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Driveline Modeling with Transmission Loss and
Robust Torque Observer Design for Dual Clutch
Transmission
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Abstract—This paper presents a design of driveline torque
observer with dual clutch transmission (DCT). A goal of this
study is to improve estimation performance of the observer. To
increase the observer’s performance, it is important to make an
accurate driveline model and a robust observer. First, to increase
the accuracy of the model, we propose lumped driveline efficiency
which is a parameter that expresses driveline transmission loss. In
addition, a recursive least square estimation (RLSE) algorithm is
proposed to estimate the parameter using driving data. Then, the
model is updated using the estimated parameter value. Second,
a reduced order observer is proposed to estimate transmitted
torques of driveline in both driving and gear shifting process.
Moreover, the observer, which is robust against measurement
noise and disturbance, is designed through frequency domain
analysis. For frequency domain analysis, an eigenstructure as-
signment method is applied to tune observer gains. Performance
of the proposed RLSE algorithm and the observer are verified
through simulation and testbench experiments.

Index Terms—Dual clutch transmission, Driveline modeling,
Transmission loss, Recursive least square estimation, Torque
estimation, Robust torque observer, Eigenstructure assignment.

I. INTRODUCTION

O increase fuel efficiency, a transmission is essential for

both internal combustion engine vehicles and parallel hy-
brid vehicles. Even in electric vehicles, a two-speed transmis-
sion is used to increase the torque range and energy efficiency
of the motor [1], [2]. There are various types of transmissions,
such as automatic transmission (AT), dual clutch transmission
(DCT), and continuously variable transmission (CVT). Among
them, DCT transmits torques through two clutches which
are directly connected to the wheel. Thus, DCT has higher
transmission efficiency than AT and higher durability than
CVT. Due to these characteristics, DCT is considered to have
high potential [3], and many studies have been conducted to
examine the characteristics.

The most important part of the gear shift control is to reduce
the shock that occurs during gear shifting. Unlike AT, DCT
does not have a torque converter to absorb the gear shift shock,
so the driver feels the shock directly. The shock is related
to the torque transmitted through the driveline during gear
shifting. Many studies have been conducted on a model-based
gear shift control strategy to reduce the shock. In [4], a gear
shift strategy was proposed that controls the engine and clutch
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cooperatively. Also, [5] proposed a linear quadratic regulator
(LQR) method and [6] proposed a control allocation method
applied to gear shifting.

There are two things must be done before applying the
above model-based control method. The first is increasing
the accuracy of the model to describe an actual physical
phenomenon well. To describe the actual driveline accurately,
it is necessary to have a high order model that describes all
parts of the driveline [7], [8]. [7] showed that the driveline can
be described as 15 degrees of freedom. However, when the
order of the model becomes too high, it becomes complicated
to construct a controller. Moreover, accuracy of the model can
be improved by additionally modeling the friction generated
by each component [9], [10] and transmission loss of the gears
[11]-[13]. As above, there are various types of driveline losses,
but these are mainly divided into two types [14]-[16]. First
is load independent loss. These are kind of spin losses like
windage loss, lubrication loss, and etc. It does not change
according to the states of the load and has a constant tendency.
Second is load dependent loss. These contain meshing loss
of gear and bearing loss, and etc. It changes depending on
the states of the load such as transmitted torques. If the
load dependent losses are not modeled, the error of the
model gradually increases as the transmitted torque increases.
However, if all the detailed loss models are used for loss
modeling, it is difficult to obtain the values of all parameters.

Therefore, it is necessary to make a simplified model,
which is called a control-oriented model, for a controller and
observer. To make a control-oriented model, [17] proposed a
4th order model and [18] proposed a 3rd order model. In both
cases, the model was suitable for configuring a controller and
observer due to its low order. However, since transmission
losses of the driveline are not considered at all, the model
cannot accurately describe the actual driveline. This leads to
deterioration of the performance of the model-based controller
and observer.

The second thing that must be done before applying the
control method is to design the torque observer with robust
estimation performance. In production vehicles, there is no
torque sensor due to price and packaging issues, so it is not
possible to measure the actual torque transmitted through the
driveline. Therefore, a design of the torque observer is required
for torque-based gear shift control. Many studies have been
conducted on designing the torque observer. [19] proposed a
nonlinear observer to estimate output shaft torque, and [20]
proposed an estimator that used a Kalman filter. However,
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for designing and verifying the estimator, external resistance
torque is assumed to be a known input, which is a limitation
of above studies. The difficulties in estimating the torque of an
actual vehicle are that the external resistance torque changes
according to unknown external road conditions. Another diffi-
cult point is that a clutch friction coefficient changes with the
temperature [21]-[23] and the slip [24], [25] of the clutch
during gear shifting. Therefore, it is difficult to know the
actual clutch torque with pre-modeling. Thus, the observer
must be able to estimate the output torque and the clutch
torque simultaneously. [26] proposed a torque estimator using
a full order Luenberger observer, and estimated the torques
with an appropriate assumption in each gear shift phase. Also,
[27], [28] proposed PI type observer. In [29], an adaptive
observer was used to design the torque observer that could
adapt to changes in engine torque uncertainty and vehicle
inertia. In above cases, stability of the observer was proved.
However, since the observer gain was arbitrarily tuned, robust
performance was not guaranteed. In this case, disturbance can
deteriorate the observer’s estimation performance. Therefore,
it is important to set the observer gain through frequency
domain analysis [30], [31]. Moreover, since a full order Luen-
berger observer could not decouple the characteristic equation
of the measurements and states, it limits the loop shaping of
the transfer function. Therefore, it is not able to maximize the
performance of the observer.

