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Abstract

This paper describes gearshift control strategies developed for a series-parallel Hybrid
Electric Vehicle (HEV) architecture in which an electric machine is connected to the
output of the transmission, thus obtaining torque filling capabilities during gearshifts.
Two transmission systems are analyzed: Hybrid Automated Manual Transmission (H-
AMT) and Hybrid Dual-Clutch Transmission (H-DCT). The paper focuses on the
gearshift control strategies for the two transmission, splitting each gearshift into several
phases. The objectives of each control phase, the equations for computing the set points
for powertrain actuators and the conditions that determine the passage from one shifting
phase to the next are reported. Moreover, nonlinear dynamic models are described and
used to verify through simulation the effectiveness of the controllers. Promising results,
in terms of vehicle dynamic performance, are obtained for both transmission systems.
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Introduction

The increasing demand seen in the last few years for improved vehicle dynamic
performance and reduced fuel consumption has raised the interest of automotive industry
to explore new powertrain technologies.

The electrification of powertrain systems provides energy efficiency benefits since it
enables the possibility of performing regeneration during braking and engine downsizing
([1]). Furthermore, the presence of an extra power generation device enables
improvements in the overall vehicle performance ([2]). However, these benefits can be
fully exploited only if the system is properly controlled.
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Dual-Clutch Transmissions (DCTs) ([3, 4]) are good candidates to be integrated into
Hybrid Electric Vehicle (HEV) powertrain architectures since they allow high efficiency,
similar to Manual Transmissions (MTs) ([5]) or Automated Manual Transmissions
(AMTs) ([6]) and almost seamless gearshift operations with a high tunability. This is
achieved at the expense of increased mechanical complexity.

Several previous studies have investigated gearshift quality for conventional DCTs ([7—
10]) and MTs/AMTs ([11-13]) using a series of different metrics. Furthermore, research
efforts also focused on exploring the integration of Electric Machines (EMs) into
powertrains equipped with the mentioned transmission systems, aiming at improving
vehicle performance ([2, 14 and 15]).

Among the different HEV architectures currently available, attention has been drawn to
the possibility of connecting an EM to the transmission output shaft: this configuration
enables full or partial compensation of torque gap during gearshifts, if the EM torque is
properly controlled ([15, 16]). In [2], an upshift control strategy is developed for a
hybridized MT in which the torque gap is successfully reduced thanks to the intervention
of the EM. This controller could also be applied for hybrid powertrains equipped with
AMTs. Moreover, improvements in terms of drive comfort can be achieved, as visible
when the comparing the performance of a Hybrid Dual-Clutch Transmission (H-DCT) to
that of a conventional DCT ([17]).

Regarding the smoothness of the clutch re-engagement process, [ 18] analytically proves
that the oscillations of the longitudinal vehicle acceleration generated at the clutch
engagement, depend on the slip speed and acceleration at the clutch lock-up. Based on
these considerations, a variety of control strategies have been proposed to reduce
vibrations when the oncoming clutch is engaged using different techniques. For example,
in [12] a solution based on cascaded and decoupled speed and torque control loops is
proposed for a conventional AMT. In [15], an optimal controller for the clutch re-
engagement phase performed with a Hybrid Automated Manual Transmission (H-AMT)
is discussed. The control algorithm is based on the augmentation of the reference
trajectories, resulting into a homogeneous TPBVP (Two-Point Boundary-Value
Problem). Moreover, a control strategy for a H-DCT is presented in [19]: the
characteristics of a robust H,, controller are exploited to complete the speed
synchronization of the Internal Combustion Engine (ICE) and the clutch driven plate.
Moreover, energy dissipation in the form of heat during clutch slip should be limited,
thus reducing fuel consumption and increasing component life. Several control
algorithms with the objective of minimizing this energy dissipation during gearshift
maneuvers can be found in literature for both conventional and hybrid powertrains ([15,
20]).

In the present work, control algorithms for upshift and downshift maneuvers are
developed for a series-parallel Hybrid Electric Vehicle (HEV) architecture in which an
EM is connected to the output of the transmission. Two different control logics are
developed for the same vehicle depending on the type of transmission under analysis:
AMT or DCT. The proposed strategies are very simple to implement and tune since they
are based on simple Proportional-Integral (PI) feedback controllers.

For the assessment of gearshift quality, nonlinear dynamic models are designed to
properly simulate the longitudinal vehicle dynamics with the objective of developing a
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tool that can be used both for control calibration and drivability assessment. Examples of
nonlinear dynamic models can be found in [4, 15 and 21].

The results obtained for both powertrains are promising in terms of vehicle performance.
It is of interest underlining that the H-AMT studied has proved capable of almost
eliminating the torque gap during gearshifts while keeping the mechanical complexity of
the system low with respect to its DCT counterpart. Since some H-DCTs are already on
the market, a comparison between these two transmission systems becomes of interest.
Furthermore, the authors are not aware of any study regarding an effective comparison of
H-AMTs and H-DCTs performance, therefore, this topic is explored here.

The present paper is organized as follows. In section 2, the model is addressed, while in
section 3, the metrics employed for gearshift quality assessment are discussed. Section 4
illustrates how the driver inputs are processed to generate a torque request at the wheels.
Then, in the following three sections, gearshift control strategies for the two variants of
the HEV of interest are discussed. The objectives of each control phase, the equations for
computing the set points to powertrain actuators and the conditions that determine the
passage from one shifting phase to the next are reported. Finally, simulation results are
presented and analyzed to illustrate the effectiveness of the control strategies.

