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This study develops control strategies for the gear shift of dual-clutch transmissions (DCTs)
using optimal control allocation. DCT powertrains require sophisticated control of two
clutch actuators and the engine throttle to achieve good shift performances, i.e. smooth
and fast gear shifts. In this paper, a new approach to the control strategies is implemented
through interpreting the DCT powertrain as an over-actuated system that possesses actu-
ator redundancy. The developed control structure is divided into two stages: the upper
level control that governs the procedure to determine the most suitable torque trajecto-
ries of the clutches and engine, and the lower level control that manages the strategy for
each actuator controller to track the given torque trajectories. The core of this study is
the development of an effective upper level controller based on the optimal control al-
location, to which previous studies have not paid adequate attention. A major advantage
of this control approach is that the resulting shift performances can be easily and intu-
itively adjusted by tuning only one parameter. The effectiveness of the control scheme is
demonstrated through various simulations using a high-fidelity DCT model implemented
with a commercial software SimDriveline, and detailed discussions of the results are also
provided.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, dual-clutch transmissions (DCTs) have garnered substantial attention in the global automotive industry because
they have demonstrated significant improvements regarding both efficiency and ride quality of vehicles. During gear shifts,
DCTs use two sets of clutches and transfer shafts to transmit the engine torque to the axle shaft without using torque
converters, which can effectively nullify the drawbacks of other types of transmissions. In particular, such configurations
enable the transmission systems to considerably reduce the torque discontinuities and interruptions, which are chronic
problems in manual transmissions (MTs) and automated manual transmissions (AMTs); DCTs also result in significantly
higher efficiency than conventional planetary-type automatic transmissions (ATs) do [1]. However, due to the absence of the
smoothing effect of torque converters, DCT powertrains are more likely to cause awkward shift shocks during gear shifts,
particularly when the clutch-to-clutch shift is performed fast [2]. Fast gear shifts are generally desired in order to minimize
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the loss of vehicle acceleration regardless of the transmission types. In addition, if the driver wants fast acceleration by
pressing the accelerator pedal abruptly, the shift duration must be shortened accordingly [3]. In general, the conditions of
comfortable and quick shifts conflict with each other and they are typically regarded as the two main objectives of gear
shift controls (e.g. [4]).

The desired shift performances can only be attained when accompanied by precise torque transfer controls in vehicle
drivelines. Various control strategies for gear shifts have been investigated for hydraulic ATs in [5-8]. Although the method-
ologies are similar to those for ATs, the lightly damped powertrains such as AMTs and DCTs need elaborate controls for
the clutch(es) and engine throttle that focus more on ride quality improvement [3,9]. Shift control problems for AMTs have
also been explored in numerous studies. Optimal linear quadratic clutch controllers were designed for dry AMTs considering
several gear shifting performances in [10], and a clutch slip controller was developed to regulate the slip acceleration in
[11]. In [12], a gear shift control strategy for an AMT was proposed through interpreting the gearshift process of AMTs as
five phases considering its transient behaviors in each phase.

For DCT powertrains, however, gear shifts are realized through the handover of the torque delivered by the engine from
one clutch to the other clutch, which further complicates the control problems. The DCT shifting process can be split into
two phases: the torque phase where the torque is transferred from the engaged clutch to the on-coming clutch, and the
inertia phase where the on-coming clutch with the new gear ratio is synchronized with the engine. In the torque phase,
the cross shift control of the two clutches should be performed delicately in order to minimize the torque dip without
causing an engine flare or clutch tie-up [7,13]. In the inertia phase, the synchronization control of the on-coming clutch
accompanying the engine inertia control is crucial for comfortable ride quality and fast engagement. The engine throttle
control is used to compensate the torque oscillations caused by the abrupt gear ratio change and the lag in the inertia
torque [14,15]. Most literature on DCT shift control has adopted various methods of controlling torques or speeds in order to
satisfy the pre-determined shift requirements in both phases [3,4,9,16,17]. The detailed control strategies of the clutch and
engine speeds to meet the target torque requirement have been described in [3]. The gear shifts were divided into several
phases and control strategies were proposed in each phase to ensure both fast and smooth clutch engagement based on the
clutch slip and output torque information in [4]. A coordinated control algorithm for the engine and clutches to achieve the
target average torque was proposed with detailed modeling of the hydraulic actuators in [9]. Since torque sensors are not
available for production DCT powertrains, estimation methods for the torque states were developed in [18,19].

This paper proposes a new approach to the combined control of the clutches and engine throttle for a dry DCT gear
shift considering the DCT driveline as an over-actuated system. A DCT has natural actuator redundancy because it has an
additional clutch and shaft set compared with an AMT for the same transmission function. Previously, one of the clutches
in a DCT or AT was controlled in an open-loop way so that it simply ramped up or down during the torque phase. There
are several practical reasons for adopting this approach in these clutch-to-clutch shifts (see e.g. [7,16]), but the actuator
redundancy problem must be addressed for more in-depth analysis of the shift processes. Here, the output shaft torque
and the slip speed of the on-coming clutch are selected as the outputs to be controlled by the three actuators: the off-
going clutch, the on-coming clutch, and the engine throttle. The control algorithm is divided into two levels: an upper level
control that generates the desired torque values of each actuator considering the given shifting performances and a lower
level control that forces on each actuator to follow the respective desired torque accurately.