In this paper, we first propose a new parameter called
lumped driveline efficiency to increase the accuracy of control-
oriented model. Lumped driveline efficiency represents the
ratio between transmitted energy and total energy. Therfore,
it is suitable for modeling the load dependent losses. Since
the parameter value is an unknown, we propose a recursive
least square estimation (RLSE) method to estimate the lumped
driveline efficiency using driving data. It also analyzes persis-
tent excitation (PE) condition of the algorithm that guarantees
parameter convergence. These proposal are verified through
the simulation and testbench experiments.

Second, we propose a reduced order observer to improve
estimation performance of the torque. The observer is designed
using different models for Ist and 2nd gear driving, torque
phase, and inertia phase. Subsequently, frequency domain
analysis is performed to ensure robust performance of the
observer. Application of the eigenstructure assignment method
is proposed for gain tuning of the observer in the frequency
domain. Performance of the tuned observer for each phase is
verified through the testbench experiments.

The rest of paper is organized as follows. Section 2 proposes
the control-oriented model with lumped driveline efficiency
and introduces the parameter estimation method using RLSE.
Simulation verification is performed for the above method.
Section 3 describes the design of the reduced order observer
and introduces the gain tuning of the observer using the
eigenstructure assignment method. Frequency domain analysis
is performed in each gear shift phase. In section 4, per-
formance of the parameter estimation algorithm is verified
through testbench experiments. Moreover, we compare the
estimated performance between the full order observer and
the proposed reduced order observer through the testbench

Fig. 1: Conventional driveline model

experiments. Conclusions are provided in section 5.

II. SYSTEM MODELING
A. Conventional driveline model

Fig. 1 shows a conventional driveline model. In Fig. 1, T,
w, J, k, ¢, i represent torque, angular speed, inertia, torsional
stiffness, damping coefficient, and gear ratio. Subscript e, d,
¢ t, f, o, v are engine, external damper, clutch, transfer shaft,
final gear, output shaft, and vehicle. In this paper, only the
features of the conventional model are briefly described (See
[29] for more details). Fig. 1 depicts transmission process of
the torque from the engine to the wheel. A high order model is
formed to express all the compliance of the shafts. The model
can express all vibrations of each shaft as well as stick-slip
phenomenon. However, the controller and observer made from
this model have high order and the configuration is complex.
In addition, the model has a limitation in that driveline losses
such as gear loss and friction are not considered at all.

Te,

Fig. 2: Control-oriented model with lumped dirveline efficiency

B. Control-oriented model with lumped driveline efficiency

[18] proposed a 3rd order control-oriented model to address
the complexity of the conventional model. In [18], the pro-
cess configuring the control-oriented model was represented.
A controller and observer could be simply made from the
proposed low order model, but it did not consider driveline
losses.

A control-oriented model with lumped driveline efficiency
is proposed to solve the above problems. Lumped driveline
efficiency refers to the lumped energy transmission losses that
can occur in various gears as shown in Fig. 1. The lumped
driveline efficiency is expressed as transmission efficiency of
the virtual gear located in front of the output shaft as shown
in Fig. 2. Gear ratio of the virtual gear (7,) is assumed to be 1.
The control-oriented model with lumped driveline efficiency
is configured as in Fig. 2.

In Fig. 2, the torque balance equations of the engine and
the clutches are as follows.

Te - Tcl - Tc2 = Je,eqwe (1)
Te — Je,eqe — Te2 (Engaged)
T = pr1re1Ne1 Foy (Slipping) 2)

0 (Disengaged)
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Te — Jeeqe — Tex (Engaged)
Tc2 = ,U/k:2r02Nc2Fc2 (Sllpplng) (3)
0 (Disengaged)

where T, T,1, T,o represent the engine torque, clutch 1 torque,
and clutch 2 torque. J, ¢, is the lumped inertia from the engine
to the clutch, and w, is the engine speed. ug, v, IV, F' are the
dynamic friction coefficient of the clutch, the effective radius,
the number of the clutch plate, and the clutch actuator force.
In (1), the engine and the torsional damper are expressed as
lumped inertia. (2) and (3) represent the transmitted clutch
torque according to the state of each clutch.
. . Wel
(Tclll + Tc2l2) n—"T,= Jo,eqni (€]

11
To = Co,eq <WC1 - wu;) + ko,eq <WC1 - ww) (5)
1 21
T,-T, =

oW (6)

where T,, T, are the output shaft torque and the external
resistance torque. wei, Wea, Wy, 11 ,i2, 1) represent the clutch
1 speed, the clutch 2 speed, the wheel speed, the gear ratio of
Ist gear, the gear ratio of 2nd gear, and the lumped driveline
efficiency. Joeq, Ko,eq» Coeq represent the lumped inertia
from the clutch to the output shaft, the equivalent torsional
stiffness, and the equivalent torsional damping coefficient.
In Fig. 2, since i, is 1, the energy transmission efficiency
of the virtual gear can be expressed as torque transmission
efficiency. Based on that, (4) is composed of the torque balance
equation considering the lumped driveline efficiency. Since the
parameter is multiplied by the torque, it particularly describes
lumped load dependent losses, which are varying with the
transmitted torque values, in the driveline. It prevents the
model error from increasing with the transmitted torques. (5)
represents the output shaft compliance model. The methods
for obtaining the equivalent torsional stiffness and the damping
coefficient were introduced in [18]. (6) indicates the dynamics
of the vehicle inertia.

1
T, = <Mvgcrr + Myg Sin(a) + 2pa117'AdeV2) Tw  (7)

where My, Cyr, 0, pair, Af. Cq, V, 1y, are the vehicle mass,
the rolling resistance coefficient, the road slope, the air density,
the vehicle frontal area, the air drag coefficient, the vehicle
speed, and the effective radius of the wheel. As in (7), the
external resistance torque is expressed as the sum of the rolling
resistance, the road grade, and the aerodynamics.

The unknown terms in the above model are the lumped
driveline efficiency and the external resistance torque. These
values must be estimated from experimental data.

