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A B S T R A C T

In advanced automatic transmissions (ATs) with a high number of gears, a multi-step, double-transition
downshifts (DTS) occur, in which typically two pairs of clutches change their state. This paper proposes
different definitions of piecewise linear control profiles for performing such downshifts, which are determined
based on insights gained by utilizing previously developed AT control trajectory optimization method. Optimal
values of control profiles parameters are determined by using a multi-objective optimization method. This
results in a Pareto frontier representing a set of solutions for an optimal trade-off between shift comfort
and performance. The effectiveness of the proposed optimization approach is demonstrated first for 10–6
DTS of a 10-speed AT. Next, the optimizations are run for different shift scenarios, i.e. for various DTSs
and different shift control profiles, with the final aim of analyzing and verifying the proposed shift control
strategies. Finally, the control strategies are assessed based on an equivalent performance index extracted from
parameter optimization results. The assessment results, including qualitative and quantitative comparisons with
the control trajectory optimization results, show that properly set piecewise linear shift control profiles can
provide very good DTS performance for a wide range of shift scenarios.

1. Introduction

In order to further improve the fuel economy and shift quality,
a new generation of planetary automatic transmissions (ATs) with a
large number of forward gears has been introduced in recent years
(Lee, Zhang, Jung, & Lee, 2014; Marano, Moorman, Czoykowski, &
Ghike, 2011). In such transmissions, there is often a need to per-
form downshifts that skip multiple gears in a single shift event, in
order to avoid hesitation in vehicle acceleration, which would take
place if gears are shifted sequentially (Kondo et al., 2007). Some
of such multi-step downshifts are double-transition downshifts (DTSs)
in which typically two pairs of clutches change their state in a sin-
gle shift event. According to Hebbale (2009), double-transition shifts
(DTSs) have been overlooked historically because of the complexity of
performing high-quality shifts.

A power-on downshift can be divided in two main phases: inertia
and torque phase (Bai, Maguire, & Peng, 2013). In the inertia phase
the engine speed rises towards the target (lower) gear level, i.e. the
AT speed ratio changes to the lower gear ratio. In the torque phase
the input torque is transferred to the oncoming clutches. In order to
realize a smooth and quick gear shift, releasing and applying of clutches
has to be properly synchronized, which represents a challenging task
particularly when simultaneously controlling four clutches in a DTS.
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Moreover, the engine torque control can be involved to improve the
shift quality, which makes shift control even more complex.

The vast majority of publications in the field of AT shift control
deals with single transition shifts (STSs), in which two clutches are
controlled simultaneously to accomplish the gear change. For example,
a dynamic-programming-based optimal control is proposed in Haj-Fraj
and Pfeiffer (2001) to derive an analytical feedback and feedforward
control law for the inertia phase of a STS. Nezhadali and Eriksson
(2015) propose use of a direct multiple shooting method for optimizing
the STS transient. There are, however, a few publications dealing with
DTS control. For example, Kondo et al. (2007) conclude that the DTS
should be introduced in order to speed up the response time in critical
situations such as those in which the driver requests swift and strong
acceleration. Lee et al. (2014) state that the calibration and tuning
of DTSs is difficult task because the role of each clutch cannot be
identified clearly. Hebbale (2009) presents results of simulation study,
which aims at explaining the complex nature of the clutch coordination
during the DTSs. Ranogajec, Ivanović, Deur, and Tseng (2018) propose
and assess six different DTS control strategies through control trajectory
optimization problem formulation based on imposing different sets of
shift phase-related constraints. Although this approach provided valu-
able insights into optimal control action and coordination of multiple
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Fig. 1. Schematic representation of AT-based powertrain.

clutches, the obtained control trajectories are often complexly shaped
and as such not applicable in real transmissions. The same publication,
therefore, recommends using the gained insights for piecewise linear
shaping and parameter optimization of control trajectories, which is
the main topic of this paper.

The clutch and also engine feedforward control actions are dom-
inantly used to perform gear shifts. Feedback control action may be
introduced into the overall control strategy to provide robustness in
the presence of system uncertainties and external disturbances. The
main goal of this work is to propose near-optimal feedforward/open-loop
control profiles for performing demanding DTSs, which are at the same
time easy to interpret, implement, and calibrate. The paper contributes
to the field of DTS control through: (i) proposing different open-loop
shift control profile definitions (control strategies) and related off-line
parameter optimization problem formulations, (ii) conducting an off-
line optimization-based quantitative assessment of the proposed shift
control profiles for various shift scenarios, and (iii) providing insights
into optimal control action through an analysis of the optimization
results.

The remaining part of the paper is organized as follows. Section 2
presents a powertrain model used in the optimization study, whose cen-
tral part relates to the 10-speed AT from Goleski and Baldwin (2013).
The parameter optimization problem formulation is discussed in Sec-
tion 3 for different shift control strategies. The same section describes a
multi-objective, genetic algorithm-based optimization method used to
determine optimal control profile parameters. Section 4 presents and
discusses optimization results for different shift control strategies and
a characteristic DTS power-on downshift. The optimized shift control
profiles are assessed in Section 5. Concluding remarks are presented in
Section 6.

2. Powertrain mathematical model

The structure of a powertrain equipped with a torque converter AT
can be depicted by the block scheme shown in Fig. 1 (Deur, Asgari,
Hrovat, & Kovač, 2006). For the presented control strategy optimization
study, a typical control-oriented and computationally-efficient power-
train model is used (Cho & Hedrick, 1989; Hrovat & Tobler, 1991).
Apart from the static behavior, the model describes the main dynamic
effects such as inertia, shuffle mode, and tire damping effects. For
more detailed analyses of powertrain response robustness and final CAD
effort in refining/calibrating the control strategy, the powertrain model
can be upgraded to cover broader dynamics effects such as drivetrain
NVH, wet clutch dynamics and similar (Fujii, Tobler, Pietron, Cao, &
Wang, 2003; Haria et al., 2018).

The engine is modeled as a source-of-torque element, where the
engine torque, 𝜏𝑒, is the external input set by the user. The engine
rotational dynamics is given by

𝐼𝑒𝑖�̇�𝑒 =
(

𝜏𝑒 − 𝛥𝜏𝑒𝑐
)

− 𝜏𝑖. (1)

where 𝜏𝑖 is the impeller torque and 𝐼𝑒𝑖 is the total moment of inertia
of engine and impeller. The term 𝛥𝜏𝑒𝑐 > 0 represents the amount of
engine torque reduction, which can be applied in order to improve the
shift quality (typically through spark timing control) (Bai et al., 2013).

The torque converter is considered to be locked in this study by
means of the lock-up clutch. The torque converter is by-passed in this

Fig. 2. Schematic of 10-speed AT gearbox (Goleski & Baldwin, 2013).

way, i.e. the equations 𝜔𝑡 = 𝜔𝑖 = 𝜔𝑒 and 𝜏𝑖𝑠 = 𝜏𝑡 = 𝜏𝑒 + 𝛥𝜏𝑒𝑐 are valid,
and the engine and impeller inertia 𝐼𝑒𝑖 is lumped to the turbine inertia
(present within the inertia matrix 𝐀𝐫𝐞𝐝 in Eq. (2) below).

