its parameter uncertainties, so it cannot cover wide
driving conditions. First, using (11), the nominal vehicle load is
defined as follows:

Tv,n =
(

1
2
ρairAvCD r2

w ω2
w + MvgCrr

)

rw . (23)

where V is approximated by rw ωw , and the road inclination
term is removed with φ ≈ 0. Assuming the vehicle load has
a multiplicative uncertainty τv , the actual vehicle load can be
represented as (24).

Tv = Tv,n (1 + τv ) , (24)

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on March 06,2020 at 11:03:55 UTC from IEEE Xplore.  Restrictions apply. 



KIM et al.: DRIVELINE TORQUE ESTIMATIONS FOR A GROUND VEHICLE WITH DUAL-CLUTCH TRANSMISSION 1981

Then, the adaptation law for the load torque is designed as
follows:

˙̂τv
Δ= −2γvTv,n (ωw − ω̂w ) , (25)

where γv is the adaptation gain for (25).
The adaptation law (25) updates the estimated load torque in

real-time using the estimation error of the wheel speed.

C. Stability Analysis

In order to prove the stability of the final adaptive torque
observer, the following Lyapunov function candidate (positive
definite and radially unbounded) is considered:

V =
1
2
ε2

1 +
Jct1 eq

2

(
1

it1if 1
+

L4

ko eq

)

ε2
2 + Jvε

2
3 +

1
2ko eq

ε2
4

+
1

2γc1
τ̃ 2
c1 +

1
2γc2

τ̃ 2
c2 +

1
2γe

τ̃ 2
e +

1
2γv

τ̃ 2
v

where

ε1
Δ= ωe − ω̂e , ε2

Δ= ωc1 − ω̂c1, ε3
Δ= ωw − ω̂w ,

ε4
Δ= To − T̂o , τ̃c1

Δ= τc1 − τ̂c1, τ̃c2
Δ= τc2 − τ̂c2,

τ̃e
Δ= τe − τ̂e , τ̃v

Δ= τv − τ̂v . (26)

The derivative of (26) with respect to time is presented as
(27) assuming the torque parametric uncertainties are slowly
varying, i.e., τ̇c1, τ̇c2, τ̇e , τ̇v ≈ 0.

V̇ = ε̇1ε1 + Jct1 eq

(
1

it1if 1
+

L4

ko eq

)

ε̇2ε2 + 2Jv ε̇3ε3

+
1

ko eq
ε̇4ε4 − 1

γc1

˙̂τ c1τ̃c1 − 1
γc2

˙̂τ c2τ̃c2 − 1
γe

˙̂τe τ̃e − 1
γv

˙̂τv τ̃v

= ε1

(
1

Je eq
(τ̃eTe,n − τ̃c1rc1N1θm1 − τ̃c2rc2N2θm2) − L1ε1

)

+
(

1
it1if 1

+
L4

ko eq

)

ε2

⎛

⎝
(it1if 1τ̃c1rc1N1θm1

+ it2if 2τ̃c2rc2N2θm2 − ε4)
−L2Jct1 eq ε2

⎞

⎠

+ 2ε3 (ε4 − τ̃v Tv,n − L3Jvε3)

+ ε4

((
1

it1if 1
+

L4

ko eq

)

ε2 −
(

1 +
L5

ko eq

)

ε3

)

− 1
γc1

˙̂τ c1τ̃c1 − 1
γc2

˙̂τ c2τ̃c2 − 1
γe

˙̂τe τ̃e − 1
γv

˙̂τv τ̃v (27)

If the observer and adaptation gains are chosen such that

L1, L2, L3, L4, γc1, γc2, γe , γv > 0, and L5
Δ= ko eq ,

(27) becomes (28) by substituting (19), (20), (22) and (25) into
it.

V̇ = −L1ε
2
1 − L2

(
1

it1if 1
+

L4

ko eq

)

Jct1 eq ε
2
2 − 2L3Jvε2

3 ≤ 0.