Vehicle powertrain

Powertrain description

The vehicle studied presents the series-parallel HEV architecture shown in Figure 1. The
powertrain consists of an ICE, a Belt Alternator Starter (BAS), an EM, a battery pack and
a mechanical transmission system. Two variants of this powertrain are studied, the main
difference between them is in the type of transmission employed: AMT or DCT.

The EM is connected to the driveshaft through a mechanical coupler referred to as Power
Transfer Unit (PTU). A single gear ratio is available to the electric motor. This
configuration enables full or partial compensation of the torque gap during gearshifts.
Moreover, as it is typical of hybridized powertrains, the introduction of the EM enables
the possibility of performing regenerative braking.

In addition to the EM connected to the transmission output, a BAS is employed to use
electrical power to support the ICE in delivering the requested torque. Due to its fast
response, the BAS helps in improving the control of the ICE speed during gearshifts
([22)).

“[Insert Figure 1.]”

Figure 1. Powertrain layout.

To filter torsional vibrations, a Single Mass Flywheel (SMF) is located between the ICE
and the clutch (or dual-clutch unit for the DCT variant). In addition, torsional dampers
are incorporated into each clutch.

The proposed HEV architecture enables the possibility of operating in several different
modes. In order to obtain the highest possible tractive force at the wheels, BAS, ICE and
EM can be used together to propel the vehicle, thus operating in parallel hybrid mode.
Note that the ICE can produce additional power with respect to that required at the
wheels, in this case, the EM or the BAS could use this extra energy to recharge the
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battery. On the other hand, the transmission systems considered allow to disconnect the
ICE from the wheels. This enables the possibility of driving the vehicle in either series
hybrid mode or EV-mode without having to drag the ICE inertia and compensate for its
energy losses. In particular, the powertrain operates as a series hybrid when the ICE is
used to charge the battery through the BAS and the EM provides the power requested at
the wheels. The principal components specifications are shown in

Table 1.

Table 1. Powertrain specifications.

Component Data

Vehicle mass 1920 kg

ICE Diesel engine, 2.0 L, 104

kw
EM 112 kW (peak power)
BAS 32 kW (peak power)
DCT or AMT 6-speed transmission
Battery Pack Li-ion, 18.9 kWh

Powertrain model

For the assessment of gearshift quality and its impact on drivability in powertrains with
DCTs and AMTs, nonlinear dynamic models are required; note that gearshift quality
criteria will be described later. They must be able to deal with the change in the number
of Degrees Of Freedom (DOF) due to variations in the clutch status
(engaged/disengaged) or in the synchronizers position. Furthermore, the models should
be able to properly account for the driveline components compliance and damping. In this
way, the first torsional mode of the transmission is correctly estimated and an assessment
of the vehicle drivability during gearshift maneuvers can be exploited ([11]).

A global layout of the model developed of the powertrain variant in which an AMT is
employed can be seen in Figure 2.

“[insert Figure 2]”

Figure 2. Powertrain model: AMT.

Figure 3 illustrates the structure of the model developed for the powertrain variant with
DCT.
“[insert Figure 3]”

Figure 3. Powertrain model: DCT.

The DCT model has a structure similar to the one developed for the AMT variant, the
main difference being an additional transmission path to consider.
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Note that the variables related to the transmission path in which the oncoming gear is
located will be identified with subscript n, while for those related to the transmission path
in which the offgoing gear is mounted, subscript pr is employed.

A summary of the main model inputs is presented below for the two powertrains:
oncoming and offgoing gear number;

initial angular position and speed of each DOF;

ICE, BAS and EM torque request;

oncoming and offgoing clutch transmissible torque request;

synchronizer position request (only for the AMT variant).

Instead, the main model outputs correspond to the angular position and speed of each
DOF.

The models used for each powertrain component are described in the following

paragraphs.
ICE
The engine shaft dynamics is described by:
Ticgeq(t) — Te(t) = Jicg,eq@ice(t) (1)
Jiceeq = Jice + Jsmur + Jem + JpasThas (2)

where Tycg ¢q(t) is the sum of the ICE and BAS torque and w,¢g(t) is the angular
acceleration of the crankshaft. Moreover, Jicg, Jsyr, Jem and Jgas are respectively the
inertia of the ICE, SMF, clutch mechanism and BAS inertia. T, is the transmission
ratio of the belt connecting the BAS to the crankshaft.

The torque transmitted through clutch T, (t) (or dual-clutch unit for the DCT variant) is
computed using a LuGre dynamic friction model ([23, 24]). This dynamic model allows to
simulate different friction regimes, i.e., pre-sliding and sliding, without requiring any
switching functions. In particular, as opposed to static models, LuGre formulation
accounts for the small pre-sliding displacements that occur in standstill friction conditions
at which the friction force is a function of displacement ([24]).

The physical limitations on torque and speed for ICE and BAS are considered. The
maximum and minimum torque that can be provided by these components are expressed
as a function of the crankshaft angular speed.

Clutch damper

A torsional damper is incorporated in each clutch; modeled as a two-stage damper with
piecewise linear stiffness and hysteresis.

The spring element generates restoring torque Ttqs - (t) based on stiffness k.4 (t) thatis a
function of the angular position difference between the DOF corresponding to the clutch
disc (located before the damper) and the primary shaft 8.4 ;(t) — 6, ;(t).

Therefore, for the offgoing gear transmission path:

Teasor (8) = kea(t) (Beapr (6) = B0 (0)) 3)
On the other hand, the energy dissipation introduced by the clutch damper is modeled
using a Coulomb friction model (smoothed through a hyperbolic tangent function) ([23])
based on the clutch damper hysteresis Ty, 14, (t) Which is also a function of 8.4 ;(t) —

gps,j(t):

Wed,pr (t) - wp,pr (t)> (4)

Tranpr(t) = Totan(t) tanh (3 doma
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The total torque transmitted by the clutch damper is then:

Ttd,pr ) = Ttds,pr(t) + Ttdh,pr(t) (5)
Finally, the dynamic equation of the clutch is:
T, ) - Ttd,pr t) = ]cd,pr,l(bcd,pr (t) (6)

where J¢q ,r1 18 the inertia of the clutch disc (part of its total inertia located before the
damper) and @4, 1s the angular acceleration of the clutch disc.