The 10-speed AT from Goleski and Baldwin (2013) is used as a
generic example of an advanced transmission system. A schematic of
the considered AT is shown in Fig. 2a, where Ri, Ci and Si represent
the ring, carrier and sun gear of the 𝑖th planetary gear set, 𝑖 = 1, 2, 3, 4,
respectively. The corresponding clutch application chart is given in
Table 1. The full-order state-space model of the considered AT is
derived by using the bond graph modeling approach from Deur et al.
(2006), with the final analytical model given in Ranogajec and Deur
(2017a). Using a method for automated system order reduction (by ac-
counting for locked and open clutches in particular shifts), as proposed
in Ranogajec and Deur (2017b), results in the following third-order,
minimum-realization state-space model for the case of DTS:

𝐀𝐫𝐞𝐝
[

�̇�𝑖𝑠 �̇�int �̇�𝑜𝑠
]𝑇 = 𝐁𝐫𝐞𝐝

[

𝜏𝑓𝑎 𝜏𝑓𝑏 𝜏𝑓𝑐 𝜏𝑓𝑑 𝜏𝑜𝑠 𝜏𝑖𝑠
]

[

𝜔𝑎 𝜔𝑏 𝜔𝑐 𝜔𝑑
]𝑇 = 𝐔𝐫𝐞𝐝

[

𝜔𝑖𝑠 𝜔int 𝜔𝑜𝑠
]𝑇 ,

(2)

where the state variables include: 𝜔𝑖𝑠 = 𝜔𝑡 (transmission input shaft
speed), 𝜔𝑜𝑠 (transmission output shaft speed), and 𝜔𝑖𝑛𝑡 (an additional,
internal state variable). 𝐀𝐫𝐞𝐝 ∈ R3×3 is the inertia matrix, 𝐁𝐫𝐞𝐝 ∈ R3×6

is the dimensionless input matrix depending on planetary gear ratios,
and the matrix 𝐔𝐫𝐞𝐝 ∈ R4×3 relates the speed state vector to the clutch
slip speed vector. Two of the four controlling clutches are the off-going
clutches (for example, in the case of 10–6 DTS, Table 1, the subscript
b in Eq. (2) corresponds to clutch B which is OFG2 clutch, and the
subscript c stands for clutch C which is OFG1 clutch) and other two
are the oncoming clutches (in the example of 10–6 DTS, subscript a
corresponds to clutch A: ONC2 and subscript d to clutch E: ONC1).
Here, the subscripts 1 and 2 relate to absolute magnitudes of slip speeds
of clutches when fully open (oncoming clutches at the beginning of shift
and off-going clutches at the end of shift; 1 = lower slip speed, 2 =
higher slip speed).

The clutch friction torques are determined from the clutch slip
speeds based on four clutch friction submodels:

𝜏𝑓𝑖 = 𝑓
(

𝜔𝑖
)

, 𝑖 ∈ {a, b, c, d} , (3)

and they are fed back to the state equation (2). The function f cor-
responds to the friction model. The generalized friction static curve
shown in Fig. 3a is not uniquely defined in the stiction region, and
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Table 1
Clutch application chart for 10-speed AT gearbox (Goleski & Baldwin, 2013) (X denotes
locked clutches).

Gear state Gear ratio Torque transmitting elements

A B C D E F

Rev −4.79 X X X X
N
1st 4.70 X X X X
2nd 2.99 X X X X
3rd 2.18 X X X X
4th 1.80 X X X X
5th 1.54 X X X X
6th 1.29 X X X X
7th 1.000 X X X X
8th 0.85 X X X X
9th 0.69 X X X X
10th 0.64 X X X X

as such cannot be implemented in simulation models. In order to allow
for the computationally efficient and accurate simulations (and, thus,
parameter optimizations), Karnopp static friction model (Fig. 3b) is
used for modeling the clutch friction (Deur et al., 2006; Karnopp,
1985):

𝜏𝑓 =

{

𝜏𝑓𝑠𝑙𝑖𝑝(𝜔) = 𝜏ℎ,𝑑𝑦𝑛𝑇 𝐶 sgn𝜔, for |𝜔| ≥ 𝛥𝜔

𝜏𝑓𝑠𝑡𝑖𝑐𝑘 = sat
(

𝜏𝑠𝑡𝑖𝑐𝑘, 𝜏ℎ,𝑑𝑦𝑛𝑇 𝐶

)

, otherwise , (4)

where 𝑇 𝐶 = 1 denotes the normalized Coulomb friction torque, and
𝜏ℎ,𝑑𝑦𝑛 is the clutch torque capacity that is proportional to the ap-
plied hydraulic pressure. Note that the Coulomb friction curve, i.e.
𝑇 𝑆 = 𝑇 𝐶 = 1is used in Eq. (4) and throughout the paper, in which case
the slipping clutch torque is equal to the clutch torque capacity (𝜏𝑓
= 𝜏ℎ,𝑑𝑦𝑛, for | 𝜔 | > 𝛥𝜔). Fig. 3c shows the principal block diagram
of the overall gear set model based on the Karnopp clutch friction
model (Deur et al., 2006). A characteristic model input is 𝜏𝑠𝑡𝑖𝑐𝑘, which
corresponds to the applied torque to locked clutch element.

The clutch actuation dynamics is modeled by a series connection
of first order lag and pure delay elements:

𝑇𝑐𝑙 �̇�ℎ,𝑑𝑦𝑛 = −𝜏ℎ,𝑑𝑦𝑛 + 𝜏ℎ
(

𝑡 − 𝑇𝐷𝑐𝑙
)

, (5)

where 𝜏ℎ is the transmission control input, and 𝑇𝑐𝑙 and 𝑇𝐷𝑐𝑙 = f (𝜏ℎ,𝑑𝑦𝑛)
are the clutch actuator time constant and time delay, respectively,
where the former is represented by a constant value and the latter by
a look-up table. The actuator-delayed transmission control input 𝜏ℎ,𝑑𝑦𝑛
represents the clutch torque capacity and is fed to the clutch friction
model described by Eq. (4).

The gearbox output shaft is connected to the differential, which
provides reduction of the gearbox output speed 𝜔𝑜𝑠 by the factor 1/𝑖𝑑 ,
and equally distributes the torque to the left and right compliant half-
shafts. The halfshafts are modeled in Fig. 1 by an equivalent compliant
shaft (Hrovat & Tobler, 1991), whose torque 2𝜏ℎ𝑠, and stiffness and
damping coefficients 𝑘𝑎 and 𝑏𝑎 are two times larger than those of each
single halfshaft (𝜏ℎ𝑠, and 𝑘ℎ𝑠 and 𝑏ℎ𝑠, respectively):

�̇�ℎ𝑠 = 𝑖−1𝑑 𝜔𝑜𝑠 − 𝜔𝑤, (6)

𝜏𝑜𝑠 = 𝑖−1𝑑 ⋅ 2𝜏ℎ𝑠 = 2𝑖−1𝑑
(

𝑘ℎ𝑠𝜙ℎ𝑠 + 𝑏ℎ𝑠�̇�ℎ𝑠
)

. (7)

where 𝜑ℎ𝑠 is the halfshaft torsional angle and 𝜔𝑤 is the wheel speed.
The wheel rotational dynamics is described as