A major shortcoming of previously published works is that there has been little research reported on the upper level
control. Hence, this paper focuses on the development of a novel upper level controller that generates desired torque tra-
jectories in real time for coordinated control of clutches and engine throttle using control allocation. Control allocation is
a control technique for over-actuated systems that allocates the total control demand to the individual actuators [20,21].
Actuator redundancy can be found in various applications including the control of aerospace systems, marine vessels, and
vehicles. Several control allocation approaches have been developed for vehicle motion control, such as vehicle yaw stabi-
lization [22] and rollover prevention [23]. In this paper, the control allocator is designed to produce the optimized torque
trajectories of two clutches and an engine after consideration of several actuator constraints. Using the proposed method,
the desired torque trajectories can be designed to satisfy the shift requirements arbitrarily by tuning only one weighting
factor between the two conflicting performances: fast shift and smooth shift. The resulting torque trajectories can be uti-
lized as reference values for various shift control strategies, and they can also provide insights into the clutch-to-clutch shift
process.

The remainder of this paper is organized as follows. In Section 2, DCT driveline and clutch actuator models are described.
The DCT shift control structure consisting of the upper level and lower level controls is introduced, and detailed explanations
of the developed control strategies are presented in Section 3. Next, in Section 4, the feasibility and effectiveness of the
proposed control scheme are evaluated in simulations using a high-fidelity SimDriveline DCT model. A detailed discussion
of the results is also presented. Finally, this study is concluded in Section 5.

2. System modeling
2.1. Driveline model

The basic configuration of the DCT is similar to that of an AMT, but the DCT is equipped with two sets of input and
transfer shafts between the engine and the output shaft. The driveline model is composed of several angular speed dynamics
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Fig. 1. Schematic of the DCT driveline.

based on the torque balance relationships for the lumped inertias of the individual components, as depicted in Fig. 1. ], T,
w, and @ are the inertia, torque, angular speed, and rotation angle, respectively. The subscripts e, d, c1, c2, t1, t2, o, w, and v
refer to the engine, dual-mass flywheel, input shaft with clutch 1, input shaft with clutch 2, transfer shaft 1, transfer shaft
2, output shaft, wheel, and vehicle. The dynamics of the engine and dual-mass flywheel are expressed in Eqs. (1) and (2):

.]ed)eZTe_Tds (1)
Jawg =Ty — T — Tea, (2)

where the engine torque is a function of the throttle position and engine speed, i.e. To = f(a, We)-
The torsional compliance caused by the dual-mass flywheel is modeled in Eq. (3):

Td:kd(eefgd)+bd(we*wd)v G)

where k; and c, are the torsional stiffness and damping coefficient of the dual-mass flywheel, respectively.

The compliance of the dual-mass flywheel is often ignored in simplified control-oriented models because measuring its
angular speed and torque accurately is not possible in production DCTs. In this case, the total inertia of the engine and
dual-mass flywheel is regarded as one lumped engine inertia.

In the same manner, defining the equivalent inertias from clutch 1 and clutch 2 perspectives for the masses including
the input and transfer shafts, gears, and synchronizers as J; and J.,, respectively, the dynamics of each transfer shaft is
described in Egs. (4) and (5), as follows:

. T;
Jeriwer =Ter — -tf]v (4)

It1

. T;
Jartor = T — 32, (5)

[7)

where iy is the gear ratio of the input and transfer shaft 1, and iy, is that of the input and transfer shaft 2.
The torque transmitted through each clutch is modeled in Eqs. (6) and (7) depending on the states of the clutches:
disengaged, slipping, and engaged [24].

0 ifdisengaged
I — Mszlm NiD; sgn(foa ~ 1) {f |wg — @c1] = €1 (slipping)
T =Ty — Ta — Jawy if |y — wc1] < &g A Teg max = |Tin1 | (engaged)
i Fi1reitN1Dsgn(Tiy,) if |a)d - wc1| < &l and Tc1,max < |Tinl| (slipping)
where T max = UsiFaiTciN1Dy (6)
0 if disengaged
I, — MkzezfczNzDzSgﬂ('wd ) %f |wg — Wea| = ol (slipping)
Tin2 = Td - Tcl _]da)d if |a)d - wc2| < Etol and TCZ,max = |Tinz| (engagEd)
WioFnaraNaDasgn(Tinz) if |wg — we| < & and Tp max < |Tinz|  (slipping)
where T max = ts2FarcaNaD) (7)

In Eqgs. (6) and (7), wy, s, Fn, 7c, N, and D are the kinetic, static friction coefficients, and actuator normal force, effective
torque radius, number of friction surfaces, and de-rating factor of each clutch, respectively. The clutch state is determined
by the magnitude of its slip speed and by the comparison of its maximum torque capacity (T, max ) and the input torque to
the clutch delivered from the flywheel T;,.
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The speed dynamics of the output shaft and wheel are also described using the principle of torque balance, as described
in Egs. (8) and (9).