The clutch damper torque and the clutch disc dynamics for the transmission path related
to the oncoming gear, Ty ,(t) and w.q,(t), are computed in a similar manner. Note that
for the AMT variant, the subscripts n and pr are not needed for these variables since
there is only one clutch damper and gearbox input shaft (see Figure 2).

AMT and EM

A stick diagram of the AMT is visible in Figure 4. The transmission is composed of:

a dry clutch;

an input/primary shatft;

two output/secondary shafts (upper and lower) that are linked to the differential ring gear
via pinion gears;

synchronizers mounted on the secondary shafts.

Note that the reverse gear is not represented in the figure.

The primary shaft dynamics can be described by:

Tsyn(t) .
Ttd(t) - pr(t) - TGB(t) = ]p,equ(t) (7)
]p,eq :]p + Jea,2 (8)

where [, and /.4, are respectively the inertia of the primary shaft and the clutch disc
(portion located after the damper). 755(t) is the transmission ratio according to the
engaged gear.

“[insert Figure 4.]”

Figure 4. AMT schematic layout.

The bearings that support the transmission shafts introduce a torque loss (namely T, (t)
for the primary shaft, Tgp, ,,,-(t) and Ty, , (t) for the secondary shafts and T, (t) for the
differential) computed as the sum of two contributions: Coulomb friction (computed
similarly to the friction losses of the clutch damper) and viscous damping.

To model the torsional dynamics of the synchronizers a switching model is developed:
whenever a gear is engaged, the synchronizer is considered as a gear mesh. During the
synchronization of the speed of input and output shaft, the synchronizer is modeled as a
friction element.

The torque transmitted through the synchronizers when a gear is engaged is computed
considering constant contact stiffness kg, and damping cgyp,:

Tsyn(t) = ksyn (Hp—(t) - Hs(t)> + Csyn (wp_(t) ws(t)> (9)

T (t) Tep(t)
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where 6, (t) and w,(t) are the angular position and speed of the secondary shaft. As
mentioned before, the flexibility of transmission shafts is neglected, thus implying that
the motion of both secondary shafts is the same.

During the synchronization of primary and secondary shafts, that occurs each time a new
gear is to be engaged, the torque passing through the synchronizer is computed using a
dynamic LuGre friction model ([23, 24]). Note that for the AMT, it is obviously assumed
that only one synchronizer can be transmitting torque.

The equation governing the secondary shaft motion is:

Tap(6)  Tps(t) .
Toyn() + Tom (Do = Top(t) === = 2=2= = Jqs(®)  (10)
d d
h
where _ (11)
st (t) - st,pr(t) + st,n(t)

Ja
]s,eq = ]s,pr +]s,n +]EMTLZ~?M + Jpruy + T_z (12)

d

Tgpm(t) is the torque provided by the EM. Ts(t) is the half-shaft torque. Js j, Jem, Jpru,
and J,; are the inertias of the secondary shafts, EM, PTU and differential. tgy, is the
transmission ratio provided by the PTU and t is the final ratio.

As for the ICE, the maximum and minimum values of the EM torque are expressed as a
function of the angular speed.

DCT and EM

A stick diagram of the DCT is visible in Figure 5. This transmission system is composed
of:

a Dual-Clutch Unit (DCU) composed of dry clutches;

two concentric input/primary shafts (the inner one, carrying the odd driving gears, and
the outer one the even driving gears);

two output/secondary shafts (upper and lower) that are linked to the differential ring gear
via pinion gears;

synchronizers mounted on the secondary shafts.

Note that the reverse gear is not represented in the figure.

The two layouts shown in Figure 5 and Figure 4 are similar, due to the fact that the DCT
here presented was designed starting from the AMT. The fact that one transmission is
derived from the other provides the opportunity of making a fairer comparison. Since
several components are similar, differences in the vehicle performance are likely to be
related to the functioning principle of each transmission technology rather than to the
components.

The dynamics of the primary shaft related to the offgoing gear can be described as:

Tsyn,pr(t) .
Ttd,pr (t) - pr,pr(t) - prr(t) — 2O~ ]p,pr,eq Wy pr (t) (13)
Tpr(£)
]p,pr,eq = ]p,pr +]cd,pr,2 (14)

where T, (t) is the torque loss introduced by the bearings located between the primary
shafts, 7;(t) is the transmission ratio of the DCT and J4 j » is the inertia of the clutch disc
(part of its total inertia located after the damper). For the primary shaft where the
oncoming is mounted, a similar expression is used.

“[insert Figure 5.]”
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Figure 5. DCT schematic layout.

Since the synchronizers of the current and oncoming gear are assumed to be engaged
before the gearshift maneuver starts, a friction model is not needed for these components
as it was necessary for the AMT variant. Hence, the synchronizers are modeled as a gear
mesh with constant stiffness and damping (see Eq. (9)).

The equation governing the secondary shaft motion is:

Tap(t) . Ths(t)
Tsyn,pr(t) + Tsyn,n(t) + TEM(t)TEM — st (t) _ db ) hs

T4 T4 (15)
=] s,eq Wy (t)
Ja
]s,eq :]s,pr +]s,n +]EMTLZ~?M + Jpru +T_2 (16)
d
Half-shafts
The half-shafts are simply modelled as linear stiffness and damping elements:
3 65 (t) ws ()
Ths(t) - khs - Hw(t) + Cps - ww(t) (17)
Tq Tq

where k;; and ¢, are the equivalent stiffness and damping coefficients, 6, (t) and w,, (t)
are the angular position and speed of the driving wheels respectively. Note that for
simplicity, the motion of the right and left wheel on the same axle is considered to be the
same.