𝐼𝑤�̇�𝑤 = 𝜏ℎ𝑠 − 𝑟𝑡𝐹𝑡, (8)

where 𝑟𝑡 is the effective tire radius and 𝐹𝑡 is the tire longitudinal force.
By assuming that the tire operates in the adhesion region of nonlinear
static curve, it is described by the following linearized model (Hrovat
& Tobler, 1991)

𝐹𝑡 = 𝑏𝑡𝑟
−1
𝑡 (𝜔𝑤 − 𝑟−1𝑡 𝑣𝑣), (9)

The powertrain model also includes a simple longitudinal vehicle
dynamics submodel

𝑚𝑣�̇�𝑣 =
(

2𝐹𝑡 −
1
2
𝜌𝐴𝑑𝐶𝑑𝑣

2
𝑣 − 𝐹𝑟𝑜𝑙𝑙

)

, (10)

where 𝑚𝑣 is the vehicle mass, 𝑣𝑣 is the vehicle speed, 𝜌 is the air density,
𝐶𝑑 is the aerodynamic drag coefficient, and 𝐴𝑑 is the vehicle front area.
It is assumed that the rolling resistance 𝐹𝑟𝑜𝑙𝑙 is constant and the road
slope is zero.

3. Parameter optimization setup description

First, the previously developed approach of AT shift control trajec-
tory optimization (Čorić, Ranogajec, Deur, Ivanović, & Tseng, 2017) is
briefly described and illustrated through a characteristic optimization
example. Next, the control parameter optimization framework is for-
mulated based on piecewise linear profiles of shift control variables.
Finally, different DTS open-loop control strategies are defined through
proper parameterizations of clutch and engine control input profiles.

3.1. Control trajectory optimization

The AT shift control trajectory optimization approach is utilized in
this subsection to find optimal time traces of the AT control inputs
for 10–6 DTS power-on downshift. The control inputs include torques
of active clutches (the off-going and oncoming clutches) and engine
torque control input. The aim of the optimization approach is to (i) gain
insights into optimal shaping of piecewise linear shift control profiles
to be defined in the following subsections; and (ii) set realistic targets
for achievable shift performance, which will be used as benchmark for
parameter optimization-based approach.

The optimization problem is to find the trajectories of control vector
𝐮𝐜𝐢 = [𝜏𝑓𝑎, 𝜏𝑓𝑏, 𝜏𝑓𝑐 , 𝜏𝑓𝑑 , 𝛥𝜏𝑒𝑐]𝑇 , which minimize the cost function J over
the finite optimization horizon [0, 𝑡𝑓𝑡𝑜]:

min
𝐮𝐜𝐢

𝐽 = ∫

𝑡𝑓𝑡𝑜

0

(

�̈�2𝑣 + 𝑘𝑤
∑

𝑖
(𝜔𝑖𝜏𝑓𝑖)2 + 𝑘𝑐

∑

𝑖
�̇�2𝑓𝑖

)

𝑑𝑡, (11)

where i ∈ {a, b, c, d} defines active clutches during the shift. The first
right-hand side term of Eq. (11) relates to the vehicle jerk cost, the
second term penalizes the clutch energy loss (𝑘𝑤 = 0 in this study,
i.e. the jerk only criterion is applied), and the third term provides a
smooth response (penalizes the response oscillations). The optimization
problem includes various constraints, which are shift phase-related
(e.g. the duration of the inertia phase, which can be set arbitrarily)
or correspond to realistic hardware limits (see Ranogajec et al., 2018
for more details on optimization problem formulation).

The optimization results are presented in Fig. 4, and they relate
to the case of constant and high engine torque (𝜏𝑒 = 550 N m),
with engine torque control allowed during both torque and inertia
phase. It should be noted that control trajectory optimization results
are obtained without considering clutch actuation dynamics, because
the optimization algorithm would anyway compensate for the actuator
lag and pure delays by forcing the actuator response and shifting the
optimized trajectories ahead in time, respectively. The shift includes
four phases, which are highlighted in Fig. 4 by different colors of
subplot background, and entitled at the top of the figure. The shift,
i.e. its inertia phase is initiated at 𝑡 = 0.2 s. The vertical yellow dashed
line denotes the first synchronization point of ONC1 clutch. The vertical
green dashed line denotes point at which both oncoming clutches get
locked (note that the same points denotes the end of the inertia phase,
i.e. the beginning of the torque phase). The torque phase (and thus the
gear shift) finishes at the time instant at which the control action of
both off-going clutches and engine has been completed. The nominal
(i.e. maximum) duration of inertia phase is 0.5 s, and the torque phase
duration is limited to 0.1 s.

The optimized powertrain response, shown in Fig. 4, is obtained
for the most general formulation of control trajectory optimization
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Fig. 3. Generalized static friction model (a), its realization through Karnopp model (b), and principal block diagram of overall AT model based on Karnopp clutch friction model
(c).

problem, which is referred to as Strategy 1 in Ranogajec et al. (2018).
During the first part of the inertia phase (from 𝑡 = 0.2 at which the
shift is initiated to t ≅ 0.36 s), both off-going clutches are released
(Fig. 4b). Control of the transmission speed ratio change (inertia phase,
Fig. 4c) after the first synchronization point is realized by using the
ONC1 clutch and the OFG1 clutch such that both oncoming clutches
synchronize simultaneously at the end of the inertia phase (at or near
the green dashed line, Fig. 4c). The optimal engine control behavior
is such that the input torque is reduced immediately before the end
of the inertia phase and brought back up during the torque phase
(Fig. 4a), which facilitates smooth settling of the speed ratio (Fig. 4c).
Furthermore, the input torque is reduced during the mid-portion of the
inertia phase, or more precisely after the first synchronization of the
ONC1 clutch. This control action reduces the clutch dissipated energy,
but at the same time introduces hesitation in the speed ratio change
(see the corresponding response in Fig. 4c around 𝑡 = 0.45 s).

The optimal control trajectories in Fig. 4 have a relatively complex
shape and need to be simplified into typically-used piecewise linear
profiles, as considered in the remaining part of the paper.

3.2. Parameter optimization problem formulation

3.2.1. Optimization objectives and common constraints
The optimization problem is to find an optimal set of parameters

defining the piecewise linear shift control profiles, which simultane-
ously minimizes two conflicting shift quality indices: duration of inertia
phase (𝐽1) and root-mean-square (RMS) vehicle jerk value (𝐽2):

min
𝐩𝐜𝐭𝐫𝐥

𝐽1 = 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎. (12)

min
𝐩𝐜𝐭𝐫𝐥

𝐽2 =

√

1
𝑡𝑓 ∫

𝑡𝑓

0
�̈�2𝑣𝑑𝑡. (13)

The control parameter vector to be optimized, 𝐩𝐜𝐭𝐫𝐥 ∈ R𝑛, includes
clutch and engine control profile parameters defined in Fig. 5 for
different considered shift control strategies (by highlighting them by
a blue-line box).