Jowo = i1 T + i T2 — To, (8)
Joow =T, — T, 9

where T, is the vehicle load torque, which includes the rolling resistance, road gradient, and aerodynamic drag. The output
shaft torque (T,) can be modeled using the torsional compliance model in the same manner as the dual-mass flywheel, as
described in Eq. (10):

Ty = ko(8o — Ow) + bo(wo — @), (10)

where k, and ¢, are the torsional stiffness and damping coefficient of the output shaft, respectively.
2.2. Clutch actuator model

The base dry DCT for this work is equipped with electric actuators designed using the self-energizing mechanism. The
actuators are characterized by their high efficiency because the self-energizing mechanism uses the energy acquired from
the frictional losses dissipated in the clutch in order that the required power for the actuation is significantly reduced.
The self-energizing mechanism of the actuator results from its unique mechanical structure attached to a conventional DC
motor. A full explanation of the working principles and advantages of this actuator is out of scope; therefore, only a brief
introduction is provided in this section. For more information, refer to [25,26]. Here, only the dynamics of the actuators for
the lower level controller implementation are discussed. The governing equations for the self-energizing actuation motor
during the clutch engagement/disengagement are presented in Eq. (11) for the mechanical section and Eq. (12) for the
electrical section.

Ja@om =Ty — <& — 222 T, (11)

where «, rp, and Ng, are the constants determined by the geometry of the actuator, and @wm, Tm, and Ty indicate the angular
speed, driven torque of the motor, and net friction torque in the actuator route, respectively.
di .
LmT? = —kewm — Rimim + Vin,
Tn = Keim, (12)

where Lp, ke, ki, Rm, Vi, and i, are the motor inductance, back-emf constant, torque constant, armature resistance, control
input, and motor current, respectively.

3. Control methodology
3.1. Overview and objectives

This paper proposes a novel strategy for the coordinated control of the clutches and engine throttle of DCTs via control
allocation. Here, the strategy is developed for the 1-2 upshift in a dry DCT. The goal of the DCT shift control is to perform
the clutch-to-clutch shift as fast as the driver’s intention while satisfying the ride quality criteria without causing clutch
tie-up or engine flare. A clutch tie-up occurs if excessive torque capacity is added to the on-coming clutch while the off-
going clutch has torque holding capacity. An engine flare results when the off-going clutch is released too early and the
on-coming clutch does not have sufficient torque capacity to hold the engine torque at that time [27,28]. Thus, in order
to meet the given shift requirements, sophisticated control of both the transmitted torque and the torque capacity of each
clutch is crucial. As described in Eqs. (6) and (7), the torque capacity of the clutch determines the clutch state, i.e. whether
it is engaged or slipping. Both the torque capacity (of an engaged clutch) and the torque (transmitted through a slipping
clutch) are directly related to the corresponding forces (pressure) on the clutches, which are determined by the positions
of each clutch actuator. Hence, the shift control algorithm is designed to consist of two level controls, as depicted in Fig. 2.
The upper level controller assigns the optimized reference torque trajectories of the two clutches and the engine regarding
the desired shift performances. Then, the lower level controller attempts to track the given torque trajectories considering
the dynamics of the actuators.

Once the gear shift (upshift) is initiated, the torque phase where the torque handover occurs from the off-going clutch
to the on-coming clutch begins immediately. In the torque phase, poor clutch control results in undesirable shift responses
that possibly accompany clutch tie-up, engine flare, or torque oscillations caused by stick-slip transitions. The force on the
off-going clutch should be gradually decreased in order to reduce its torque capacity while the on-coming clutch force is
increased to ensure a smooth torque transfer with minimal torque dip [9]. Furthermore, the torque capacity of the off-going
clutch should be above its transmitted torque for as long as the on-coming clutch is slipping during the torque phase [17].
When the off-going clutch starts to slip, the inertia phase begins. At the beginning of the inertia phase, both clutches are
slipping until the off-going clutch is completely disengaged. It is desired that the off-going clutch should be fully disengaged
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at the precise moment that the transmitted torque through it becomes zero [7]. After the off-going clutch is disengaged, the
control methodologies of clutch engagement originally designed for AMTs can be directly applied. In order to ensure smooth
and fast engagement of the on-coming clutch with the new gear, the slip acceleration or output shaft torque as well as its
slip speed should be appropriately regulated by the clutch actuator control integrated with the engine throttle manipulation
[4,11,12,16]. In addition, it is also important to reduce the frictional energy dissipated in the clutch for durability.