Wheels

The developed model has a DOF for each wheel. Pacejka’96 transient nonlinear tire
model ([25]) is used to compute the longitudinal forces exchanged at the wheel/road
contact. Hence, the dynamics of a single driving wheel is given by:

Ths(t) - Fx,Dr(t)rw - Trr,Dr(t) = ]wd)w,Dr(t) (18)
while for the driven wheels it holds:
Fx,dr (t)rw - Trr,dr(t) = ]w(bw,dr (t) (19)

where Fy p, and F, 4, are the outputs of the tire model. T, p,- and T} 4, are the rolling
resistance torques for each wheel, w,, p, and w,, 4, are the angular acceleration of the

driving and driven wheels respectively. J,, is the inertia of a single wheel and 7, is the
tire radius.
The rolling resistance torque can be calculated as:

v2 (1)
Trr,j (t) = Fz,j(t) <CO,rr + Cirr T'_2> (20)

w
where ¢, and ¢y, are the rolling resistance coefficients. v(t) is the vehicle

longitudinal speed and F ;(t) is the vertical load acting on the tire. Longitudinal load
transfer for the estimation of the instantaneous tire vertical load is also considered.
Vehicle road load
The vehicle possesses only one DOF, corresponding to longitudinal motion. The vehicle
longitudinal dynamics is given by:

2Fx,Dr(t) - 2Fx,dr(t) - Faer(t) - Eg(t) = Ma(t) (21)
where M is the vehicle mass, a is its longitudinal acceleration, F,, is the acrodynamic
drag force and Fj is the road grade force.
The aerodynamic drag force is computed as a quadratic function of the vehicle speed:
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Faer () = %paerAvcaervz(t) (22)
where pg,., 1s the air density, A, is the vehicle frontal area and c,,, is the aerodynamic
drag coefficient.

For the grade force it holds:
F,(t) = Mg sin(a(t)) (23)
where a(t) is the road grade angle. Since the road is assumed to be flat the gravitational

force F"Q 1S zero.

Metrics for gearshift quality assessment

The metrics employed to assess gearshift quality are selected to allow an objective
evaluation of the developed control strategies performance in terms of vehicle drivability
and energy consumption.

Shift comfort

Generally speaking, longitudinal acceleration is the main parameter used to evaluate
vehicle drivability. During gearshifts, the vehicle longitudinal acceleration variation
should be as smooth as possible. Hence, the metric used to judge drive comfort will be
jerk, i.e., the derivative of acceleration ([26]), as done in [11, 17]. When evaluating
vehicle drivability using its longitudinal acceleration, the usual practice is to only
consider frequencies equal or lower than 10 Hz ([27]). This can be justified by the fact
that the different parts of the human body have resonant frequencies in the 1 to 10 Hz
range ([28]).

Based on the previous considerations, a filter is applied to the vehicle longitudinal
acceleration before computing jerk. The filter used is a 3™ order lowpass digital
Butterworth filter with a cutoff frequency of 10 Hz.

The Jerk RMS (Root Mean Square) value has been used in several studies to evaluate the
effects of gearshift control strategies on vehicle drivability ([ 14, 19]). This parameter can
be computed as:

t
Jerkgys(t) =\/é f]erkz(t) dt (24)
to

In addition, another parameter used is the maximum and minimum jerk peak difference
during the entire gearshift process ([11]), i.e.:

]erkmax/min = Jerkmax — JeTkmin (25)
Vehicle performance

In terms of vehicle performance, it is desirable to complete the gearshift maneuver as fast
as possible while satisfying the torque request expressed by the driver. Hence, three
parameters are considered to assess the vehicle performance:

gearshift duration: tys;
mean vehicle longitudinal acceleration: a;

http://mc.manuscriptcentral.com/jauto
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mean torque error: Ty, o
To quantify how well the torque request is satisfied, the absolute difference between the
requested torque and the total torque at the transmission output is computed as a
percentage of the torque request. i.e.:

T (t) _ Tw,rq (t) - Tw,tot(t)

w,err Tw,rq (t)
where T,,, -, (t) is the torque request at the wheels and T,,, ;o (¢) is the total torque at the
transmission output.
Note that high T,,.- is inversely proportional to performance. To assess gearshift
performance, the mean value is used.
The total torque at the gearbox output reported at the wheels must be computed
differently for each transmission layout. For the AMT, it holds:
Twtot(t) = (Tc(t)TGB (t) + Tsyn(t) + Ty (t)TEM)Td (27)

whereas, for the DCT variant it yields:

100 (26)

Tw,tot(t) = Z Tej(®) T + Tgn (D TEy | Ta (28)
Jj

Shift efficiency

As mentioned before, energy dissipation during clutch slip should be limited to reduce
fuel consumption and increase component life. In the present work, the total clutch energy
loss is considered as a parameter to assess shift efficiency. The energy dissipated by the
clutches is computed as the integral of the power loss:

ty
E, is(0) = j > T (D (8) (29)
to 5

where ws j(t) is the clutch angular slip velocity. Note that this parameter is also a
measure of durability (clutch wear).