C. RLSE with forgetting factor

RLSE is a famous parameter estimation method. Since
RLSE accumulates all past data, it is not suitable for estimating
varying parameters. To compensate for that, RLSE with the
forgetting factor has been proposed. The forgetting factor
can lower the weighting of the past data, so it is used to
estimate varying parameters [32]. In [33], [34], RLSE with the
forgetting factor was used to estimate road grade and vehicle

mass. Since the road grade is a varying term, RLSE with the
forgetting factor must be used to estimate both parameters.

In 1st and 2nd gear driving and the gear shifting pro-
cess, both lumped driveline efficiency and external resistance
torque affect the driveline movement. In particular, since both
clutches transmit torques during the gear shifting, uncertainty
increases and the accuracy of the parameter estimation perfor-
mance decreases during gear shifting process. Therefore, the
parameters are estimated using only driving data in the 1st and
2nd gear where only one clutch is engaged.

Without loss of generality, we assume a lst gear driving
situation. Since clutch 1 is engaged and clutch 2 is disengaged,
the speed of the engine and clutch 1 are synchronized and
clutch 2 torque is zero. Then, combining (1), (4), and (6), we
can obtain the following equation to be used for RLSE.

, 2 We :
(Tell - (Je,eqzl + Jo,eq) Zl) n—"Ty, = Jywy ®)

In (8), the engine torque is input, and the engine speed and
the wheel speed are measurable states. The lumped driveline
efficiency and the external resistance torque are unknown
values. In (7), the external resistance torque is composed of
the road grade, the rolling resistance, and the aerodynamics.

Assumption 1: Vehicle drives on the road where the road
slope does not change rapidly(é ~ 0)

In other words, it is assumed that data is obtained for driving
on the flat road where the road slope converges to O or the
gentle hill with a constant road slope. From Assumption 1,
the road grade term becomes a slowly varying value. In
addition, the rolling resistance term varies depending on tire
pressure and weight of the vehicle, but it can be regarded as
a constant value during driving. Therefore, c¢; expressed as
the sum of the above two terms can be assumed as a slowly
varying value.

If we combine (7), (8), and V = r,w,,, the new equation
is as follows.

vaw = (Teil - (Je,eqi% + Jo,eq) (';6) n— w12002 —C (9)
1
where c; is the sum of the rolling resistance and the road grade
term. co is the lumped aerodynamics coefficient. 7, c1, and ¢
are to be estimated using RLSE with the forgetting factor.
The general formulations of RLSE with the forgetting factor
are shown as (10)-(13)

y=0"¢, c(k)=yk) -9k (10)

k 2
S (k) = 3N (y0) — 07 (k) 6 (1) (11)
1 F(k—1) (k)7 (k) F (k- 1)
F(“‘A[F(k‘”‘ AT () F (k- D)o (8) ]
A . (12)
G(k)=0(k—1)+F(k—1)¢(k)e(k)  (13)

where y, 0, ¢, € are the system output, the unknown parame-
ters, the regressors, and the error. S, A\, F' represent the cost
function, the forgetting factor, and the update gain. A is from
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0 to 1. The larger the A is, the more past data is accumulated
to estimate the parameters. (9) can be expressed in the same
form as (10), so RLSE can be applied to (9). In (9), since
c1 changes faster than n and cg, it is important to set the
forgetting factor according to the changing speed of c;. In
addition, there is a derivative term of angular speed in (9). In
this case, the signal becomes very noisy due to the derivative
value, which has a bad effect on the parameter estimation.
Moreover, if unmodeled disturbance acts on the driveline as
additional external resistance torques, the parameter estimation
performance will be worse. In order to reduce the above bad
effects, a moving average filter is applied to y and ¢ values.

Remark 1: In order for  converging to 0, ¢(i)(i = 1 ~ k)
must be linearly independent. If ¢(i) are linearly dependent,
these do not satisfy the PE condition in RLSE. So, conver-
gence of g is not guaranteed. In order to ensure parameter
convergence, the condition that ¢(¢) are linearly independent
in 1st gear driving is as follows.

In 1st gear, a state space model of the driveline is expressed
as in (14).

1 = A1z + Biug + Erdi,  y1 = Ciag
T
Ty = ( % Wy To ) , Ul = Te7 dl == Tv
F 0 0 -1
(Je,eqi2+Jo,eq)n
1
A= 0 0 7,
1 1
]{/’07611 —k‘o,eq —Co,eq ((Je,eqi?"!‘Jo,eq)n + ']11>
B i1 T
Je,eq":%“l‘e]o‘eq 1 O 01
By = 0. ,Ci=10 1 , Br=| -7
Co,eqll 0 0 Co,eq
L Je.cqii+Jo,eq ?14)

The transfer function obtained from the state space model
in (14) is as follows.

%ﬁ G11 (8) G12 (S) T
Wy = G21 (S) G22 (S) ( Te > (15)
T, Gs1(s) Gaz2(s) !
If (9) and (15) are combined, it is expressed as in (16).
01
Jobow=[1n 2 ]| ¢2
¢3
o1 = (i1 — (Je,eqi? + Joeq) 5G11) T (16)

- (Je,eqi% + Jo,eq) SGIQTU
¢2 = — (GorTo + GooT,)*, 3 = —1

In (16), ¢1, ¢2, ¢3 consist of the transfer functions of T,
and T,. T, is uncontrollable and unknown. Therefore, the
condition of 7., which is controllable and known, for the
parameter convergence is as follows. In the worst case, if 7,
and T, are constant values, ¢(i) become linearly dependent,
so the convergence of 0 is not guaranteed. On the other hand,
when T, changes, ¢(i) become linearly independent. Thus, the
convergence of 0 is guaranteed. Therefore, RLSE is applied
using the data obtained when 7. changes. In order to reduce
the estimation errors due to sensor noise and disturbance, it is
recommended to have a large variation of 7.