(28)

The time derivative of V is negative semi-definite, which
only guarantees the stability of the observer. In fact, it is not
possible for the observer of the current form to always guarantee
that all the estimated torque values are converged to the true

TABLE I
TORQUE ESTIMATION STRATEGY (CLUTCH 1: OFF-GOING CLUTCH, CLUTCH 2:

ON-COMING CLUTCH)

Driving conditions Number of
clutch(es)

involved in
torque
transfer

Applicable
assumptions

Estimation or
adaptation

targets

Idling 0 τe , Tc1 , Tc2 = 0 To , Tv

Launch 1 τe , Tc2 = 0 Tc1, To , Tv

Acceleration/
Deceleration

1 τe , Tc2 = 0 Tc1, To , Tv

Gear shift Torque
phase

2 τe , Ṫv = 0 Tc1, Tc2, To

Inertia
phase

(mostly) 1 Tc1, Ṫv = 0 Te , Tc2, To

values because the number of the estimated variables are larger
than the number of available measurements. For example, since
all the adaptation laws specified in (19), (20), and (22) use
the estimation error of engine speed in common for parameter
estimations, we cannot uniquely determine which parameter
should be corrected to reduce the engine speed error. Thus, the
following two assumptions are made to resolve the redundancy
issue in the torque estimation:

1) The vehicle load remains unchanged during a gear shift.
2) The nominal engine torque is sufficiently reliable for the

driveline torque estimation in normal driving conditions
except for inertia phase of each gear shift.

The first assumption indicates that the duration of a gear shift
is quite short compared with the other driving conditions so that
the load variation during the shift is negligible. Based on the
assumption, the adaptation law for vehicle load (25) is inten-
tionally set to be deactivated in every gear shift. Also, the engine
torque adaptation is set to be in effect only in inertia phases of
gear shifts using the second assumption. The proposed torque
estimation strategy is briefly explained in Table I, provided that
driving conditions of a vehicle can be divided into five phases:
idling, launch, acceleration/deceleration, torque phase and iner-
tia phase.

Note that in case of a down-shift, the order of torque and
inertia phases may be differ from that of Table I, and the on-
coming clutch torque is assumed to be zero in inertia phase,
instead of the off-going one. However, regardless of the type
of gear shift, the number of torque variables to be estimated is
always the same as shown in the Table I.

Next, in order to demonstrate the asymptotic stability of the
torque observer, consider the following set:

Ω = {ε1, ε2, ε3, ε4, τ̃c1, τ̃c2, τ̃e , τ̃v | ε1, ε2, ε3 = 0} ,
(29)

where V = 0.
If the vehicle load variation is negligible, i.e., τ̃v ≈ 0 during

gear shifts, and the nominal engine torque is sufficiently close to
the actual engine torque, i.e., τ̃e ≈ 0 in other than inertia phases,
(whereas, in inertia phases, one of clutches is always disengaged
if a separate shift controller works properly, i.e., τ̃c1 or τ̃c2 ≈ 0),
then the origin ε1, ε2, ε3, ε4, τ̃c1, τ̃c2, τ̃e , τ̃v = 0 is the only
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Fig. 3. Torque observer structure.

invariant subset of (29). Thus, it is also guaranteed that the
estimation errors of the torque observer are asymptotically con-
verged to zero [38]. The aforementioned assumptions made
for the stability proof may produce some estimation errors in-
evitably, but accurate estimation of the driveline torque states
can be realized with the assumptions despite of the absence of
available torque sensors. The driveline torque observer was de-
signed to suit a clutch-to-clutch shift process, but it works for
all general driving conditions including vehicle launch, normal
driving without any clutch manipulation, up-shift, and down-
shift. In addition, since the observer is based solely on the driv-
eline dynamics, the torque estimation approach is suitable for
general DCTs, irrespective of the clutch actuator type and dy-
namics. The final observer structure is schematically illustrated
in Fig. 3.