3.2. Control allocation concept

A key objective of this work is to develop an effective control allocator as part of the upper level control that generates
the optimized torque trajectories of the individual clutches and engine during gear shifts. The concept of the control allo-
cation is briefly introduced in this sub-section. Control allocation is an effective control method for over-actuated systems
in order to distribute the total control demand into each actuator. Basic linear control allocation problems can be simply
expressed as in Eq. (13) [20]:

Bu(t) = v(t),
Umin = U(t) =< Umax, (13)

where v(t) € R¥ is the virtual control input representing the total control demand, u(t) € R™ is the actual control input, and
B is the control effectiveness matrix that defines the relationships of u and v. The actuator constraints of u, including its rate
constraints, are set by assigning appropriate values to u,;, and umax. For over-actuated systems, m > k should be satisfied.
The objective of the control allocation is to determine the constrained actual input u(t) that satisfies Eq. (13) provided that
the virtual input (v(t)) is designed in advance. In this paper, the optimal control allocation using weighted least squares
(WLS) is utilized for the DCT control; the WLS method is well known for its faster computation time compared with other
methods, and it can be formulated as follows:

Uy =arg min (W —un)|* +y W,y (Bu— )|, (14)

min SU=Um

where u; is the reference actual input, and y, Wy, and W, are weighting factors.

Eq. (14) calculates the optimized feasible input uc4 that minimizes u — u, and Bu — v simultaneously in accordance with
the weighting factors y, Wy, and W,. The weighting factor y is typically chosen as a very large value to express the priority
of minimizing |W, (Bu —v)||2.

Such constrained optimization problems can be solved in real time using active set method [20, 23]. The active set
method finds approximate solutions to the problems with high precision that are suitable for real time applications. The
detailed algorithm of it used in this work is described in the appendix [20].
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3.3. Upper level control law

3.3.1. Equation formulation
Assuming that the compliance of the dual-mass flywheel is negligible, Eqs. (1) and (2) are combined in Eq. (15).

Je+dd)e = Te - Tcl - Tc27

where J,, 4 é]e +J4- (15)
Also, rearranging Eqs.(4) and (5) to isolate Ty; and Ty, respectively, results in Eqs.(16) and (17) being derived.

T = i1 (Ta —Ja1®@c1), (16)

T2 = i (T2 — Jera®e2). (17)

Substituting Eqs. (16) and (17) into Eq. (8) and then combining with Eq. (15), the following expression of output shaft
torque is obtained.

To = (innify — DTy + (inzipy — DTa + Te — intiprJer1 @1 — in2ifa)cra®@c2 — Jo@o — Jeiq@e. (18)

Finally, using the methodology investigated in [29], Eq. (18) is simplified by the reduced-order approximations in each
phase:

I {(itlifl = DTy + (inif; — DT + Te — Joeq@er (torque phase)
(iripy — DTer + (i2ipp — DT2 + Te — (Joeq — Jera)@c1 — Jerawe  (inertia phase)
A (inzip>) 1
where Joeq = inipJer + ———Jee2 + —Jo +Jesd (19)
Ie1lfq le1lf

Next, through manipulating the above equations, the slip dynamics of the on-coming clutch are easily derived as de-

scribed in Eq. (20) assuming i{‘;’g}l = w, during the inertia phase.
6.()512 = d)e - d)CZ
1 1 .. . . . .
= E(Te —To —To) — m(lnlﬂ Tor +inipTo — inife1@a — To — Jowo)
e+ t ct

1 1 I1if 1 1 . T,

= —T - + — Ta— 7+ — )To +Jseq®c1 + ———

Jerd © <]e+d inipla ) € Jera  Jaz )TN i)

. . ‘l

lenipr)er + 75-Jo

A Ie1lpy

where Jp o0 = ————— L (20)
sta.eq Il f2er

Examining Eqs. (19) and (20), it is apparent that both the output torque and the slip speed are not governed by one
particular actuator. Hence, the lumped virtual inputs are derived for the output variables, and then the lumped control de-
mands are distributed in the actual control inputs instead of developing decentralized control laws for each output directly.
The virtual inputs v; and v, are defined as follows:

1 £ (inip — DTa + (nip — DT + T

A 1 ir1ify 1 1 1
V=—-—+— Tn—|+—++— |To+—T, (21)
(Je+d lt21f2]ct2) ¢ (Je+d J2 ) Jera €
which are the two virtual inputs to regulate the output shaft torque and the slip speed, respectively. Here, Tcq, Tcy, and Te

are the actual inputs generated by the actuators that should be allocated. Using the matrix representation of Eq. (13), the
relationship of the actual and virtual inputs is expressed as described in Eq. (22):

" ) lﬂlf] — 1 lt21f2 -1 1 Tc]
U=\, |=Bi= 1 i 1 1 1 || T2 | (22)
—+—+— —|+—+— — || T
Jera  le2ip)a2 Jera  Je2 Jed €
3.3.2. Virtual control laws
The design procedure of the upper level controller occurs in two steps. First, assuming that two virtual actuators whose
control effects are represented as v; and v, exist, the control laws for the virtual inputs to effectively regulate T, and wqp,
are derived; second, the control allocation algorithm is developed to distribute the virtual control demands of v; and v, into
the feasible actual control inputs of uq, u,, and us. Although this study focuses on the clutch-to-clutch shift control of DCTs,
this methodology can also be applied to gear shift controls of conventional hydraulic ATs.