Torque fill energy consumption

It was noticed in simulation that a variable related to the differences between the two
powertrain variants is the mechanical energy required from the EM to satisfy the torque
request at the wheels, i.e.:

Eem(t) = f

to
where wgy (t) is the EM angular speed.

tr
Tem(®Owepy (t) dt (30)

Torque request during gearshifts

If the engine does not deliver as much power as expected, this is perceived by the driver
as a symptom of poor vehicle drivability ([29]). During gearshift maneuvers, the torque
delivered to the wheels should reflect the driver’s intentions expressed in terms of the
Accelerator Pedal Position (APP) ([19]). Hence, the torque request at the wheels 1is:
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Tw,rq (t) =T, (t)Tan (31)

where T,,(t) corresponds to the torque that would be provided by the ICE if the requested
gear was already engaged.
The Engine Control Unit (ECU) receives a percentage based torque request and processes
this input to generate the actual torque request ([30]), i.e.:

Tn(t) = ICEmap (APP(t), ws(t)rn) (32)
The variable ICEy,,y, is a stationary torque map in which the output is a function of the
APP and crankshaft speed.
The transition between the torque request at the wheels computed considering the
transmission ratio of the offgoing gear and the one determined in Eq. (31) is smoothed by
means of a first order transfer function. Note that the value of the time constant could be
adjusted to modify the trade-off between powertrain responsiveness and jerk intensity.

Gearshift control for HEV powertrains equipped with
AMTs

As for all the gearshift control strategies presented in this paper, the algorithm developed
for H-AMT is designed aiming at reducing as much as possible the oscillations in the
vehicle longitudinal acceleration while satisfying the driver’s torque request in the
shortest possible time.

The controller design in this study is carried out separating the entire gearshift process into
six consecutive phases in analogy with what it is shown in [12] and [11] for a traditional
AMT and a TGF-AMT respectively. The gearshift phases are (see Figure 7):

Phase I: Go-to-slip.

Phase II: Opening the clutch completely.

Phase III: Disengage current gear / Speed synchronization / Engage new gear.

Phase IV: Prepare to start closing the clutch.

Phase V: Clutch slip control for engagement.

Phase VI: Close the clutch completely.

Exit conditions for each of these phases are established and used to switch between
consecutive phases.

The designed controller relies only on speed measurements that are usually available in
automated commercial vehicles:

ICE angular speed;

transmission input shaft angular speed;

transmission output shaft angular speed.

The controller output signals are:

torque request to EM;

torque request to ICE;

clutch transmissible torque request;

synchronizer position request.

In order to satisfy the request to the ICE, the BAS will produce the maximum torque; the
remaining power necessary to fulfill the request will be supplied by the ICE. In addition,
the clutch transmissible torque request is translated into a position command for the
clutch actuator. Instead, a synchronizer position request will trigger the intervention of
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the low-level controllers responsible for either disengaging the offgoing gear or bringing
the oncoming synchronizer to the sure engaged position (see section 5.3).

The maximum and minimum physical torque limitations of the ICE, BAS and EM are
considered when creating the controller output signals. Furthermore, the response delay of
powertrain actuators is also taken into account. In particular, for the ICE and the EMs,
first order systems are considered ([22, 30]). A rate limit is considered for the clutch
transmissible torque variation ([17]). The main parameters employed to model the
mentioned response delays are:

rate limit for clutch transmissible torque variation: £4000 Nm/s;

time constant for ICE: 2.7/w,cg(t) with w;cg(t) being the ICE angular speed in rad/s;
time constant for EM and BAS: 0.0013 s.

The main objectives, control outputs and exit conditions established for each phase are
discussed in the following. Furthermore, in appendixes II and III, the exit conditions
together with the main controller parameters are presented for both variants of the
powertrains.

Phase I: Go-to-slip

The goal of this phase is to reduce the offgoing clutch transmissible torque until slippage
starts.
This phase can be considered as a preparation stage before the actual gearshift maneuver
starts. It was seen in simulation, for the two powertrain architectures studied, that
requesting the torque computed in Eq. (32) before the offgoing clutch starts to slip could
result in undesirable driveline oscillations. Hence, in the first phase, the torque request at
the transmission input is computed based on the transmission ratio of the offgoing gear
as:

Tyr(t) = ICEpmqy (APP (1), ws(D)T,y) (33)
For all the other phases the torque request is computed as explained in section 4.
In the simulations presented in section 8, it is assumed that the powertrain operates in
ICE only mode before the gearshift control takes over, i.e., Tgy (t) = 0 and Tjcg oq(t) =
Tpr (1).
The clutch transmissible torque is ramped from its maximum value towards zero. The
time duration of the transmissible torque ramp (0.1 s) is selected based on the capabilities
of the clutch actuators.
For the exit condition for phase I, the clutch is required to slip, i.e., T, .(t) < T,(t). Note
that the torque passing through the clutch is computed with Eq. (1) based on the
crankshaft speed measurements.

Phase II: Opening the clutch completely

The main goal is to open the clutch completely while meeting the torque request at the
wheels. Hence, the clutch transmissible torque continues to be ramped down as in the
previous phase.

The EM connected to the AMT output allows to compensate for the difference between
the torque passing through the clutch and the request at the wheels. It is worth
mentioning, that the EM torque is kept positive during all the phases of the control logic
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to avoid stressing the mechanical components of the transmission. This is also valid for
the DCT powertrain variant.