D. Remarks on PE Condition

One structural advantage of the proposed adaptive observer is
that its estimation performance is independent of the persistence
of excitation (PE) condition. The PE condition is a sufficient
condition that the regressor (e.g., θm1, θm2 in (19), (20) and
Te,n in (22)) should satisfy for the parameter convergence of
an adaptive system (for details, see [38], [39]). However, the
profile of a regressor in adaptive systems, where the control
objective is to track desired signals, is generally determined by
system control inputs and cannot be arbitrarily designed to meet
the PE condition. Since the control inputs act on the system
separately from the adaptation algorithm, the parameter conver-
gence of the adaptive system is not always guaranteed. For this
reason, the proposed torque observer was designed to have a
novel structure, which achieves the asymptotic convergence of
the parameters, regardless of the PE condition. The effective-
ness of the torque observer was verified for various conditions
through both simulations and experiments, as presented in the
next sections.

TABLE II
SIMDRIVELINE MODEL PARAMETERS

Driveline parameters Vehicle parameters

Je = 0.2
Jd = 0.086
Jct1 = 0.0577
Jct2 = 0.0355
Jo = 0.04
kd = 215
bd = 10
kt1 = 15420
bt1 = 53
kt2 = 15000

bt2 = 51
ko = 9520
bo = 591

it1 = 3.688
it2 = 2.580

if 1 = if 2 = 4.119
rc1 = rc2 = 0.13

N1 = N2 = 4
μk 1 = μk 2 = 0.27

Jw = 1.7747

Mv = 1600
Cr r = 0.015

CD =0.4
Av = 3
ρa ir = 1

rw = 0.312
φ = 0

Units are SI derived.
(kg, N, m, rad, s)

TABLE III
ASSIGNED UNCERTAINTIES FOR SIMULATIONS

Simulated
case

Parameter Nominal
value

Actual
value

Assigned
uncertainty

μk 1 0.36 0.27 +33%
Case (1) μk 2 0.18 0.27 −33%

τe 0.25 0 +25%

μk 1 0.18 0.27 −33%
Case (2) μk 2 0.36 0.27 +33%

τe −0.25 0 −25%

IV. SIMULATIONS

A. Simulation Set-Up

In this section, several simulations were carried out to demon-
strate the effectiveness of the proposed torque observer. The
DCT powertrain model was developed using SimDriveline
which is a high-fidelity commercial software for modeling and
simulating vehicle powertrain systems. Essential vehicle com-
ponents including engine and tires, as well as the basic me-
chanical parts, are also accurately modeled using SimDriveline.
The parametric values used for the simulations are described in
Table II.

B. Simulation Results

The aim of the simulations was to verify the robustness of the
proposed torque observer to various parametric uncertainties.

Hence, the simulations were conducted for two cases of un-
certainties, assigned to the unknown torque states, as shown in
Table III. Because in real applications we only know the prede-
termined nominal values of those torque states, the task of the
torque observer is to accurately estimate the difference between
the nominal values and the actual ones, denoted as τc1, τc2, τe ,
and τv in real time.

It is worth noting again that the unknown clutch parameters
τc1 and τc2 indicate the combined uncertainties of the friction
coefficient and the force transmissibility of each clutch, and τe ,
τv are the uncertainties of the nominal engine torque and the
load torque.

The driving conditions used for both simulation cases are
shown in Fig. 4. Note that the driving conditions contain the
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Fig. 4. Simulation scenario: (a) clutch actuator position, (b) driveline speed.

modes of vehicle launch (1 s∼) and gear shift (1-2 upshift)
(5.3 s∼). Fig. 5 compares the actual torque values and the ones
predicted by the torque observer for case (1). To directly demon-
strate the effectiveness of the adaptation algorithm, the torque
values that were estimated solely using (6) and (7) with nominal
parameter values (without adaptations) are also plotted in Fig. 5.
Here, the nominal output torque was calculated using the values
of both nominal clutch torques, gear ratios, the lumped inertia
of the transmission part (Fig. 5(d)).

It was noticed clearly in Fig. 5 that the torque observer
estimated the true torque values accurately throughout all given
driving conditions. At around 1 s, the actuator position of clutch
1 started to increase for vehicle launch (Fig. 4(a)), and the torque
transmitted through it also increased accordingly (Fig. 5(b)).
During the slipping of the clutch, the inaccuracies of its ki-
netic friction coefficient and force transmissibility have direct
adverse effects on the torque estimation. Thus, in Fig. 5(b), a
large discrepancy was found between the nominal torque with-
out adaptations and the actual one, whereas the estimated torque
with adaptations was very close to the actual one. Even after the
clutch was completely engaged (1.5 s∼), the predicted values
provided by the torque observer still followed the actual val-
ues rapidly. After 5.3 s, a cross-shift of the two clutches was
performed for the 1-2 upshift, in which the (off-going) clutch 1
torque was decreased, and the (on-coming) clutch 2 torque was
increased.