Because the output shaft torque is generally not measurable in production transmissions, a feed forward control law is
adopted to control it in order to track the demanded output torque. If the desired output torque trajectory T,4 is given
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throughout the gear shift, the required v, value is calculated for each phase using Eq. (19). Thus, the first virtual control law
is derived, as described below.

v A Tod +Joega ~ (torque phase) (23)
1 Tog + Uoeqg —Jesd)@c1 +Jerawe  (inertia phase).
Next, the second virtual control law that regulates the on-coming clutch slip is designed based on Eq. (20), as follows:
Vad 2 —Jsi2 eq® B e i (24)
2d = ~Jsl2,eqWcl irzifz]crz PWs[2 DWsi2,

where Ap, Ap are proportional and derivative gains.
V,4 is found in the form of a proportional derivative slip controller with feed forward terms that reflect the effects of the
inertia torque and desired output torque. Once the off-going clutch begins to slip (inertia phase), v, is activated.

3.3.3. Control allocator design
The strategies of the control allocation for the power-on upshift from 1 to 2 are implemented, as follows.

(i) The desired output torque trajectory is a smooth trajectory consisting of steady state values for the output torque of
the 1st and 2nd gears without torque dip and lock up oscillation.

(ii) The concept of the reference actual inputs iy = [uy, uy- us3.]T is introduced in the optimal control allocation in
Eq. (14) so that if there are many solutions for uyca, Upca, and uzcs that satisfy B = 9, the WLS algorithm selects the
closest ones to uq,, Uy, and us,. Here, the reference inputs are defined as follows:

uy (k) 2 uicalk = 1) + {urca(k — 1) — ugca(k = 2)},
ar (k) £ tyea(k — 1) + {uzca(k — 1) — tigca (k — 2)}, (25)
usr (k) 2 Ton (k).

where ujca(k—n) and upca(k—n) are the allocated clutch torque inputs with n-step delays obtained from
Eq. (14), and Ten(k) is the nominal engine torque, with To; = Ton (o, we) determined by the driver’s pedal posi-
tion. Eq. (25) implies that the rate change of each clutch torque should be as small as possible in order to reduce the
unwanted torque oscillations (uy,, ty), and as the discrepancy between the controlled engine torque and the nominal
engine torque decreases, the driving feel is improved (us,).
(iii) The actuator constraints and its rate constraints are as follows.
(1) The signs of the rates of the clutch torques should not be changed, which means that the off-going clutch
should always move in the direction that its torque is decreasing and that the on-coming clutch should move
in the opposite way, i.e. ti; <0, 1, > 0, in order to ensure a smooth cross-shift [30].
(2) The clutch torque values should not have negative values to prevent clutch tie-up and to avoid backward power
recirculation, i.e. u; > 0, u; > 0.
(3) The torque transmitted through a clutch should always be smaller than its torque capacity and the effective
input torque delivered from the engine, i.e. u; < min(Tiyy, Te1 max), U2 < mMin(Tyn, T max)-
(4) The rates of torques are constrained by the bandwidths of the corresponding clutch actuators and engine, || <
p1, izl < p2, |us] < ps.
(5) The engine throttle control is only activated in the inertia phase, i.e.

)

s T4 in inertia phase
37 1T.. otherwise

where T,4 is the engine torque input determined by the control allocator.
(6) The engine speed must be above its minimum value during a gear shift in order to avoid stalling, which is also
referred to as the “no-kill condition”, we > w, iy [12,31].

Then, the control allocator calculates the feasible combinations of uqca, Uzca, and uscs using Eq. (14) based on the al-
location strategies. In this study, fixed values are assigned to W, and y such that W, = I3,3 and y = 10°. Then, through
adjusting only W, freely (weighting between v; for a fast gear shift and v, for a comfortable gear shift), the optimized
torque trajectories of the clutches and engine with different performances are produced.

One advantage of using optimal control allocation in DCT shift controls is that it considers the pre-determined constraints
of actuators in real time. For example, when a clutch is engaged, the control allocator assumes that the corresponding clutch
torque is constrained by the other torque inputs or if it is disengaged, the corresponding clutch input is regarded to be
saturated to zero. Such constraints play a key role to determine the most feasible combination of uqcs, Usca, and usca.

3.4. Lower level control

The torque tracking controllers for both clutch actuators and the engine are developed after consideration of the actua-
tors’ dynamics. For the clutches, the reference torque trajectories given from the upper level controller should be converted
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to the corresponding forces and actuator positions for the lower level controller to track. Because the actuation force or
pressure information is not available as it is for hydraulic actuation, the force characteristic maps, which are experimentally
obtained, are used. Since designing a novel lower level controller with high tracking performance is not an objective of this
study, a detailed discussion on the uncertainty of the force-position map is omitted. For more details, see [32,33] where the
effects of thermal expansion and clutch wear on the torque transmissibility of a dry clutch were well investigated. Another
requirement of the lower level control is that the controlled response should track the reference torque values sufficiently
fast in order that the upper level control law can be tuned independently from the lower level control [34].