The following set of constraints is applied for all shift control
strategies in order to: (i) prevent extremely short (or long) inertia
phase durations and thus reduce the parameter search area, (ii) avoid
unacceptable solutions (e.g. slipping oncoming clutches in the post-
shift phase), (iii) prevent engine control action shortly after the end
of inertia phase, and (iv) limit the engine control input:

0.35 s < 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 < 1 s,

∫

𝑡𝑓

𝑡𝑖𝑂𝑁𝐶1,2

𝜔2
𝑂𝑁𝐶1,2

𝑑𝑡 < 0.3 rad∕s,

𝑡𝑒3 − 𝑡𝑖 < 0.2 s,
𝜏𝑖𝑠 = 𝜏𝑒 − 𝛥𝜏𝑒𝑐 > 0,

(14)

where 𝑡𝑖𝑂𝑁𝐶1,2 denotes the synchronization point of clutches ONC1,2,
𝑡𝑒3 denotes the time instant at which the engine control action finishes,
and 𝑡𝑖 is the end of the inertia phase (see Figs. 5 and 6). Other common

Fig. 4. Optimization results obtained for 10–6 power-on downshift (𝜏𝑒 = 550 N m,
engine torque control applied, 𝑘𝑤 = 0). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

control parameter constraints are summarized in Table 2 for different
control strategies, where the parameter limit values are set to be rea-
sonably wide to allow the optimization algorithm for a large flexibility
in shaping the shift control profiles. The remaining, specific constraints
are set in the next subsection along description of the proposed control
strategies defined in Fig. 5.

3.2.2. Shift control strategies
Strategy A has been set as an initial control strategy based on

the general insights gained from the optimization-based assessment of
DTS control strategies presented in Ranogajec et al. (2018). It is char-
acterized by simple clutch control profiles and highly flexible timing
of disengagement of off-going clutches and engagement of oncoming
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clutches (whose responses can, thus, overlap each other). An additional
constraint is added for this control strategy, which is related to off-
going clutch torque profile and is aimed at preventing its control action
shortly after the end of the inertia phase (see also Fig. 5a):

(𝑡1𝑂𝐹 + 𝛥𝑡1𝑂𝐹 ) − 𝑡𝑖 < 0.2 s. (15)

The main feature of Strategy B is that it provides significant free-
dom in shaping the off-going clutches’ torque capacity profiles. Conse-
quently, the control vector 𝐩𝐜𝐭𝐫𝐥 contains three more parameters when
compared to that of Strategy A, which makes the optimization problem
more complex (the parameter search area increases). Note that the
parameterizations of OFG1 and OFG2 clutches are equal to each other
(Fig. 5b). Similar as with Strategy A, two more constraints are included
to prevent off-going clutches control action shortly after the end of the
inertia phase (see also Fig. 5b):

𝑡5𝑂𝐹1 − 𝑡𝑖 < 0.2 s,
𝑡5𝑂𝐹2 − 𝑡𝑖 < 0.2 s.

(16)

Strategy C is characterized by simple, linear OFG1 and OFG2 clutch
torque capacity profiles with only one parameter to be optimized (time
instant 𝑡1𝑂𝐹 at which the torque capacity of both off-going clutches
is dropped to zero, see Fig. 5c). Parameterization of the oncoming
clutches’ torque capacity profiles is the same as in the previous two
control strategies. Strategy C is inspired by the DTS control strategy
considered in Ranogajec et al. (2018), for which the off-going clutches
are quickly released (𝑡1𝑂𝐹 < 0.3 s, see Table 2). The analysis presented
therein has shown that such a control strategy can provide favorable
performance in terms of improving shift comfort and reducing clutch
losses.

Strategy D is inspired by Strategy 4 from Ranogajec et al. (2018).
It is very similar to Strategy A (cf. Fig. 5a and d), with a key difference
that the ONC1 clutch starts building its torque capacity at the time
instant at which the capacity of off-going clutches is reduced to zero
(𝑡 = 𝑡2𝑂𝐹 in Fig. 5d). Consequently, there is one parameter less when
compared to Strategy A. The constraints on parameter amplitudes, time
instants, and time intervals are the same as for Strategy A, with the
exception of parameter 𝑡1𝑂𝐹 which needs to be lower than 0.3 s, exactly
as in Strategy C (Table 2).

Strategy E is inspired by Strategy 5 from Ranogajec et al. (2018),
which proved to be competitive in terms of shift performance. This
strategy is the same as Strategy A in terms of definition of clutch torque
capacity profiles and related constraints. However, no ONC1 clutch
slip speed sign change is allowed during the inertia phase, i.e. the
first oncoming clutch has to be fully engaged (made locked) at its
synchronization point (see Fig. 6b). In the formulation of optimization
problem, this is achieved by imposing the following constraint on the
slip speed of ONC1 clutch:

∫

𝑡𝑓

𝑡𝑖𝑂𝑁𝐶1

𝜔2
𝑂𝑁𝐶1𝑑𝑡 < 0.3 rad∕s. (17)

3.3. Optimization method

The optimization problem formulated in the previous subsection can
conveniently be solved by applying a multi-objective genetic algorithm
(GA). In this study, an effective multi-objective GA called MOGA-II is
used. MOGA-II is an ESTECO’s proprietary version of GA that uses an
efficient multi-search elitism, which is able to preserve good (Pareto or
non-dominated) solutions without converging prematurely to a local
optimum (Poles, 2003). This feature makes is particularly convenient
for the use in this optimization study, as it has been previously shown
that optimizations for such a nonlinear and discontinuous model tend
to end up in local optima (Ranogajec et al., 2018; Čorić et al., 2017).
MOGA-II is incorporated within ESTECO’s modeFRONTIER environ-
ment, which provides a wide array of optimization algorithms covering
deterministic, stochastic, and heuristic methods for both single- and
multi-objective problems.

A central part of the implemented workflow in modeFRONTIER
environment is a MATLAB script application node. The script calls
a MATLAB/SIMULINK model of the powertrain from Section 2 and
calculates important performance and constraints indices. Before run-
ning the optimization routine, initial designs need to be provided
and certain algorithm configuration parameters should be defined.
For generating a starting population for the optimization algorithm,
Design Of Experiments (DOE) technique is used. In this study, 60 initial
designs (starting populations) are generated as a Sobol sequence, which
is a type of quasi-random sequence. Sobol DOE algorithm generates
uniform sampling of the design space (Anonymus, 2017). GA with
200 population generations is used here, which leads to a total value
of 12,000 function evaluations, i.e. the number of designs that the
algorithm will generate. Probability that mutation operator is used is
increased to 0.7 (from default value of 0.1) with the aim of enhancing
the diversity of generated solutions and facilitating the search escape
from local optima. For this setup and four concurrent (parallel) design
evaluations, the single optimization execution time is about four hours
(on a PC based on Intel® Xeon® central processing unit at 3.2 GHz).

MOGA-II automatically handles hard constraints by treating them
as soft constraints. This means that modeFRONTIER transforms a con-
strained optimization problem into an unconstrained one by adding
a certain value to the objective functions based on the amount of
constraints violation present in a certain solution.

4. Parameter optimization results

The following subsections analyze achievable shift performance for
each open-loop shift control strategy defined in the previous section.
Each subsection also includes time responses of optimization results
for a selected Pareto optimal design. The optimization results presented
throughout this section relate to 10–6 power-on downshift and constant
and high engine torque (𝜏𝑒 = 550 N m). It should be noted that
such exact scenario might not be seen in practice, because power-
on downshifts are initiated when the driver demands higher vehicle
acceleration by rapidly and fully depressing the accelerator pedal, and
such driver action would result in engine torque rise. To cover the more
realistic case of rising input torque, that case is though considered in
the assessment study presented in Section 5.