The torque phase of the shift, where the torque handover ac-
tually occurs between the two clutches, exists in every gear shift
through DCTs (or ATs) and its characteristic is the main obsta-
cle to estimating the torque of the DCT drivelines accurately.
However, both clutch torques and the output shaft torque were
estimated simultaneously with high precision by the proposed
observer. Once clutch 1 began to slip, the inertia phase started
immediately (at around 5.45 s). Because the inertia phase gen-
erally induces large uncertainties in the nominal engine torque,

Fig. 5. Torque estimation in the simulated case (1): (a) engine torque,
(b) clutch 1 torque, (c) clutch 2 torque, (d) output shaft torque.

the adaptation algorithm for the engine torque was also acti-
vated in the inertia phase. In the results, it can also be observed
in Fig. 5(a) that the engine torque, which varied significantly
due to the action of the separate engine controller, was well es-
timated by the torque observer. In Fig. 5(d), the nominal output
torque with no adaptation showed a significant error, mainly
caused by the inaccuracy of the system nominal parameters.
At the moment of clutch engagement (e.g., around 1.5 s), in
particular, it exhibited largely oscillatory responses, which is
unrealistic. This demonstrates that the driveline torque states
are highly coupled one another, so accurate knowledge of the
variable parameters such as clutch friction coefficient is crucial
for the torque estimation.

In the transients of vehicle launch and shift, considerable
torque fluctuations occurred along the driveline. In particular,
a large overshoot and undershoot of the output torque was ob-
served at the moment of clutch engagement (Fig. 5(d)). Accurate
estimation of such torque fluctuations is very crucial, since it is
directly related to vehicle jerk and can be used for various pow-
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Fig. 6. Torque estimation under simulation case (2): (a) engine torque, (b)
clutch 1 torque, (c) clutch 2 torque, (d) output shaft torque.

ertrain controls. It was clearly noticed in Fig. 5 that the transient
variations of the driveline torque states were also accurately
predicted by the torque observer.

To further evaluate the observer performance, another simu-
lation (case (2)) was conducted with parametric uncertainties,
assigned in a completely opposite way to case (1). Fig. 6 presents
the corresponding results of the torque estimation for case
(2). Even though the assigned torque uncertainties were totally
different from the former case, the observer still showed equally
good estimation performance throughout the given driving con-
ditions.

Note that no structural change or gain tuning of the observer
were made in either simulation, which demonstrates its strong
practical aspects. Consequently, the parametric convergence of
the adaptive observer was well verified through the simulations,
which were in agreement with the stability analysis performed
in Section III-C.

Fig. 7. Test bench set-up.

V. EXPERIMENTS

A. Overview

Experiments were carried out under various driving scenar-
ios in order to evaluate the torque estimation strategy more
precisely. The torque observer was tested in two ways: on a
DCT powertrain bench and on an actual vehicle with a dry
DCT. Note that the proposed observer estimates both individ-
ual clutch torques and output shaft torque, while it corrects the
nominal engine torque and the vehicle load torque according
to driving conditions. The vehicle test provides the most reli-
able environment for the observer validation, but it is difficult to
install additional torque sensors for validation in a real vehicle
due to lack of available space. Thus, to demonstrate that each in-
dividual estimation scheme works well, experiments were also
performed on the test-bench where torque sensors are installed
on each shaft.

B. Experiments on a DCT Test-Bench

Fig. 7 illustrates the DCT test bench used for the experiments,
whose parametric values are presented in Table V. Its mechani-
cal structure is identical to that of production DCTs, but the total
length of the test bench was extended to directly mount addi-
tional sensors on shafts. Encoders were installed to measure the
shaft speeds which are also available on production vehicles. In
addition, torque transducers were attached directly to the shafts,
for validation purpose only. MicroAutobox dSPACE 1401 was
used to process the signals from the sensors and to run the torque
observer algorithm.