3.4.1. Engine throttle control

The engine throttle control is only in effect in the inertia phase. While the desired engine torque (u3c4) is computed from
the upper level controller, the torque values are immediately converted to the corresponding engine throttle positions via
the inversed engine model according to the current engine speed. Here, the first order dynamic equation is used to describe
the engine dynamics as (26).

TeTe_lag + Te_lag =Ty (26)

where 7, and T, ;4 are time constant and lagged torque response of the engine.

The inversed engine model consists of the inversed engine dynamics and the inversed static engine map. The calculated
throttle position is processed with a low pass filter in order to attenuate its unrealistic high frequency components. During
the inertia phase, the slip speed of the on-coming clutch and the output torque response are adjusted using the engine con-
trol in conjunction with the on-coming clutch control. Once the synchronization is completed, the engine throttle position
returns to its initial value at the beginning of the inertia phase.

3.4.2. Control of clutch actuators

3.4.2.1. Desired clutch force trajectories. Examining Eqs. (6) and (7), if the clutch is in the slipping phase, the relationship of
the transmitted torque and the clutch force is prescribed by the Coulomb friction equation. However, when the clutch is in
the engaged phase, the transmitted torque through it is unrelated to the normal force on it. Instead, the normal force on the
engaged clutch affects the clutch torque capacity. During the majority of the torque phase, the off-going clutch is engaged
and the on-coming clutch is slipping. Given the reference clutch torque values for both clutches, denoted as T.14 and Tsq,
the following strategy to obtain their force trajectories is adopted:

E = Tc]d
! Ye1Ms1TetN1Dy
T2
Epy= —"S2 27
"4 T NaD, (27)

where y . is a margin factor for the engaged clutch control such that 0 < y < 1.

For the on-coming clutch, the corresponding force values are easily calculated using the kinetic Coulomb friction model.
For the off-going clutch, its torque capacity should be maintained above its input torque from the engine side in order that
the clutch is not released too early during the torque phase. Furthermore, its normal force is desired to be zero immediately
after the transmitted torque becomes zero. Through adding the margin factor y . to the static friction equation, the force
trajectory that satisfy these requirements are generated. The theory behind the inclusion of the margin factor y . is to keep
T¢1, max above T¢y during the torque phase, and to make T¢q,max = O at the precise moment when T;; = 0 by letting Fy; = 0.
Note that it is assumed that the friction coefficients vary slowly in order that they are regarded as constants during the gear
shift. For a detailed discussion on the dynamic friction coefficient model, see [35].

3.4.2.2. Control laws. The electrical section of the actuator is a simple DC motor. Considering the characteristics of its dy-
namics and also the aforementioned requirements of lower level control, simple PD position tracking controllers are devel-
oped for both clutch actuators, as described in the following two sets of equations.

. A .

imid = —Ap1€m1 — Ag1€m1

. A .

Im2d = —Ap2€m2 — Ag2€ma (28)

A A
where en1 = 01 — 61, em2 = 62 — 6,4,

di d .
Vint = Lim (T; + ke1wm1 + Rmiimiq

dimZd

Ving = Lm27 + kexwma + Rm2imaa (29)

In Eq. (28), &1, Om2, Oma1, Omqz are actual and desired positions of each clutch actuator, and Apq, Apy, Agy, Agz stand for
proportional and derivative gains for each controller.
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Table 1

System parameters.

Vehicle parameters

Je=0.2

Ja = 0.086
Joer = 0.0577
Jez = 0.0355
Jo=0.04

kg =215

by =10

ke = 15420
btl =53

ke = 15000
by = 51

ko = 9520

b, =591

ip1 = 3.688

iy = 2.580

if =ip=4.119
T =T =013
Ni=N, =4
Di=D,=1

i1 = M = 0.27
st = sz = 0.30
Ju = 1.7747

vehicle mass : 1600

tire rolling resistance coefficient : 0.015
aerodynamic drag coefficient : 0.4
frontal area: 3

wheel radius : 0.312

road inclination : 0

units are SI derived
(kg,N, rad, m, s, A)

Table 2
Shift performance comparison (*: best value).

117

Peak vehicle acc. (m/s?)

Peak vehicle jerk (m/s?)

Torque dip Ty(t;) — Ty min_7p (NM)

Shift time t; —; (s)

Frictional loss E4 (J)

Case 1 1.795* 13.1*
Case2 2735 21.7
Case 3 2452 19.11

96.3*
96.3*
96.3*

0.691
0.476*
0.514

2224
1740*
1850

4. Simulations and discussions

Several simulations were conducted for different values of W, in order to verify the effectiveness of the proposed method.
The DCT powertrain model was implemented using SimDriveline, which is a high-fidelity simulation tool appropriate for
modeling and simulating vehicle transmission systems. Other vehicle components including the engines and tires, as well as
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the basic mechanical parts, are also accurately modeled using SimDriveline for realistic simulations. The parameters of the
transmission used for the simulations are provided in Table 1.