TABLE I: Driveline parameters

Parameter Value Parameter Value
Je 0.152 ko 9122
Ja 0.119 Ct2 55
Je1 0.01 ko 17827
Jeo 0.012 Co 87
Jo 0.102 141 3.846
Jy 144 11 4
kq 23267 149 2
Cd 20 ifg 4.167
ki1 7532 Tw 0.3
Ct1 50 M, 1600

Units are SI derived(kg, m, s)

D. Simulation results

1) Simulation setup and scenario: Simulation describes
the testbench using the conventional model Fig. 1, and is
constructed with the Simdriveline of Matlab. The inertia,
the gear ratio, and the other parameter values are shown in
TABLE I. An advantage of the simulation is that it can easily
apply aerodynamic torques, which is hard to implement in the
testbench experiments. The external resistance torque in the
simulation is expressed as in (7). It contains rolling resistance,
road load, and aerodynamics. To implement external resistance
torque, Clr, pair, Ay, Cq are set to 0.02, 1, 2.213, 0.325 in the
simulation. Additionally, a 25 rad/s sine wave with magnitude
of 10 is applied to the external resistance torque to express
unmodeled disturbance. To reflect the actual driveline loss,
the loss of each gear is set as load dependent loss [14]-[16].
Therefore, the efficiency of each gear can be represented as
weakly varying parameters. The efficiency of each gear is set
to a value that increases from 0.95 to 0.97 as the transmitting
torque increases. Torques are transmitted through a total of 3
gears at each gear state. Therefore, the overall driveline losses
are expressed as the sum of the losses from 3 gears.

In order to guarantee the convergence of the parameters, the
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Fig. 3: Simulation scenario: (a) Speed of each driveline component. (b) Engine
torque.
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Fig. 4: RLSE results in the simulation: (a) 7% reconstruction. (b) 77 estimation.
(c) ¢y estimation. (d) co estimation.

engine torque is continuously changed after 5 seconds (See
Remark 1). In addition, we assume 2nd gear driving which
is more affected by the aerodynamic torques in the simulation.
To reflect a real driving situation, we set it as a scenario in
which the vehicle is driving on a flat road before 35 seconds
and then on a gentle hill after 35 seconds. Thus, we set the
road slope to 0° before 35 seconds, and changed to 3° after
35 seconds.

2) Results: The speed of the each driveline component and
the engine torque are shown in Fig. 3. To estimate the varying
parameter, A must be less than 1. If A is a large value, more
data is used for parameter estimation. Therefore, it has the
effect of reducing the varaiance of the estimated parameter
due to disturbance and sensor noise. If \ is a small value, less
data is used for parameter estimation. Therefore, the variance
of the estimated parameter increases from sensor noise and
disturbance. However, it has an advantage of fast convergence
when the parameter is changed. As above, there is a trade-
off relationship to set A\. The way to specify A is as follows.
Gradually decrease A\ from a large value (close to 1). After
that, according to the changes in ), it is necessary to check
the variance of the converged parameter to know whether
estimation performance is acceptable. In this case, A is set

to 0.998. The results of the RLSE are shown in Fig. 4, and
the external resistance torque reconstructed with the estimated
parameters is also shown in Fig. 4a. In Fig. 4b, 7 is calculated
by multiplying the efficiency of each gear. Since the efficiency
of the gear changes every moment, it can be seen that 7 also
changes. 7 is convereged to 0.92, which is similar to nominal
value. In addition, it takes about 30 seconds for the estimated
parameters converging to the changed values. All parameters
converge well to its value. Thus, the reconstructed signal also
describes the external resistance torque value well.

Remark 2: As the number of estimated parameters in-
creases, various excitation signals must be applied to the
system for parameter convergence in RLSE. It means various
driving scenarios are needed for parameter estimation. In
addition, data can be distorted due to the disturbance and
measurement noise in this process. As the number of param-
eters increases, it becomes more difficult to distinguish the
effect of each parameter from distorted data. Thus, it further
deteriorates the parameter estimation performance. In order to
prevent the deterioration of parameter estimation performance
due to the disturbance and measurement noise, it is important
to accumulate lots of data by setting the A close to 1. If
A is set to a high value, the convergence time is increased.
However, the lumped driveline efficiency is a parameter that
changes slowly and does not need to be estimated in real
time. If the estimated value of the lumped driveline efficiency
is sufficiently converged, then the control-oriented model is
updated using the converged value.

III. TORQUE OBSERVER DESIGN

This section presents a design method of the torque observer
using the updated model in the previous section. Driveline
torques must be estimated in real time through the torque
observer.

The clutch involved in transmitting torque changes accord-
ing to the phase, which is divided into driving situation(1st and
2nd gear driving) and gear shifting(torque phase and inertia
phase). Therefore, a state space model of the driveline and the
torques to be estimated is changed according to each phase. In
this study, observers are constructed using the different model
in each phase.

Since gear shifting process is the short time of about
1 second, estimation performance of the observer is very
important for precise gear shift control. Thus, it is important
to maximize estimation performance of the observer. In many
studies, full order Luenberger observers were proposed. In case
of the full order observer, it cannot decouple the characteristic

H
d; n !
L '
y ++ x
u_ Plant LPF Observer [——
'+'+T |_'
1
1
1
1
| Ny
d RLS |7}
algorithm

Fig. 5: Overall schematic diagram
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equation of measurements and states, so there is a limitation
in maximizing the performance of the observer. Therefore,
we propose a reduced order observer to compensate for this
disadvantage. In order to compensate for the shortcomings of
the reduced order observer, which is vulnerable to measure-
ment noise, we practically apply low pass filter (LPF) to the
measurement. The overall schematic diagram is shown in Fig.
5.

In order to guarantee robust performance of the observer, we
analyze the gain tuning method in the frequency domain and
use the eigenstructure assignment method for the gain tuning.

A. Reduced order observer

After arranging the state space model in each phase, a
design method of the reduced order observer is proposed.