4.1. Control strategy A

Fig. 7a shows the performance indices given in 𝐽1 − 𝐽2 plane for
Strategy A, where they form a Pareto frontier. By the definition, a
point is Pareto optimal if there is no other point that improves at
least one objective without being detrimental to another one (Marler
& Arora, 2004). Fig. 7a illustrates propagation of shift performance
indices through different GA iterations. The circles in blue-tone colors
correspond to the early generations, while the circles in red-tone corre-
spond to generations in the last stages of population evolution, which
tend to be closer to the utopia point (the point of origin). In order
to make it more visible and easily recognizable, the Pareto frontier
is shown separately in Fig. 7b (and also in the comparative plot in
Fig. 12). Shift time values on Y-axis in Fig. 7a and b are divided into
10 discrete levels, which are marked with horizontal dashed magenta
lines and relate to shift sportiness levels (with the level 10 denoting
the best performance, in terms of shift time). Finally, the selected
design whose powertrain response is shown in Fig. 7c–g and analyzed
in detail below is highlighted with a thick green line border in Fig. 7a
and b (it corresponds to the shift sportiness level 8 with the inertia
phase duration of 388 ms). The optimal parameters of piecewise linear
profiles from Fig. 5a are marked in Fig. 7c and d by yellow points.
The parameter optimization results (solid lines) are compared in the
same figure with the control trajectory optimization results for the same
inertia phase duration (dashed lines).
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Table 2
Constraints on control vector parameter values for different shift control strategies.

Clutch torque capacity profiles-related constraints

Strategies A, D, and E Strategy B Strategy C

0 ≤ 𝑎1𝑂𝐹1,2 ≤ 𝜏ℎ0,𝑂𝐹𝐺1,2
a 0 ≤ 𝑎1𝑂𝐹1,2 , 𝑎2𝑂𝐹1,2 , 𝑎3𝑂𝐹1,2 ≤ 𝜏ℎ0,𝑂𝐹𝐺1,2 0 ≤ 𝑡1𝑂𝐹 ≤ 0.3 s

0 ≤ 𝑡1𝑂𝐹 , 𝑡1𝑂𝑁1 , 𝑡1𝑂𝑁2 ≤ 0.5 s 0 ≤ 𝑡1𝑂𝐹1 , 𝑡1𝑂𝐹2 ≤ 0.5 s 0 ≤ 𝑡1𝑂𝑁1,2 ≤ 0.5 s
0 ≤ 𝛥𝑡1𝑂𝐹 , 𝛥𝑡1𝑂𝑁1 , 𝛥𝑡1𝑂𝑁2 ≤ 0.5 s 0 ≤ 𝛥𝑡1𝑂𝐹1,2 , 𝛥𝑡2𝑂𝐹1,2 ≤ 0.5 s 0 ≤ 𝛥𝑡1𝑂𝑁1,2 ≤ 0.5 s

0 ≤ 𝛥𝑡3𝑂𝐹1,2 , 𝛥𝑡4𝑂𝐹1,2 ≤ 0.5 s

Common engine profile-related constraints

0 ≤ 𝑎𝑒1 , 𝑎𝑒2 ≤ 0.55𝜏𝑒
0 ≤ 𝑡𝑒1 ≤ 0.5 s
0 ≤ 𝛥𝑡𝑒1 , 𝛥𝑡𝑒2 ≤ 0.3 s

a𝜏ℎ0,𝑂𝐹𝐺1,2 are the initial torque capacity values of the off-going clutches, which are taken from the
corresponding control trajectory optimization results (see Section 3.1).

Fig. 5. Piecewise linear approximation of shift control actuator profiles: clutch torque capacity profile definitions (a) Strategy A, (b) Strategy B, (c) Strategy C, (d) Strategy D, (e)
Strategy E, and (f) engine torque reduction profile. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

The optimization results in Fig. 7d suggest that the OFG2 clutch
torque capacity should be dropped to a near-zero value in a short time
interval (in the first 100 ms) after initiating the shift (at 𝑡 = 0.2 s). Its
torque capacity linearly decreases afterwards and eventually reaches
zero by the end of the shift (at t ≅ 0.77 s). The torque capacity of
the OFG1 clutch is greater than its actual torque in the first part of
the inertia phase (its torque decreases due to the OFG2 clutch torque
decrease, see Fig. 7d). Once the OFG1 clutch reaches its synchronization
point, it continues to transfer negative torque in the second part of the
inertia phase (see Fig. 7d). The characteristics of the OFG1 clutch are
such that its torque is not transmitted to the input shaft of the transmis-
sion, i.e. it does not affect the input speed change (the corresponding
parameter in 𝐁𝐫𝐞𝐝 matrix of Eq. (2) is equal to zero). On the other hand,
by transmitting a negative torque to the output shaft, it slows down the
increase of output torque which occurs due to the sharp increase of the
ONC1 clutch torque (capacity). The torque capacity of both oncoming
clutches starts increasing approximately at the same time instant (note
that this is not imposed by parameterization, cf. Figs. 5a and 7d), which
corresponds to the synchronization point of the ONC1 clutch (denoted
with vertical dashed cyan line; Fig. 7e). Actual torques of oncoming
clutches follow the growth of their torque capacities and they finally get
locked at the time instant t ≅ 0.6 s (see Fig. 7e). The engine torque is
reduced shortly after the ONC1 clutch reaches its synchronization point
(see Fig. 7c) to shape the speed ratio change response in the final part
of the inertia phase (Fig. 7e). At the time instant at which the oncoming
clutches get locked, the engine torque reverts towards the initial value

of 550 N m (Fig. 7c). At the same time, the torque capacity of the OFG2
clutch reduces to zero, thus completing the gear change (Fig. 7d).

Based on the optimal powertrain responses shown in the right-hand
side of Fig. 7, it can be concluded that the results obtained by pa-
rameter optimization approach are close to those obtained by applying
the control trajectory optimization approach. This is particularly true
for the input shaft speed, speed ratio change, and clutch slip speed
responses. A certain difference can be observed in the output torque
response, where the torque drop at the very beginning of the shift
is delayed in the parameter-optimized response due to the actuator
dynamics (which is absent in the trajectory optimization approach).
Moreover, the torque hole is deeper and the output torque response is
somewhat rough in the case of parameter optimization (see also the jerk
response), which is because of the simpler (piecewise linear) control
profiles used. Nevertheless, achievable performance is very close to that
obtained by control trajectory optimization, with only 15% increase of
RMS jerk index. At the same time, the clutch energy loss defined as
𝐸𝑙𝑜𝑠𝑠 = ∫ 𝑡𝑓

0
∑

𝑖 𝜔𝑖𝜏𝑖𝑑𝑡, i ∈ {A, B, C, E} is increased by 25%.

4.2. Control strategy B

When compared to Strategy A, this more general control strategy
generates Pareto optimal solutions in a wider range of inertia phase
durations i.e. sportiness levels, as shown in the common performance
plot for all strategies in Fig. 12. Here, the Pareto optimal frontier
is stretched up to the inertia phase durations of 450 ms (Fig. 12a).
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Fig. 6. Illustration of clutch slip speed responses for 10–6 shift for: (a) Strategies A–D and (b) Strategy E.