Note that v is the first virtual input for the output torque tracking control, while v, is the second virtual input for the
fast slip control. In the WLS algorithm (14), Wy is a 2 x 2 diagonal matrix that determines the relative weighting between
vy and v, during the control allocation process. The feasibility of the developed control strategy is demonstrated through
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comparing the simulation results obtained by assigning three different W, values in each simulation (the other weighting
factors are fixed, i.e. Wy = I3,3 and y = 10°).

Case 1: W, =[100;0 1]

In Case 1, the control allocator should generate the desired torques in order to ensure better tracking performance of vq
than that of v,. The results of the upper level control and lower level control are depicted in Figs. 3 and 4, respectively.

The gear shift is initiated at 5.28 s, and the virtual control law v4 is activated immediately. v, comes into effect with the
start of the inertia phase. Because v; is weighted more than v, it is seen that the tracking performance of v is significantly
better during the shift. Thus, a comfortable shift with a smooth acceleration is expected as a result of the upper level control
strategy. After approximately 5.5 s, the actual v; and v, cannot follow the desired values well due to the physical actuator
constraints defined in the previous section. Fig. 3(d) presents the resulting torque trajectories given by the control allocator.
During the control allocation, the clutch torque values are guided by uq, and u,, using the WLS algorithm to minimize the
rate change of the torques. The torque trajectories are used as the reference values for lower level control of the engine and
clutches.

While the clutch torques tracked the reference torques well without clutch tie-up or fluctuation, the engine had slightly
lagged responses due to its inertia effects (Fig. 4(a)). The cross shift of both clutches is realized in order that the torque is
smoothly transferred from the off-going clutch to the on-coming clutch in order to reduce the shift impact. In detail, during
the torque phase, the force of the on-coming clutch is gradually increased while the off-going clutch force is reduced to
decrease its torque capacity aligning with the on-coming clutch torque in order to avoid clutch tie-ups and engine flares. It
is seen that the torque dip and the corresponding loss of acceleration are very small (Fig. 4(e) and (h)). When the inertia
phase begins, the force (or actuator position) of the on-coming clutch is increased further, but remained at a relatively low
value to minimize the overshoot of the output torque (Fig. 4(b) and (e)). In the inertia phase, the engine throttle controller
is switched on and assists with the synchronization between the on-coming clutch and the flywheel through reducing its
torque while the torque of the on-coming clutch is maintained at a low value (<100 Nm). Finally, the lock-up of the on-
coming clutch is achieved smoothly, and then the torque transmitted through it is reduced to near the engine torque with
the second gear. As a result, the overshoot and oscillation of the on-coming clutch torque are also relatively small during
the shift, thereby leading to small peak values and slight fluctuations of the output torque and vehicle acceleration (Fig. 4(e)
and (h)). However, the shift time is increased slightly due to the slow engagement of the on-coming clutch (Fig. 4(d) and
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(f)). After the gear shift, further increments of the on-coming clutch force are potentially required in order to guarantee its
strong engagement.

Case 2: W, =[1 0;0 10]

In Case 2, the weighting factor is tuned in the opposite way to Case 1. The results are presented in Figs. 5 and 6.

As expected, the tracking performance of v, is enhanced while that of v, is not. The allocated torque trajectory of the
on-coming clutch is characterized by its fast increasing torque rate in inertia phase to shorten its synchronization time.

Because the upper level control was tuned to focus more on the shift speed than the shift comfort, the responses of a
fast shift with a relatively non-smooth vehicle acceleration are expected. At the beginning of inertia phase, the on-coming
clutch force rapidly increased to allow fast increment of the corresponding torque through it (Fig. 6(a) and (b)). Thus, when
the engine torque was abruptly reduced by the throttle controller, the torque of the on-coming clutch remained a very
high value (>120Nm) that leads to its faster synchronization with the engine than Case 1. However, the large transmitted
torque through the on-coming clutch significantly increased the output torque overshoot (Fig. 6(e)). Then, the output torque
tended to decrease as the engine controller reduced the engine torque while the on-coming clutch and engine were being
synchronized. As a result, the lock-up time of the on-coming clutch, or the shift time, was much shorter in Case 2 than in
Case 1 (Fig. 6(f)), while the ride quality was significantly worse (Fig. 6(h)).

Case 3: W, =[70;0 7]
In order to further demonstrate the novelty of the proposed control scheme, another simulation was conducted using an
equally assigned weighting factor, i.e. W;, = [7 0; 0 7]. The weighting value is determined such that the magnitudes of y W,

are approximately the same for all cases, i.e. y [Wy|| = 105v/102 + 12 = 105y/12 + 102 ~ 105,/72 4 72.

Due to the equally assigned weighting elements, the tracking performances of v; and v, were comparable, but neither
was perfect (Fig. 7(b) and (c)).