1) Ist and 2nd gear: In 1st gear, clutch 1 is engaged and
clutch 2 is disengaged. Thus, the clutch 2 torque is 0. If the
clutch 1 torque is removed in (1)-(6), the equations can be
expressed in the state space form as in (14).

In 2nd gear, clutch 1 is disengaged and clutch 2 is engaged.
Thus, the clutch 1 torque is 0. In the same way, by removing
the clutch 2 torque, the state space form in 2nd gear is
constructed as follows.

i‘g = AQJZQ + B2U2 + Egdg, Y2 = 021‘2

T
T2 = ( % Wy To ) , U = Te7 d2 = Tv
0 0 -1
(JereqiZ+Jo,eq)n
1
Ay=| 0 0 7,
1 1
k’o,eq —k‘o,eq —Co,eq ((Je eqig"r‘]o.eq)ﬁ + ']11>
- 12 T
Je,eqig“l‘-]o‘eq 1 O 01
By = . , Co=10 1| , Eya=| —75
__ Co.eql2 Co,eq
L Je,eqiztJoeq 00 ?17)

In 1st and 2nd gear, the torques that need to be estimated
are T, and T,,.

2) Torque phase: In the torque phase, clutch 1 is engaged
and clutch 2 is slipping. Both clutches are involved in trans-
mitting torque. By removing the clutch 1 torque, it can be
arranged in a state space form.

When the clutch is in the slipping state, the friction co-
efficient changes according to the temperature [21]-[23] and
the slip of the clutch [24], [25]. In addition, heat generated
from the clutch disc changes characteristics of the cushion
spring [21]-[23]. The characteristics of torque transmitted
from the clutch changes due to interaction of the several
variables. Therefore, it is difficult to describe its characteristics
exactly. As a result, the torque actually transmitted from the
clutch is different from the nominal model. Therefore, the
modeled clutch 2 torque is defined as T¢2, and the torque
generated from clutch 2, except the nominal value, is defined
as Teo 4. For precise gear shift control, the torque additionally
transmitted from clutch 2 (T2 4) must be estimated. Thus,
torques that need to be estimated in the torque phase are T,
T,, Tt2,q. However, observability is not satisfied in estimating
all torques in the torque phase, so we made the following
assumption to satisfy the observability condition.

Assumption 2: Since the gear shifting time is as short
as 1 second, we assume that the external resistance torque is
constant during gear shifting. The estimated external resistance
torque in st gear is used for the external resistance torque
value during gear shifting.

By Assumption 2, T, is regarded as a known input, which
is a constant value. Applying this assumption, the state space
form is as follows.

Tep = ApTp + Bepep + Epdyp,
T
(% wo To)

T
Utp = ( T, TcZ,n T, ) s dtp = 1c2,d

Ytp = Ctpxtp

IEtp =

(Je,eqi

1
+Joeq)n

V)

BN
Sl

|
o

k —k —c —t 4L
o0,eq 0,eq ¢4 \ (Tercqi®+T0.cq)n + 7

i1 —(i1—1i2) 0
Jeeatitdoeq  Jeeqiitdoeq

By = 0 0

v
Co,eq

Co,eqll —Co,eq(i1—12)
L Jeeqiz+Jo,eq  Je,eqiztJo,eq Ju
- T —(il—iz)
10 Tereai®+Jo.cq
Ctp = 0 1 3 Etp =
0 0 —Coeq(i1—i2)

- Je,eqii+Joeq
(18)

In the torque phase, torques that finally need to be estimated
are T, and T.p 4.

3) Inertia phase: In the inertia phase, clutch 1 is disen-
gaged and clutch 2 is slipping. Clutch 2 is only involved
in transmitting torque. In the same way as in the torque
phase, clutch 2 torque is divided into the nominal model
value (T,2,,) and the undmodeled value (7.2 4). Similarly,
considering Assumption 2, it is expressed as the state space
form.

Q.Uip = Aipxip + Bipuip + Eipdipu Yip = CipTip
T
Tip=(we 52 wy Tp)
T
Ujp = ( Te Tc2,n T, ) ; dip = 1c2,d
[0 0 0 0
—1
0 0 0 Troo
Ap=10 o0 0 1
S R . 19
Je,eq Je,eq 0 (19
0 L 0
B, = Jo,eq 3
” 0 T
Co,eqi2  Co,eq
L 0 Jo,eq Jy
- T
100]" T
0 1 0 2
Cip = O 0 1 ) E’ip = ‘]O(')Cq
0 0 0 Co.eql2
- L Jo,eq

In the inertia phase, the torques that need to be estimated
are T, and T.p 4.

States and disturbance are all different in the above 4 cases,
but they are arranged in the state space form. If the states and
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disturbance are augmented to new states, it is organized as

ENORFIONGE
v=Lc ol(y)

To construct the reduced order observer, (20) can be divided
into block matrix form as follows.
1| Be
B,

x.a _ Aaa Aau L
j}u o Aua Auu .Z'u

where subscript @ and u represent measurable states and
unknown states. In each phase, z,, x,, are arranged as follows.
In the Ist gear, x4, x, are (w./i1, ww)T, (T,, TU)T. In the
torque phase, z,, x, represent (w./i1, ww)T, (T,, Tcg’d)T.
In the inertia phase, x,, x, express (we, wea/io, Wy) ,
(T,, TCQ’d)T. In the 2nd gear, z,, x, are (we/is, Wy) ,
(T,, TU)T. The formulation of the reduced order observer
using (21) is as follows [35].

(20)

] u (21

Loy :Auaxa + Auujju + Buu

. . (22)
+ L (a?a B,u — Aauwu)

- Aaaxa -

In (22), the derivative of the measurement is used. In
other words, the reduced order observer is sensitive to high
frequency noise of the measurement. To solve this problem, a
LPF is applied to the measurement as in Fig. 5. The Bode plot
analysis for the measurement noise is conducted in the next
section. The reduced order observers in each phase are stable
when the eigenvalues of the (A,, — LA, ) matrix are set to
be Hurwitz. Moreover, the estimated torques in the previous
phase are used as initial conditions of the observer in the next
phase.
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Fig. 6: Bode plot of e/n w/ and w/o LPF in the torque phase: (a) e1/n2. (b)
ez/na.