The torque request to the ICE is computed using a PI controller superimposed to a
feedforward term:

Ticgeq(t) = PI ((UICE,ref(t) - wICE(t)) + [Te(6) + Jicpeq@icerer ()] (34)
The ICE reference speed wcg rer(t) is computed to keep the clutch slip velocity
positive:

wICE,ref(t) = ajs(t)rpr + A(‘)th,pz (35)

In order to avoid wasting energy forcing the crankshaft to follow the speed oscillations of
the secondary shaft, the mean value of the transmission output shaft angular speed @ (t)
(calculated online) is used when creating the ICE speed reference. Moreover, a high
enough speed threshold Awy, 5, (20 rad/s) is selected to force positive slip. When the
clutch is slipping, the torque is equal to the transmissible torque and its sign corresponds
to that of the slip velocity ([23, 24]). Hence, a linear trend of reduction of the clutch
transmissible torque will imply a linear increase of the EM torque request which is
preferred to other control signals with higher dynamics. The latter consideration arises
from the fact that powertrain actuators are not able to respond immediately to a given
command, therefore, torque requests to the EM with lower dynamics are more likely to
be fulfilled.
The clutch must be completely open at the end of the second phase.

Phase III: Disengage current gear / Speed synchronization /
Engage new gear

The objectives are to disengage the current gear and to use the oncoming synchronizer to
force the speed of the primary shaft to match the speed of the secondary shaft with the
new gear ratio so that the oncoming gear can be engaged.

Therefore, the first action undertaken is to completely disengage the outgoing
synchronizer. Only then, the ingoing synchronizer is commanded to move until its
friction elements are in contact, thus allowing to perform the speed synchronization
process. Note that, besides supplying for the torque request at the wheels, the EM needs
to compensate for the torque that will be transmitted through the friction elements of the
synchronizer.

Moreover, the ICE torque is computed as in Eq. (34). The ICE reference speed is ramped
from the final value it had on the previous phase towards the speed that the primary shaft
would have once the requested gear is engaged (w4 (t)T;,). A high enough angular speed
threshold Awp 3 (40 rad/s) is considered to pursue positive slip velocity. At the end of
the speed ramp, the reference becomes: wjcg rer(t) = ws(t) T, + Awep p3.

Phase III ends when the next gear is completely engaged, i.e., when the speeds of primary
and secondary shaft are almost the same, thus allowing the ingoing synchronizer to reach
the fully engaged position.

Phase I'V: Prepare to start closing the clutch
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This phase is added to guarantee that there is positive slip velocity at the time at which
the clutch starts to be closed. Hence, the clutch is kept open and the EM is responsible for
supplying the torque request at the wheels while the ICE is controlled as in phase II.

The exit condition is that the clutch slip speed must be higher than a certain threshold (30
rad/s).

Phase V: Clutch slip control for engagement

In this phase, the clutch re-engagement is performed. As explained in [11, 15 and 18], a
clutch engagement with both slip speed and acceleration equal to zero leads to minimum
driveline oscillations. Hence, a parabolic trend is used as a reference for the ICE speed

([11]):

1cEpa — Ws(£)Ty ( ; )2
— ths

wicerer (t) = ws(t) Ty “ (36)

where w;cg 4 18 the ICE speed reference at the end of phase IV. In case the exit
conditions are not satisfied at the end of the parabolic fillet, the speed reference is set
equal to the speed of the primary shaft. Note that the ICE torque request is computed
according to Eq. (34).

In the meantime, the clutch transmissible torque is ramped in open loop towards the
current value of the torque request at the transmission input T,,(t). At the end of the
torque ramp, the request becomes T, (t) = T, (t).

As in previous phases, the EM supplies the difference between the torque requested at the
wheels and the one passing by the clutch.

As it can be inferred from the previous remarks, the clutch slip speed is required to be
within a certain small threshold (2 rad/s) before the end of this phase.

Phase VI: Close the clutch completely

In order to conclude the gearshift maneuver, the clutch needs to be completely closed.
Therefore, its transmissible torque is ramped towards its maximum value T ¢ gy -
During this phase, the ICE is commanded to provide the requested torque,

i.e., Ticgeq(t) = T, (t), while the EM supplies the difference between that same request
and the torque actually passing through the clutch.

Gearshift control for HEV powertrains equipped with
DCTs: Upshift maneuvers

For the DCT variant of the powertrain architecture of interest, two different control
strategies for upshift and downshift maneuvers are presented. The reader is referred to
[7-9] and [17] for more information about the gearshift process for both conventional and
hybrid DCTs. In this section, the control logic designed to improve gearshift quality
during upshifts is addressed.

Similarly to the previous controller, the gearshift process is divided into six consecutive
phases (see Figure 6-b):

Phase I: Go-to-slip.
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Phase II: Prepare for torque phase.

Phase III: Torque phase.

Phase IV: Inertia phase - Fast speed matching.

Phase V: Inertia phase - Clutch slip control for engagement.

Phase VI: Close the clutch completely.

The designed controller relies only on speed measurements that are usually available in
commercial vehicles:

ICE angular speed;

transmission output shaft angular speed.

The controller output signals are:

torque request to EM;

torque request to ICE;

clutch transmissible torque request.

For this powertrain, the same considerations stated for the AMT variant apply, regarding
the use of the output signals and how the response delay of powertrain actuators is
accounted for.

Phase I: Go-to-slip

The output signals and exit conditions of this phase are generated similar to what it is
explained in section 5.1. The clutch whose transmissible torque is ramped down is the
offgoing one. Instead, the oncoming clutch is kept fully open.

Phase II: Prepare for torque phase

The main objective of phase II is to have enough torque available at the DCT input to
enforce positive slip on the offgoing clutch in the next phase when power starts being
transmitted by the oncoming clutch.

During this phase, the transmissible torque of the offgoing clutch continues to be ramped
towards zero as in the previous one while the EM compensates the torque passing
through the DCU to meet the request at the wheels.