In Fig. 8, the results exhibit moderate performances that are between Cases 1 and 2 in terms of both ride quality and shift
speed. Table 2 compares several quantitative performances of the three cases. In the comparison of the shift comfort during
a gear shift, the peak values of the vehicle acceleration and jerk as well as the magnitude of torque dip were calculated for
each case. The torque dip was evaluated by subtracting the minimum output torque in torque phase (T, i, 7p) from output
torque at the shift initiation time (T,(¢;)). Assuming that the lock-up time () of the on-coming clutch indicates the end of
the shifting, the shift time was evaluated through subtracting ¢; from ¢ In addition, as an another criterion, the frictional
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energy (E;) dissipated in the clutches during the shift was calculated for each case using (30).
ty
Ed = / T (a)cl - a)d) + T (wd - a)CZ)dt (30)
5

As expected from the simulations, Case 1 exhibited the highest performance regarding the peak acceleration and jerk
among the three cases, while Case 2 exhibited the shortest shift time. Note that Case 2 also performed the best for the
clutch frictional losses. The results of Case 3 where the desired performances were identically weighted had moderate ability
for all criteria. It is worth noting that the resulting torque dip values for all cases are exactly the same and small enough
to have little effect on the ride quality. That is because the control allocator considered the physical constraint that the
off-going clutch is in engaged state during the torque phase, leading to a decrease of the number of active inputs; thus,
the solution of uc4 was uniquely determined regardless of the weighting factor. Thus, it can be concluded that the shift
controller should be tuned focusing mainly on the trade-off between a fast shift and a comfortable shift in inertia phase.

In the simulations, it is observed that the torque transmitted through the on-coming clutch is dominant in determining
the magnitude of lock-up overshoot in inertia phase. Also, as the on-coming clutch torque is larger in inertia phase, the
duration of the inertia phase is decreased by the same effort of engine throttle control. The shifting performances are
governed mainly by the inertia phase control, but appropriate torque phase control is essential to maximize the effectiveness
of the inertia phase control. If the torque phase control is performed properly to minimize the shift transient where both
clutches are slipping simultaneously, the inertia phase control methods originally aimed at AMTs can be directly used for
DCTs.

Consequently, it was demonstrated that the gear shift performances can be adjusted as desired using the proposed con-
trol scheme through calibrating one weighting factor, and also that the optimized torque trajectories generated by the con-
trol allocator can be used as reference torque values for the integrated controls of the clutches and engine.

5. Conclusion

This paper proposed a novel strategy for the coordinated control of clutches and engine throttle for the gear shift process
of a DCT using optimal control allocation. Founded in the idea that a DCT is an over-actuated system with actuator redun-
dancy, the control scheme comprised of upper and lower level parts was developed in order to optimally control the two
clutches and engine throttle. This study focuses particularly on the development of a new upper level controller using op-
timal control allocation. The developed upper level controller generates the desired torque trajectories of the two clutches
and engine in terms of the shift requirements with appropriate physical constraints. While the upper level controller as-
signs the reference torque values for the three actuators in real time, the lower level controller is designed so that it tracks
the reference values rapidly considering the actuator dynamics. Using the proposed control scheme, the resulting shift per-
formances can be easily adjusted through tuning only one parameter, and its effectiveness was validated through various
simulations where the trade-off between a fast shift and a comfortable shift was noticed. The proposed control structure re-
quires an accurate model of the DCT powertrain including clutch friction information to ensure its high control performance,
but there has been a great deal of research concerning the powertrain model development and parameter estimations. This
study provides quantitative guidance and insights for how to control the two clutches and engine during the gear shift.
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Appendix

1. Active set algorithm

Let u® be a feasible starting point satisfying (A2) and (A3).

min [|Au  bj| (A1)
Bu=v (A2)
Cu>U (A3)

where C = (_II) andU = (H—ﬂ)

Let the working set w contain (a subset of) the active inequality constraints at u°.
Fori=0,1,2,...
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Given a suboptimal iterate u, find the optimal perturbation p, considering the inequality constraints in the working set
as equality constraints and ignoring the remaining inequality constraints. Solve

HgnHA(W?%p)—-bL
Bp =0,

pi=0,iew.

If u' + p is feasible
Set ui*! = u! 4+ pand compute the Lagrange multipliers in (A4).

AT(Au—b) = (BT ) (‘;) (A4)

where Cy is composed of the rows of C corresponding to constraints in the working set.

IfallA >0

ut+! is the optimal solution to (A1)-(A3).

else

Remove the constraint associated with the most negative A from the working set.

else

Determine the maximum step length « such that u*+! = uf + ap is feasible. Add the bounding constraint at u*! to the
working set.

2. Weighted least squares (WLS) control allocation using active set method

(1) Let w and u® be the resulting working set and the corresponding optimal point from the previous sampling instant.
(2) Rewrite the cost function in (14) as

2
Wa (= un) [+ [ Wa (Bu = )| = ” (V %V},A:”B)u - (VW‘A;">
(3) Solve
Ucy = arg muin |Au—b],
u<u<d
where

, (viW,B\ . (yiW,w
e (=)

using the active set algorithm.
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