Total test time was about 60 s, and the test scenario cov-
ered the vehicle launch mode and multiple gear shifts. The
corresponding vehicle states are depicted in Fig. 8. In the test
scenario, control of clutches and engine were performed by a
separate controller in accordance with the shift schedule, so that
the driving modes described in Table IV occurred sequentially.
As for the clutch parameters, a force-position map, which had
been experimentally obtained, was utilized for the nominal force
transmissibility (kf 1,n , kf 2,n ) of each clutch. Since the actual
values of the clutch friction coefficients are not measurable, a
nominal value of 0.3 was chosen, i.e., μk1,n , μk2,n = 0.3. Also,
40% multiplicative uncertainties were intentionally assigned to

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on March 06,2020 at 11:03:55 UTC from IEEE Xplore.  Restrictions apply. 



KIM et al.: DRIVELINE TORQUE ESTIMATIONS FOR A GROUND VEHICLE WITH DUAL-CLUTCH TRANSMISSION 1985

Fig. 8. Scenario of experiment on test-bench: (a) clutch actuator position, (b) driveline speed.

TABLE IV
DRIVING CONDITIONS FOR EXPERIMENTS ON TEST-BENCH

Phase number ©1 , ©6 ©2 , ©7 ©3 , ©8 ©4 ©5

Driving condition Launch Constant acceleration 1-2 upshift 2-1 downshift Accelerator off

the nominal engine torque during the inertia phase of each up-
shift.

Fig. 9 exhibits the torque estimation results on the test-bench.
The torque observer algorithm was run in real time as used in the
simulations, without any change in its structure or parametric
values. To assess the accuracy of the estimated load torque
roughly, the load torque value calculated by using (30) is also
represented in Fig. 9(e).

Tv = To − Jv ω̇w , (30)

where the measured values of output shaft torque and wheel
speed are used. Even though the observer used the nominal para-
metric values with large uncertainties, all the estimated torque
states converged rapidly close to the actual values.

In Fig. 9, the large discrepancy between the estimated torques
with and without the adaptations verifies that the nominal values
were initially very inaccurate, and were corrected finally by the
adaptation algorithms. The large torque fluctuations, which were
particularly observed in the gear shifts, were also estimated by
the observer.

In fact, since the reduced order driveline model on which
the torque observer was developed ignores several shaft com-
pliances, its model accuracy is considerably reduced, especially
in severe shift transients. In addition, the assumption that the
driveline parameters, such as the lumped inertia of the shafts

TABLE V
PARAMETERS FOR THE TEST-BENCH

Test-bench parameters

Je = 0.745
Jd = 0.0165
Jct1 = 0.1
Jct2 = 0.1
Jo = 0.04
kd = 215
bd = 10
kt1 = 15000
bt1 = 50
kt2 = 15000

bt2 = 50
ko = 10000
bo = 700
it1 = 3

it2 = 2.4
if 1 = 6

if 2 = 4.8
rc1N1 = rc2N2 = 0.095

Jv = 134.6
Units are SI derived.

(kg, N, m, rad, s)

and the linear torsional stiffness of output shaft, are constant
throughout the driving scenarios, further deteriorates the model
accuracy. The poor accuracy of the reduced model has di-
rect adverse effects on the observer performance that leads to
the estimation errors during the transients (e.g., 20 s∼23 s in
Fig. 9(d)). However, the proposed observer still estimated all the
unknown torque states accurately utilizing the novel adaptation
algorithms based on the data already available on production
vehicles.
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Fig. 9. Torque estimation by experiments on test-bench: (a) engine torque, (b) clutch 1 torque, (c) clutch 2 torque, (d) output shaft torque, (e) vehicle load torque.