The torque request to the ICE is computed using a PI superimposed to a feedforward
term:

Ticgeq(t) = PI (CUICE,ref () — wICE(t))

+ [Tc,pr(t) + Tc,n(t) +]ICE,eq(bICE,ref (t)]
The ICE reference speed is computed to keep the clutch slip velocity positive: a threshold
high enough above the primary shaft speed is chosen (20 rad/s).
The offgoing clutch is required to slip before the end of this phase, i.e., Ty ¢ (t) <
T; pr(t). In addition, its transmissible torque must be equal or lower than the minimum
between the 70 % of the maximum available torque at the transmission input (ICE +
BAS) and the actual torque request. The latter condition is established to ensure that there
is enough available torque at the transmission input to guarantee positive slip velocity at
the offgoing clutch in the following phase. This can be seen as a saturation of the torque
transmitted by the offgoing clutch, i.e.:

(37)

http://mc.manuscriptcentral.com/jauto



Page 17 of 48

oNOYTULT D WN =

Journal of Automobile Engineering

_ min(0.7 Ty max ()T, T () 75)

To,c,pr = (38)

Tpr
with

Tin,max (t) = TICE,max (t) + TBAS,max (t) (39)
where Tjcg max (t) and Tpas max (t) are the maximum torque available from the ICE and
the BAS.

Phase III: Torque phase

The goal is to completely open the offgoing clutch and to start transmitting power
through the oncoming clutch while meeting the torque request at the wheels.

The control of the slip velocity at the offgoing clutch is the main challenge. As explained
in phase II, to ensure there is enough available torque at the transmission input, the
transmissible torque is saturated. Instead of controlling both clutches to transmit the
torque necessary to supply for the request Ty, (t), the minimum value between this
quantity and the 70 % of the maximum available torque at the DCT input computed with
Eq. (39) is considered. In addition, a PI is used to introduce a correction to the
transmissible torque request aiming at achieving the desired slipping rate. Based on the
previous considerations, it holds:

(min (0-7 Tin,max (t)' Tn (t)) - Tc,n (t)) Tn
g (40)

+ PI (wcs,ref(t) - wcs(t))
Note that the angular slip speed reference is ramped from the initial value at the
beginning of this phase towards the desired target (20 rad/s) to avoid discontinuities in
the transmissible torque.
The transmissible torque of the oncoming clutch is ramped towards the desired value at
the transmission input, i.e., min (0.7 Tyymax(£), Ta()). in open loop.
Finally, the EM and the ICE are controlled as in the previous phase.
The exit conditions require the offgoing clutch to be open.

To,c,pr(t) =

Phase I'V: Inertia phase - Fast speed matching

The goal is to decrease as fast as possible the speed of the ICE towards the speed of the
oncoming clutch. In the subsequent control stage, in order to perform a smooth clutch
engagement, the slip speed is controlled more carefully.

During phase IV, the ICE torque is computed as in Eq. (37). The reference speed is
computed to match a certain threshold 4wy, ;4 (40 rad/s) above the angular speed of the
oncoming clutch. A ramp is imposed in order give a continuous reference to the ICE.
After the speed ramp is undertaken, the reference becomes: wjcg rer(t) = ws(t)T, +
Awip py-

Moreover, the transmissible torque of the oncoming clutch is ramped towards its target
value in open loop. After the end of the transmissible torque ramp, the request is:
Ty,cn(t) = T,(t). Note that the EM is used to compensate the torque passing through this
clutch to meet the power request at the wheels.
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This phase ends once the slip speed on the oncoming is within a certain threshold (45
rad/s).

Phase V: Inertia phase - Clutch slip control for engagement

The goal is now to achieve a very precise control of the slip velocity at the oncoming
clutch in order to have smooth clutch engagement. As previously stated, this is achieved
when the slip speed and acceleration at clutch lock-up are close to zero.

As for the AMT variant of the powertrain, a parabolic fillet is imposed as a reference to
the ICE speed to force the angular slip speed and acceleration to be zero at the time the
clutch is engaged (see section 5.5).

In addition, the EM compensates the torque passing through the oncoming clutch
(controlled as in the previous phase) to meet the request at the wheels.

The same exit conditions established for phase V of the AMT control logic are
considered (see section 5.5).

Phase VI: Close the clutch completely

The output signals and exit conditions are designed similarly to section 5.6 for the AMT
variant.

Gearshift control for HEV powertrains equipped with
DCTs: Downshift maneuvers

The control logic designed to improve gearshift quality during downshifts is divided into
four consecutive phases (see Figure 9-b):

Phase I: Go-to-slip.

Phase II: Inertia phase - Fast speed matching.

Phase III: Torque phase - Clutch slip control for engagement.

Phase IV: Close the clutch completely.

The required inputs and outputs correspond to those of the algorithm developed for
upshift maneuvers.

Phase I: Go-to-slip

This phase is undertaken as explained for the upshifts (see section 6.1).

Phase II: Inertia phase - Fast speed matching

The goal of this phase is to increase as fast as possible the speed of the ICE towards a
certain threshold (40 rad/s) above the speed of the oncoming clutch. The torque request to
the ICE is computed as described for the upshift maneuvers during phase IV (see section
6.4). The duration of the speed ramp (0.3 s) is selected in order to provide a suitable
reference for the crankshaft speed according to the capabilities of the powertrain actuators.
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The offgoing clutch is controlled to minimize clutch slip losses. Hence, its transmissible
torque is ramped to compensate the difference between the maximum torque available
from the EM and the actual torque request. Note that, since the latter component is used
as a torque fill device, the clutch will be fully open (thus eliminating slip losses), if the
EM alone can deliver the whole requested torque. Once the transmissible torque ramp is
undertaken, the request to the offgoing clutch becomes:

T.(t)t, —T )t
To,c,pr(t) — n( ) n TEM,max( ) EM (41)
pr

where Tgp max (t) is the maximum available torque from the EM.
In order to validate the transition to the next phase, the ongoing clutch slip velocity must
be equal or higher than a certain threshold (40 rad/s).