Fig. 7. Parameter optimization results for 10–6 power-on downshift (𝜏𝑒 = 550 N m, Strategy A): (a) evolvement of designs during numerous GA iterations including Pareto frontier,
(b) Pareto optimal designs related to defined shift sportiness levels, (c)–(g) powertrain response for selected design (solid lines, 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 388 ms), including comparison with response
obtained by control trajectory optimization (dashed lines). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Optimized powertrain response for 10–6 power-on downshift and selected design characterized by 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 429 ms (𝜏𝑒 = 550 N m, Strategy B).

The Pareto frontier is shifted slightly to the left in comparison to
the one obtained for Strategy A (see the zoomed-in plot shown in
Fig. 12b), which suggests that the same shift (with the same inertia
phase duration) can be performed with a higher degree of comfort
(smaller RMS jerk index) by using Strategy B.

Since the off-going clutches have more flexibility in shaping the
control profile, their torque capacity is reduced less aggressively than
in Strategy A (cf. Figs. 7d and 8b). The OFG1 clutch is unloaded
at its synchronization point, unlike in Strategy A where it was kept
on beyond crossing zero slip speed (cf. Figs. 7d and 8b). The speed
ratio response is shaped by using the OFG2 clutch, whose torque is
modulated throughout the entire inertia phase (Fig. 8b). The oncoming
clutches get engaged at the time instant at which the OFG1 clutch
torque capacity starts falling off to zero value. Since the shaping of
speed ratio response is realized by using the OFG2 clutch, the engine
torque cutting is barely used in this control strategy (Fig. 8a). It should
be noted that the modulation of the OFG2 clutch at the end of the shift
is paid for by considerably larger clutch losses during the shift (total
clutch dissipated energy is 24 kJ, Fig. 8d).

4.3. Control strategy C

By using this least-general shift control strategy, Pareto optimal
solutions are generated along the entire target area of the inertia
phase duration (see Fig. 12a). Achievable performance for fast shifts,
characterized by inertia phase duration below 450 ms, is worse than for
strategies A and B (the Pareto frontier is somewhat moved to the right,
i.e. to the area characterized by larger RMS jerk indices, see Fig. 12b).

The time responses in Fig. 9 illustrate the simplicity and effec-
tiveness of Strategy C. The torque capacity of both off-going clutches
is swiftly and linearly dropped to zero just before the ONC1 clutch
synchronization point (see Fig. 9b). The ONC1 clutch torque capacity
starts increasing shortly before reaching its synchronization point, in
order to compensate for the delay in its torque development. The still-
slipping ONC2 clutch starts engaging at t ≅ 0.5 s and its torque is kept
just below its holding torque until the end of the inertia phase (t ≅
0.74 s, see Fig. 9b and c). The engine torque gradually reduces as the
oncoming clutches are being engaged. Just before the end of the inertia
phase, the engine torque starts increasing with a larger gradient and
returns to its initial value of 550 N m (see Fig. 9a). The dissipated clutch
energy equals just a fraction of clutch energy loss values obtained for
strategies A and B (1.61 kJ only), which is explained by short activity
of off-going clutches (they are not being modulated in the second part
of the inertia phase).

4.4. Control strategy D

Pareto optimal solutions obtained by using this control strategy
are grouped into a narrow region characterized by the inertia phase
duration of around 360 ms (see Fig. 12b). This is because the time
instant at which the ONC1 clutch starts engaging cannot be chosen
independently but is rather related to the time instant at which the off-
going clutches are released. The achievable performance for quick shifts
is similar to those obtained for Strategy B in terms of shift comfort (see
Fig. 12b), which indicates that the insights into optimal control action
gained by control trajectory optimization approach can be valuable in
defining a competitive control strategy that is characterized by simple
actuator profiles and a small number of parameters to be optimized.

The off-going clutches are released less aggressively in comparison
to Strategy C, thus resulting in a more modest output torque fall (and
less disturbing jerk) in the first part of the inertia phase (cf. Figs. 9a,e
and 10a,e). This is provided by adding one more breakpoint in the
control profile of off-going clutches (cf. Fig. 5c and d). The ONC1 clutch
starts engaging earlier than the ONC2 clutch such that both oncoming
clutches synchronize simultaneously at the end of the inertia phase (𝑡 =
0.57 s, see Fig. 10c). After the ONC1 clutch reaches its synchronization
point, the engine torque decreases until the end of the inertia phase,
thus shaping the speed ratio change in its final stage. In the torque
transfer phase, the engine torque starts increasing back to the pre-set
value of 550 N m (see Fig. 10a). The overall clutch energy loss is very
small (𝐸𝑙𝑜𝑠𝑠 = 2.4 kJ).

4.5. Control strategy E

The performance achievable by applying Strategy E is significantly
worse in comparison to the ones obtained by the control strategies
presented so far. The RMS jerk index is greater than 7 m/s3 for all
Pareto optimal points (Fig. 12a), whereas this value was typically below
5 m/s3 for other control strategies. Additionally, the Pareto optimal
points are discontinuously distributed along Pareto frontier (Fig. 12a).

Time responses shown in the right-hand size of Fig. 11 indicate
that the both off-going clutches are quickly released in the first part
of the inertia phase (before the synchronization point of the ONC1
clutch), which represents control action that is qualitatively similar to
the one already seen for Strategy C (cf. Figs. 11b and 9b). The ONC1
clutch torque capacity rapidly increases at its synchronization point
to a high value of 400 N m, thus ensuring the clutch lock up (see
Fig. 11b). Such a control action, however, excites the drivetrain shuffle
mode oscillations, which can be observed in the output torque response
(Fig. 11a). Consequently, a highly oscillatory vehicle jerk response is
obtained (see Fig. 11e), which negatively affects the driving comfort.
The second oncoming clutch starts transmitting the torque when its
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Fig. 9. Optimized powertrain response for 10–6 power-on downshift and selected design characterized by 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 540 ms (𝜏𝑒 = 550 N m, Strategy C).

Fig. 10. Optimized powertrain response for 10–6 power-on downshift and selected design characterized by 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 370 ms (𝜏𝑒 = 550 N m, Strategy D).

synchronization point is reached. The engine torque is controlled in the
way already seen for previous control strategies: it decreases towards
the end of the inertia phase and is brought back up to the pre-set value
during the torque transfer phase (Fig. 11a).

Although a control strategy for which the ONC1 clutch has to
be fully engaged at its synchronization point proved to be compet-
itive in the control trajectory optimization approach, the parameter
optimization results presented in this subsection suggest otherwise.

5. Assessment of proposed shift control strategies

This section further assesses proposed shift control strategies by
applying them in different shift scenarios (for different DTS power-on
downshifts with input torque profiles of different shapes and magni-
tudes). The parameter optimization results obtained for control strate-
gies A to E are quantitatively compared with the final aim of proposing
the most convenient parameterization for power-on DTS control.