B. Observer gain tuning

Fig. 5 is a block diagram showing the relationship between
external inputs and estimation errors. d; is a matched distur-
bance, dy is a mismatched disturbance, v is a nominal input,
and n is sensor noise. First, the transfer functions between
the estimation error and each external input must be obtained.
Then, according to the target frequency range of the external
input, loop shaping should be done in a way that lowers the
magnitude of transfer function in the target frequency range.

The characteristics of each transfer function are as follows.
Measurement noise contains high frequency range compo-
nents, so it is important to attenuate the magnitude of the
high frequency range. Fig. 6 shows the Bode plot of e; /ny and
e2/no before and after the LPF is applied. The high frequency
range can be attenuated by applying the LPF as in Fig. 6. It
can be seen that the cutoff frequency of the transfer function
changes according to the poles of the LPF. In addition, if the
order of the LPF becomes higher, the attenuation slope in the
Bode plot increases.

On the other hand, d;, ds, and u have low frequency range
components. Observer gain tuning should be performed by
loop shaping the transfer function of the external input which
has a great influence in each phase.

In the case of a linear quadratic (LQ) estimator such as
Kalman filter, which is commonly used for gain tuning, it finds
an optimal gain according to the () and R matrix. However,
the system poles are randomly changed depending on the @)
and R matrix. It has a clear limitation in shaping the loop in
the frequency domain by tuning the ) and R matrix.

As another method, a pole placement is widely used for
observer gain tuning. In single-input single-output (SISO) sys-
tem, the observer gain (L) is automatically set when the poles
are specified. However, in multi-input multi-output (MIMO)
system like driveline, the degree of freedom of L remains even
after specifying the system poles. Depending on the remaining
degree of freedom of L, the observer performance changes
significantly. In order to tune the remaining design freedom,
the application of the eigenstructure assignment method [36]
that can allocate both eigenvalues and eigenvectors of the
observer is proposed for gain tuning. The gain L with the
eigenstructure assignment method can be obtained through
(23).

L=(WTAW — Au,) A (23)

where W and A are the left eigenmatrix and diagonal matrix of
a reduced order observer. In the driveline, A,, in each phase
are always full rank. Thus, it is possible to do a restriction-free
eigenvector assignment where the number of measurements is
always equal to or greater than the order of z,(see [37] for
more details). The gain L that can allocate the eigenvalues and
eigenvectors arbitrarily is obtained from (23). Therefore, the
eigenvalues and eigenvectors can be used as tuning parameters
for loop shaping of the reduced order observer.

A brief explanation about the role of the eigenvalues and
eigenvectors in the frequency domain is as follows. The
eigenvalues indicate the poles of the system. Thus, these are
possible to change the cutoff frequency of the transfer function
by changing those values. The eigenvectors determine the
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shape of the Bode plot. The magnitude and combination of
the eigenvectors are important factors for the shape of the
transfer function. Fig. 7 shows the variation of the transfer
functions according to the eigenvectors in the torque phase. It
shows the Bode plot of ¢/AT, in the torque phase. e; and eg
represent the estimation error of T, and T2 4. In all 3 cases,
the eigenvalues are equal to -10, but the eigenvectors are all
different. In case 1, the eigenvectors are [1 0]7 and [0 1]7.
In case 2, the eigenvectors are [50 17" and [25 1]7. In case
3, the eigenvectors are [1 200]7 and [1 400]”. Despite having
the same eigenvalues, it can be seen that various shapes of the
transfer functions can be formed according to the eigenvectors.
In case 1, there is estimation errors in T, for AT, of less than 5
rad/s. It means that estimating the constant component of T, in
st gear is very important. Moreover, there are almost no errors
in Teo 4, because it has low magnitude in the Bode plot. In case
2, it can be seen that the magnitude of e; is similar to case 1,
but the magnitude of es is much larger than case 1. Therefore,
estimation error of T.o 4 increases. In case 3, the magnitude
of e; is much larger than case 1 for AT, of 1 to 100 rad/s, but
the magnitude of e5 is similar to case 1. Therefore, estimation
error of T, increases. In summary, proper eigenvector tuning
has a great influence on the performance of the observer. It is
important to guarantee the observer’s robustness through gain
tuning in the frequency domain.

The general process of gain tuning is as follows. First, the
poles are set to large negative real values for fast response
of the observer. Then, loop shaping of the transfer functions
is performed by changing the eigenvectors. In this case, both
the fast response and robust estimation performance of the
observer are satisfied. Second, if the magnitude of the transfer
function in the desired frequency range cannot be sufficiently
reduced by only tuning the eigenvectors, the observer poles
are set to small negative real values. Thus, the response to the
undesired external inputs at the corresponding frequency is
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Fig. 7: Bode plot of different eigenvector cases in the torque phase: (a)
e1/ATy. (b) ea/AT,.

lowered. Then, eigenvector tuning is performed to reduce the
overall magnitude of the Bode plot. In this case, the observer
has slow estimation performance. However, the robustness
of the observer is improved by lowering the influence on
the undesired external inputs that deteriorate the estimation
performance.

During the gear shifting process, various torques such as
T, T¢, and T, are applied to the driveline. Among them, T;
is torque applied from the outside of the vehicle and cannot
be controlled. Therefore, even if an unmodeled disturbance
is applied as T, the robustness of the observer must be
guaranteed. Therefore, among the various external inputs, the
Bode plot related with 7}, needs to be analyzed.