The strong benefit of using the propose torque observer
is clearly shown in the driving conditions, where one of the
clutches is engaged (e.g., 7 s∼10 s in Fig. 9(b) or 15 s∼20 s
in Fig. 9(c)). As depicted in (6), (7), when a clutch is engaged,
its transmitted torque is unrelated to the normal force on it and
the corresponding actuator position; consequently, the torque

estimations (19) and (20) based on the kinetic friction equation
(valid for a slipping clutch) may be ineffective. Thus, conven-
tionally, the torque through a clutch should be estimated us-
ing different model equations depending its engagement state,
namely whether the clutch is engaged or not. However, us-
ing the very different equations in accordance with the clutch
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Fig. 10. Scenario of experiment on vehicle: (a) accelerator pedal/clutch actu-
ator position, (b) driveline speed.

engagement states is not desirable since it inevitably accompa-
nies unrealistic oscillatory responses during the repeated stick-
slip transitions of the clutch (like the nominal torque responses
around 1.5 s in Figs. 5(d) and 6(d)).

On the other hand, the developed observer has the ability
to self-adapt to continuously varying the parameters τ̂c1, τ̂c2

to ensure accurate estimation of the torque, regardless of the
clutch states. In fact, this feature of the observer is in line with its
parameter convergence, irrelevant of the PE condition, described
in Section III-D. In other words, although the adaptation law for
each clutch torque is designed solely using the clutch friction
model of slipping, it works for all the clutch states without its
any structural change as a result of the novel structure of the
torque observer.

C. Experiments on a Real Vehicle

In the previous sub-sections, it was well observed from the
results of the simulations and the experiment on the test-bench
that each sub-estimator or adaptation law plays a crucial role
in estimating the driveline torque states accurately. In order
to further evaluate the application potential of the observer in
production vehicles, experiments on a ground vehicle with the
dry-type DCT hardware were also conducted. Compared to the
indoor test-bench, a vehicle is much more exposed to unexpected
disturbances, and the vehicle load torque is varied unpredictably.
Here, only one torque transducer was attached to the output
shaft of the test vehicle, so the torque observer performance
was quantitatively evaluated by comparing the measured output
shaft torque with the estimated one. The vehicle test scenario
that covers the launch phase and a clutch-to-clutch shift from
1st to 2nd gear is described in Fig. 10. Note that the position
of the accelerator pedal actuated by the driver is also plotted in
Fig. 10(a).

In the test, the nominal engine torque from the ECU was di-
rectly used as the actual one. The corresponding test results are

Fig. 11. Torque estimation by experiment on vehicle: (a) engine torque, (b)
clutch 1 torque, (c) clutch 2 torque, (d) output shaft torque, (e) vehicle load
torque.

exhibited in Fig. 11. Note that the target clutch torque values
based on the predefined maps with nominal parameters (de-
noted as “map-based”) were also presented in the results for
comparison.

The adaptation law for engine torque was activated right af-
ter the dis-engagement of the off-going clutch (clutch 1) during
the shift (Fig. 11(a)), and the load torque adaptation was in ef-
fect throughout the test except for the gear shift (Fig. 11(e)).
It was easily noticed from Fig. 11 that the individual adapta-
tion laws corrected each torque variable, and the output shaft
torque estimated by the final torque observer was very close
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to the measured one throughout the test (Fig. 11(d)). On the
other hand, the output shaft torque estimated by the map-based
clutch torques accompanied considerable errors. Consequently,
the experimental results verified not only the effectiveness of
the proposed torque observer, but also its application potential
in production vehicles.

VI. CONCLUSION

In this paper, a torque estimation method using an adaptive
observer was proposed for a vehicle with DCT drivelines. The
torque observer is able to estimate the transmitted torque of two
clutches and the output shaft in the driveline, which is important
for accurate powertrain controls. The advantages of the proposed
torque estimation method are summarized as follows:

1) The observer has a function to correct the nominal engine
torque from the ECU as well as the calculated vehicle load
torque.

2) The observer only uses the driveline dynamics, so its per-
formance is insensitive to the type and dynamics of clutch
actuators.

3) The observer is based on a simplified driveline model,
but it shows superior estimation performance with a few
tuning parameters.

4) The observer works in all general driving conditions in-
cluding gear shifts and vehicle launch without any change
of its structure or parametric values.

The estimation performance of the observer, including its ro-
bustness to parametric uncertainties, were well demonstrated
through both simulations and experiments conducted under var-
ious driving scenarios.
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