5.1. 10–6 power-on downshift, constant and high input torque

Fig. 12 shows the 10–6 DTS performance indices for different shift
control strategies and for a constant and high input torque of 550 N
m. The optimization results indicate that Strategy B provide the best
performance in terms of defined optimization objectives (shift duration
and shift comfort). Here, it should be recalled that Strategy B is
the most complex one, i.e. it is defined with the largest number of
parameters and as such gives the most flexibility in shaping the shift
control profiles. On the other hand, Strategy D is characterized by a
notably smaller number of parameters (12 vs. 16), and it still provides

very competitive performance for quick shifts. Performance of Strategy
A (13 control parameters) approaches even closer to those achieved
by applying the most general control strategy B (see zoomed-in view
in Fig. 12b). Strategy C provides somewhat worse performance than
strategies A, B, and D, but is, on the other hand, defined with the
smallest number of parameters (𝑛 = 10). Strategy E, for which the ONC1
clutch needs to be locked in its synchronization point, shows the lack
of performance in terms of shift comfort.

Table 3 shows the comparative performance indices for the two
endpoints of the Pareto frontier (within the area of interested indicated
by the horizontal magenta lines in Fig. 12). The table also includes the
performance index related to dissipated clutch energy. The relative val-
ues given in the brackets show how much the RMS jerk and clutch loss
values are increased when compared to corresponding control trajec-
tory optimization results obtained without taking the dissipated clutch
energy into account (𝑘𝑤 = 0 in Eq. (11)). The following observations
can be drawn based on the results shown in Table 3:

• The performance indices obtained by utilizing Strategy A are close
to those obtained by applying the control trajectory optimization
approach. The RMS jerk index increases by no more than 18%,
while the clutch dissipated energy increases by at most 25%.

• Strategy B can provide superior performance in terms of driving
comfort (the RMS jerk index increases by 9.7% for the quickest
shift in comparison to control trajectory optimization results).
This is, however, paid for by considerably larger clutch losses
during the shift, which can be increased by over 200% when
compared to the control trajectory optimization results.
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Fig. 11. Optimized powertrain response for 10–6 power-on downshift and selected design characterized by 𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 484 ms (𝜏𝑒 = 550 N m, Strategy E).

Table 3
Comparison of 10–6 power-on downshift RMS jerk index and clutch dissipated energy
loss values for different inertia phase durations and control strategies (percentage
values indicate relative increase of RMS jerk and clutch loss values when compared to
corresponding control trajectory optimization results obtained without taking dissipated
clutch energy into account; k𝑤 = 0 in Eq. (11)).

Shift control
strategy

Sportiness
index

𝑡𝑖𝑛𝑒𝑟𝑡𝑖𝑎 [ms] 𝑗𝑅𝑀𝑆 [m/s3]
(over time
horizon [0 𝑡𝑓𝑡𝑜])

𝐸𝑙𝑜𝑠𝑠 [kJ]

A
8 388 5.2057 10.627

(+15.1%) (+25.4%)

10 360 5.6475 8.7151
(+18%) (+11.4%)

B
6 429 4.9469 24.0364

(+21.7%) (+169.4%)

10 359 5.4105 20.38
(+9.7%) (+235%)

C
1 540 5.4199 1.6136

(+70.4%) (−85.8%)

10 356 6.3307 1.223
(+27.6%) (−79.4%)

D
9 370 5.7277 2.4317

(+18.6%) (−68.5%)

10 359 5.9119 2.146
(+19.9%) (−64.7%)

E
3 484 8.7609 1.3425

(+137.3%) (−88.6%)

10 360 9.9882 0.53447
(+108.8%) (−93.2%)

• Strategy C can bring the quick DTS performance close to those
obtained by utilizing control trajectory optimization approach
(the difference is 27.6% in terms of RMS jerk index), with the
clutch energy loss saving of about 80%.

• Similar trends can be observed for control strategy D, with the
shift comfort index approaching even closer to the optimal control
results. The clutch energy loss is reduced by about 65% when
compared to the optimal control results.

• Finally, Strategy E provides the worst performance, with 2-fold
vehicle jerk index growth.

5.2. Other power-on DTS downshifts and input torque profiles

In order to provide final assessment of the proposed DTS control
strategies, parameter optimizations have been run for: (i) four double-
transition power-on downshifts (10–6, 8–5, 9–4, and 5–2); (ii) three
engine torque profiles (constant and modest torque, constant and high

torque, and linearly increasing torque from a low to high value); and
(iii) all previously introduced shift control strategies (Strategy A, B, C,
D, and E). Each optimization run (out of 4 × 3 × 5 = 60 runs in total)
results in a Pareto frontier.

With the aim to assess the Pareto frontiers obtained for differ-
ent shift scenarios, i.e. to assess the proposed control strategies, four
performance indicators will be considered. In order to calculate the
performance indicators consistently, all Pareto frontiers shown on a
single plot (five frontiers corresponding to five control strategies, see
e.g. Fig. 12) are normalized with respect to highest value of each
optimization criterion for the considered scenario (values 603 ms and
8.68 m/s3 for Fig. 12). In this way, all normalized Pareto optimal points
lie in the square area spanned by points (0, 0) and (1, 1) (see Fig. 13
with the note that 𝐽 1 and 𝐽 2 denote the normalized optimization objec-
tives, given by Eqs. (12) and (13), respectively). The first performance
indicator is the hypervolume indicator, 𝐼ℎ𝑣, proposed by Zitzler and
Thiele (1998). The index 𝐼ℎ𝑣 measures the volume of the criterion space
that is weakly dominated by the Pareto frontier points. In the particular
case of 2D frontiers, the hypervolume reduces to a hyperarea bounded
by the Pareto front and a user-defined reference point (here, [1, 1]
is used as a reference point; see Fig. 13 and cf. Fig. 12). The larger
the value of the indicator, the better is the set of solutions, i.e. the
corresponding control strategy.

The second performance indicator is the shift efficiency, 𝜂𝑠ℎ, which
is defined as an inverse of the mean value of clutch dissipated energy
over all Pareto frontier points. The third performance indicator is the
distance between the two endpoints on the Pareto frontier by 𝐽1
criterion (the distance along the y-axis, see Fig. 13). The larger the
value of this indicator denoted as 𝑑𝐽1, the wider is the Pareto span in
terms of shift duration, i.e. the user has more flexibility in selecting
the shift sportiness level. Finally, the fourth indicator ranks control
strategies by taking into account the simplicity of corresponding shift
control profiles and related features that make them more or less suit-
able for implementation. After obtaining the performance indicators for
different control strategies and a given shift scenario, their values are
normalized with respect to highest indicator value for that scenario (so,
the normalized indicator value for the best strategy in that indicator is
equal to 1). The normalized energy loss indicator is then inverted to
give the normalized shift efficiency indicator (the best strategy has the
normalized efficiency of 1).

Fig. 14 shows the values of the first three performance indicators
(given in normalized form and denoted as 𝐼ℎ𝑣, 𝜂𝑠ℎ, 𝑑𝐽1) for different
control strategies, shifts and engine torque profiles. Table 4 includes
average values of these normalized indicators for each control strategy.
The second to the last column of the table shows the final assessment
factor calculated by summing up the values of the three indicators,
while the last column shows the final assessment factor calculated by
taking into account all four performance indicators (i.e. by including
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Fig. 12. Comparison of Pareto frontiers obtained by applying different shift control strategies (10–6 power-on downshift, 𝜏𝑒 = 550 N m): (a) complete graph and (b) zoomed-in
view of a section highlighted in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Final shift control strategy assessment results obtained by averaging performance
indicator values from Fig. 14 (values given in brackets correspond to case of setting
weighting factors to different performance indicators).