The following experimental scenarios are designed for ver-
ification. In scenario 1, the gear is shifted when a constant T,
is applied. In scenario 2, the gear is shifted while applying
an additional 25 rad/s of T},. Since the additional 25 rad/s of
T, violates Assumption 2, the estimation performance of the
observer can be significantly degraded. In addition, when 25
rad/s vibration, which is similar to the resonance frequency
of 1st gear driveline, is applied to the system, the estimation
performance of the observer may be further degraded. To
confirm robust performance of the observer, loop shaping
must be performed considering the corresponding vibration
components of 7,.

Moreover, the scale of each state may be different in MIMO
system. Therefore, normalization between each state must be
performed for equivalent analysis. Through normalization, it is
possible to know the ratio of the estimation error for each state
with respect to disturbance. If loop shaping is conducted with
the normalized transfer function, observer gain tuning can be
performed considering the ratio of the estimation errors to the
state values.

1) Ist and 2nd gear: T, and T,, are estimated in this phase.
Since both states have the same scale, normalization is not
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Fig. 8: Bode plot tuning in the Ist and 2nd gear: (a) e1/Ty. (b) e2/Ty.




IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. , NO. ,

necessary. The Bode plots of e¢/T,, are shown in Fig. 8. In
case 1, the poles are set to -5. In case 2, the poles are set to -
40. The eigenvectors of the two cases are [1 0]7 and [0 1]7. In
Fig. 8(a), there is no difference in the two cases. In case 2 of
Fig. 8(b), it is possible to estimate the constant component of
T, as well as the 25 rad/s component. On the other hand, it is
possible to estimate only the constant component of 7}, in case
1 of Fig. 8(b). It can be seen that the estimation performance
of case 2 is better. However, due to Assumption 2 in which
T, is kept constant during the gear shifting, it is important to
accurately estimate the constant component of 7, during 1st
gear. If there are offset estimation errors in constant component
of T, during st gear, it causes another estimation error during
gear shifting process. Therefore, we set the poles to estimate
the constant component of T, only and use it as an accurate
input value during gear shifting. Therefore, case 1 is finally
used to reduce the variation of the estimated T,.

2) Torque phase: T, and T, q are estimated in the torque
phase. T, is regarded as a constant value by Assumption 2.
Since the observer in the 1st gear is set to accurately estimate
the constant component of 7, it is enough to ensure the
robust performance from the additional vibration component
of T, in the torque phase. Therefore, the Bode plot of the
e/AT, must be analyzed. Since two states have different
scale, normailzation is necessary. T2 4 has a scale of 1/is
with respect to the T,,. Therefore, the transfer functions of the
(T, — TO) /AT, and the normalized (T¢g,q — Tczd) /AT, must
be analyzed. In addition, the magitudes of the both transfer
functions around 25 rad/s is set to be sufficiently lower than
0dB. Fig. 9 shows Bode plot of the (T, — 7,)/AT, and the
normalized (T,2,q — Tcgyd) /AT,. The poles are set to -30 in
case 2. With the pole set lower than -25, the magnitude of the
Bode plot at around 25 rad/s could not be attenuated by tuning
the eigenvectors. Therefore, the poles are set to -5 for lowering
the magnitude of the transfer functions, and the eigenvectors
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are set as [1 0]T and [0 1]7. Case 1 in Fig. 9 shows the
finally tuned Bode plot. Moreover, the clutch 2 torque value
is estimated using TCQ =Teopn+ Tcgvd.

3) Inertia phase: T, and T, 4 are estimated in the inertia
phase. T}, is regarded as a constant input as in the torque phase.
In the same way, the magnitude of the transfer functions of
the (T, —T,)/AT, and the normalized (Tyo.4 — Tro.a)/ AT,
around 25 rad/s, needs to be less than OdB. Fig. 10 shows
Bode plot of the (T, — To) /AT, and the normalized (T,2 4 —
Tcg)d) /AT,. If the poles are set to -80 and the eigenvectors
are as [1 0]7 and [0 1]7, the transfer function forms a case 1
in Fig. 10. The magnitudes of the estimation errors of 7}, and
T¢2,q4 become small values. On the other hand, if the poles are
set to -80 and eigenvectors are set as [0.1 0.1]7 and [0.2 0.1]7,
it forms a case 2. It can be clear that the magnitudes of both
estimation errors become much larger. Therefore, the Bode
plot is finally tuned as case 1. It is expected that it has a fast
response, and it has a robust performance against 25 rad/s of
AT,. As in the torque phase, the clutch 2 torque is estimated
USng TcQ = TcZ,n + TcZ,d'

IV. EXPERIMENTAL RESULTS

A. Experimental setup and scenario
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Fig. 13: Testbench experimental scenario 2: (a) Speed of each driveline
component. (b) Engine torque command. (c) Actuator position.

The testbench is configured as shown in Fig. 11. Similar to
production vehicle, encoders are installed on the engine, clutch
1, clutch 2, and the wheel. Torque sensors are additionally
installed on each transfer shaft and behind the engine for
verification. Each sensor has a 100Hz sampling rate. Design
parameters of the testbench are in TABLE 1.

Scenario 1 is as follows. Acceleration and deceleration are
performed while the engine torque is changed in 1st gear
driving. After that, if the engine speed reaches 450 rpm, the
upshfit process from 1st gear to 2nd gear proceeds. In addition,
scenario 2 is made to confirm the robustness of the observer.
In scenario 2, vibrations of the additional 25 rad/s are applied
as T),. In this situation, the upshift proceeds agiain. Both
scenarios are repeated several times.

The results for scenario 1 are shown in Fig. 12, and the
results for scenario 2 are shown in Fig. 13. In Fig. 12, the
speed graph for 1st and 2nd gear driving has a smooth outline.
However, in Fig. 13, the speed graph for Ist and 2nd gear
driving has oscillation due to the vibrations of T;,.

B. RLSE results

The RLSE algorithm was applied for scenario 1. Due to
the parameter convergence condition, only data were collected
when the engine torque changed in Ist gear driving. Unlike
in (9), there is no aerodynamic torque in the testbench ex-
periment. Additionaly, there is another viscous torque in the
external resistance torque during the testbench experiment.
Therefore, (9) can be changed to (24).
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Fig. 14: RLSE results in the experiment: (a) n estimation. (b) c1 estimation.
(c) c3 estimation.
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Fig. 15: LSE results in the experiment

J’wa = <Tei1 - (Je,eqi% + Jo,eq) L;:) 7 — WyC3 — C1 (24)
where c3 is viscous friction coefficient. 7, c1, c3 are the
parameters to be estimated. Unlike real driving situation, c;
does not change much during the experiment. If c¢; does
not change much, it is not necessary to forget the past data
using the forgetting factor. Thus, A\ is set to 1 to collect
entire experimental data. Fig. 14(a)-14(c) shows the results of
the RLSE algorithm using the entire experimental data. The
converged values are slightly changed as data accumulates
due to sensor noise, model uncertainty, and disturbance. It
converges around n = 0.92, ¢; = 62, c3 = 16. Fig. 15 shows
least square estimation (LSE) results. R-squared (R?) between
the fitting result and the collected data is 0.984. This confirms
that the model reflects the experimental data well. In addition,
it can be proven indirectly that the parameter converges
well to the actual value. Therefore, accuracy of the updated
model, which uses estimated lumped driveline efficiency, can
be further improved compared to the conventional control-
oriented model which assumes the lumped driveline efficiency
as 1.

C. Observer results

Fig. 15 shows the results of the gear shifting in scenario 1.
The black lines mean the output torque and the clutch torque
data restored from the torque sensor measurements. For com-
parison, the blue lines mean the torque estimation results of the
full order Luenberger observer tuned with the pole placement
method. The model used in the full order Luenberger observer
is the conventional control-oriented model. The red lines are
the results of the proposed reduced order observer. The model
used in the reduced order observer is the proposed control-
oriented model with estimated lumped driveline efficiency.

Fig. 16(a) shows the torques transmitted from each clutch
during gear shifting. Fig. 16(b) shows the output torque. The
Ist gear lasts from 111 to 111.5 seconds. From 111.5 to 111.9
seconds is the torque phase. From 111.9 to 112.9 seconds is the
inertia phase. From 112.9 to 113.5 seconds is the 2nd gear.
In Fig. 16(a), we can see that both observers estimate each
clutch torque well during the gear shifting. In Fig. 16(b), the
estimated values of both observers have some offsets with the
actual output torque during the entire phase. However, since
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TABLE II: RMSE of the observer results

RMSE (Nm) T T T,
Scenariol proposed 1.76 1.55 22.27
conventional 1.96 1.44 61.68
. proposed 1.42 1.61 13.17
Seenario2 =S e ntional | 2.0 256 | 44.66

the proposed observer uses the model with estimated lumped
driveline efficiency, the output torque estimation performance
is slightly improved. The remaining reason for the offset errors
is that the model does not contain the friction terms that
occur when the each driveline component rotates. This is the
limitation of the observer using the proposed control-oriented
model.

Fig. 17 shows the results of the gear shifting in scenario
2. Fig. 17(a) shows the torques transmitted from each clutch
and Fig. 17(b) shows the output torque. The 1st gear lasts
from 223 to 223.8 seconds. From 223.8 to 224.3 seconds is
the torque phase. From 224.3 to 225.5 seconds is the inertia
phase. From 225.5 to 226 seconds is the 2nd gear. In the torque
phase of Fig. 17(a), it can be seen that the proposed observer
estimates the clutch 2 torque more accurately compared to the
full order observer. If the torque estimation of the clutch 2 is
accurate, it is possible to control the off-going clutch (clutch
2) precisely at the end of the torque phase. In addition, in the
inertia phase, the proposed observer shows robust performance
against the additional external vibrations. Similarly, in Fig.
17(b), the proposed observer estimates the true value better
than the full order observer in both phases. A root mean square
error (RMSE) of the two observers during the gear shifting
are represented in TABLE II. In scenario 1, the RMSE of
the clutch torques are similar for the both observers, but the
proposed observer has the lower RMSE value in the output
torque than the full order observer. In scenario 2, the RMSE
of the proposed observer is much smaller than that of the full
order observer. Therefore, we can conclude that the proposed
observer shows more robust performances against the external
input than the conventional full order observer.

V. CONCLUSION

This paper proposed a new control-oriented model of DCT
driveline using lumped driveline efficiency and a new type
of driveline torque observer. First, we proposed a new pa-
rameter (1) to represent driveline losses occurring in several
gears. From the definition of the parameter, it is suitable for
representing lumped load dependent losses. It can improve
driveline model by decreasing the model error occruing by
input torque. In addition, to know the value of the lumped driv-
eline efficiency, we presented a parameter estimation method
using RLSE with a forgetting factor. We verified our proposed
method through the simulations and experiments.

Second, we designed a reduced order observer to im-
prove the torque estimation performance during gear shifting
process. To ensure the torque estimation performance and
robustness of the proposed observer, we used gain tuning in
the frequency domain through the eigenstructure assignment

method. We verified that the proposed observer has better
estimation performance and robustness than the conventional
observer through the experiments.

In this paper, only design process and the performance veri-
fication of the observer for the upshift process were mentioned.
Additionally, the above method can also be applied to other
gear shift maneuver such as downshift and launch process.
The downshift process consists of the 2nd gear, inertia phase,
torque phase, and the Ist gear. The launch process consists of
idle, inertia phase, and the 1st gear. Therefore, if we construct
a model and design the observer according to the order of the
each gear shift process, the proposed designing method in this
paper can be applied to other gear shift process. The results
of this paper are expected to be used to improve the control
performance of torque-based gear shift control logic.
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