𝐼ℎ𝑣 𝜂𝑠ℎ 𝑑𝐽1 Simplicity Total w/o
simplicity

Total w/
simplicity

Weighting
factor

1 (1) 1 (0.4) 1 (0.25) 1 (0.2)

Strategy A 0.95 0.3 0.5 0.8 1.75 (1.20) 2.55 (1.36)
Strategy B 0.93 0.52 0.51 0.4 1.96 (1.26) 2.36 (1.34)
Strategy C 0.93 0.6 0.85 1 2.38 (1.38) 3.38 (1.58)
Strategy D 0.88 0.27 0.24 0.9 1.39 (1.05) 2.29 (1.23)
Strategy E 0.66 0.71 0.36 0.7 1.73 (1.03) 2.43 (1.17)

the mostly-subjective indicator of strategy simplicity, as well). The
values given in brackets correspond to the final assessment factor values
calculated by taking into account weighting factors of the individual
indicators, which are given in the brackets in the second row of the
table.

Based on the results shown in Fig. 14 and Table 4, the following
conclusions can be made:

• The performance is generally rather balanced. Namely, for dif-
ferent shift scenarios, different control strategies give the best
performance (e.g. Strategy C provides the best performance for
10–6 shift and constant and modest engine torque, while the same
strategy is not found to be equally effective for the same shift and
linearly increasing engine torque).

• The highest values of hypervolume indicator are most often ob-
tained for Strategies B and C. On the other hand, Strategy A gives
the highest average value of this indicator.

• By analyzing the mean shift efficiency indicator, it can be con-
cluded that different control strategies give best results in differ-
ent scenarios, with Strategy C being very competitive (Fig. 14)
i.e. best in the average sense (Table 4).

• The distance between the two endpoints on the Pareto fron-
tier varies depending on the shift scenario considered, but it is
generally largest for Strategies C and B.

• Strategy C is characterized by the simplest control profiles i.e. it is
defined by the smallest number of parameters (𝑛 = 10, see Fig. 5).
This particularly applies to off-going clutch torque capacity pro-
files, which are fully linear (see Fig. 5), while they have more
complex (piecewise linear) shape for other strategies (including
related issues with clutch torque sign change, e.g. in Strategy B).

• Based on the final assessment factors given in the last two
columns of Table 4, it can be concluded that Strategy C gives
the best overall performance, regardless of whether the mostly-
subjective control strategy simplicity indicator is taken into ac-
count or not.

Fig. 13. Illustration of hypervolume and Pareto span indicators on normalized Pareto
frontiers (10–6 power-on downshift, 𝜏𝑒 = 550 N m; cf. Fig. 12).

6. Conclusion

This paper has proposed different definitions of simplified, piece-
wise linear control profiles for performing demanding double-transition
downshifts (DTS) in which four clutches are simultaneously controlled
to realize multi step gear change. The proposed open-loop shift control
strategies differ by degree of complexity, i.e. by number of parameters
defining their shape, and their parameterization is governed by insights
gained by employing the previously developed method for optimiza-
tion of AT control trajectories (Ranogajec et al., 2018). With the aim
of gaining insights into the optimal powertrain behavior during the
DTS performed by using such simplified shift control profiles, multi-
objective optimization of shift profiles parameters has been carried out.
The formulated optimization problem has been solved by using MOGA-
II genetic algorithm, whose execution results in Pareto frontier which
offers a wide spectrum of optimal solutions. Based on the optimization
results, main features of powertrain response have been analyzed for
each shift control strategy. The analysis has implied that the employ-
ment of different strategies can result in a diverse set of optimal control
actions.

Optimizations of shift control profile parameters have been per-
formed for various DTSs and for three different engine torque profiles
with the final aim of assessing the proposed shift open-loop control
strategies. The assessment is based on three performance indicators re-
lated to Pareto frontiers obtained by optimization, and another (fourth)
indicator corresponding to control strategy simplicity. The assessment
results have pointed out that the proposed control strategies are ef-
fective in different DTSs control tasks and that they are generally
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Fig. 14. Shift performance index and index of Pareto front spread in terms of
sportiness levels for different double-transition power-on downshifts, different shift
control strategies and for: (a) constant and high input torque (𝜏𝑒 = 550 N m), (b)
constant modest input torque (𝜏𝑒 = 250 N m), and (c) linearly increasing input torque
(𝜏𝑒 = 100–550 N m).

competitive to each other. The best performance in terms of the two
optimization criteria considered (shift comfort and shift sportiness) is
provided by Strategies A, B and C. At the same time, Strategies B
and C provide the widest Pareto span, i.e. the widest flexibility in
selecting the optimal solution in terms of sportiness level. The highest
final (combined) rank belongs to Strategy C, which is explained by
the following additional feature of this strategy: (i) the employment of
Strategy C is convenient from the powertrain efficiency point of view,
since the clutch dissipated energy is usually lowest for this strategy; (ii)
Strategy C is characterized by the smallest number of design parameters
and simple, fully linear off-going clutch control profiles. The second
place in the final evaluation belongs to Strategy B, which is, however,
characterized by a relatively complex shape of off-going clutch control
profiles. Therefore, if the simplicity of control strategy is taken into
account in the final evaluation, the second place is taken over by
Strategy A. The applicability of Strategy E, for which the first oncoming
clutch gets locked at its first synchronization point, is rather limited,
because it gives unacceptable performance characterized by strong
shuffle mode excitation for some DTSs. Strategy D gives the worst
performance in average.

The key future extensions of the presented work include: (i) proper
scaling of shift control profile, in order to provide good shift quality in a
wide range of shift conditions (e.g. for different input torque and input
speed values at which shift is initiated), (b) closed-loop control system
design for ensuring high shift quality and robustness in the presence of
realistic uncertainties.

Table A
Main driveline parameters.

6th gear ratio 1.29
10th gear ratio 0.64
Final drive 3.73
Engine and impeller moment of inertia, 𝐼𝑒𝑖 0.445 kg m2

Wheel inertia, 𝐼𝑤 1.35 kg m2

Equivalent halfshaft stiffness, 𝑘ℎ𝑠 3783 N m/rad
Equivalent halfshaft damping, 𝑏ℎ𝑠 10 N ms/rad
Tire radius, 𝑟𝑡 0.356 m
Tire damping, 𝑏𝑡 390 N ms
Vehicle mass, 𝑚𝑣 1667 kg
Initial vehicle speed (for 10–6 shift), 𝑣𝑣0 26 m/s

Abbreviations

AT Automatic transmission
DOE Design of Experiments
DTS Double-transition shift
GA Genetic Algorithm
OFG Off-going (clutch)
ONC Oncoming (clutch)
MOGA Multi Objective Genetic Algorithm
RMS Root-mean-square
STS Single-transition shift
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Appendix. Powertrain parameters

Table A lists the values of the main powertrain parameters denoted
in Fig. 1. They correspond to a generic example of a C category vehicle.
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