Phase III: Torque phase - Clutch slip control for engagement

In order to realize a very precise control of the slip velocity on the oncoming clutch, the
ICE torque request is computed as explained for phase V of the upshift control strategy
(see section 6.5). In addition, for the clutch slip control to exploit the maximum of the
DCT capabilities, the oncoming clutch is also controlled to help reducing of the driveline
oscillations at the time of engagement. Therefore, its transmissible torque is ramped
towards the value requested by the driver while a PI is used to introduce a correction
aiming at enforcing the desired slipping rate:

Ta (1)
Toen(t) = 2t + PI (wICE,ref(t) - wICE(t)) (42)
p3
where t,3 is the duration of the transmissible torque ramp (0.1 s). After t,5 the

transmissible torque is:

To,c,n(t) = Tn(t) + PI ((‘)ICE,ref(t) — WicE (t)) (43)
The speed reference seen in Eq. (42) and Eq. (43) is the same used to generate the ICE
torque request (see section 6.5).
The offgoing clutch, if not already open, is required to compensate the difference
between the torque request and the torque passing through the oncoming clutch. The
maximum value that the transmissible torque can take is the one at the end of the
previous phase.
Finally, the EM continues to be used as a torque fill device.
The offgoing clutch must be completely disengaged at the end of this phase. In addition,
the slip velocity in the oncoming clutch is required to be within a small threshold (2
rad/s).

Phase IV: Close the clutch completely

The last phase of the algorithm described in this section is identical to the last phase of
the upshift control strategy (see section 6.6).

Simulation results

http://mc.manuscriptcentral.com/jauto



oNOYTULT D WN =

Journal of Automobile Engineering Page 20 of 48

Simulation results are presented and analyzed to illustrate the effectiveness of the
gearshift control strategies designed for the two variants of the powertrain. In addition,
the results are also used to establish the benefits and limitations of the two transmission
systems.

For each of the gearshift maneuvers, the powertrain model is initialized starting at a
predefined speed from which the vehicle is driven using only the ICE to satisfy the torque
request at the wheels. In all the simulations performed, the gearshift process starts after
2.5s.

Moreover, the transmission ratios of the DCT and the AMT are set to be the same. In this
way, the differences seen in the vehicle performance are likely to be related mostly to the
functioning principle of each transmission technology.

Upshift maneuver: 1% to 2™ at 100% APP

Simulation results for a 1% to 2" upshift performed at 100 % APP are presented for both
the H-DCT and the H-AMT.

The upper plot of Figure 6 shows the speeds of the main driveline components, including
the ICE reference speed which is set to zero when the crankshaft speed is not being
controlled. Instead, the lower plot shows the torque request to the ICE and the EM
together with the clutches and synchronizers transmissible torque. The actual torque
passing through the clutches is also presented.

Note that for the H-AMT, phase IV is skipped since the clutch slip speed at the end of
phase III is above the specified threshold used as an exit condition for phase IV (see
section 5.4).

Due to the limited amount of braking torque that can be provided by the ICE and the
BAS, for the H-AMT, during phases III and V the ICE speed does not properly follows
its reference. This limitation does not lead to undesired vibrations thanks to the way in
which the EM is controlled. Instead, the H-DCT is able to properly follow the ICE speed
reference.

“[insert Figure 6-a.]”

a) H-AMT

“[insert Figure 6-b.]”

b) H-DCT

Figure 6. Speed and torque: 1¥ to 2™ at 100 % APP: (a) AMT; (b) DCT.
“[insert Figure 7.]”
Figure 7. Speed and torque (H-AMT): 4™ to 5™ at 100% APP.

Figure 7 shows the results of a 4™ to 5™ upshift performed at 100% APP by the H-AMT
in which the powertrain is able to follow the imposed reference speed considerably better.
This translates into an almost linear decrease during phase II (and increase in phase V) of
the torque passing by the clutch; consequently, the EM torque shows a very smooth
change rate, which is more likely to be successfully provided by the motor.

In a conventional (non-hybrid) AMT, speed oscillations in the primary shaft arise when
the torque starts again passing through the clutch, after the torque gap occurring during
the synchronization phase. In the H-AMT, thanks to the action of the EM, the secondary
shaft is never unloaded. This leads to two advantages: first, it reduces the input shaft
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vibrations at the beginning of phase V. Secondly, it enables the possibility of performing
the clutch slip control while the transmissible torque is being ramped-up, making the
gearshift process faster.

In addition, the energy required for torque gap filling from the EM by the H-AMT is
considerably larger than that of the H-DCT (see Table 2). Note that, given the
architecture of the AMT, during phase III, the EM has to supply the entire power request
at the wheels.

“[insert Figure 8-a.]”

a) H-AMT

“[insert Figure 8-b.]”

b) H-DCT

Figure 8. Acceleration and Jerk: 1% to 2" at 100 % APP: (a) AMT; (b) DCT.

In Figure 8, the longitudinal acceleration and jerk during the gearshift maneuver are
presented. A very smooth clutch engagement is achieved for both powertrain
architectures as indicated by the low jerk value at the end of phase V. As expected, based
on the fact that the H-DCT is able to follow better the ICE speed reference, the maximum
(absolute) jerk value for the H-AMT in phase VI is higher than that of the other
powertrain (1.35 m/s’ vs. 0.55 m/s”). Furthermore, Figure 8 shows that the main jerk peak
is due to the increase in the torque delivered to the wheels to satisfy the request expressed
by the driver. However, using a time constant of 0.05 s for the torque request transition,
the maximum jerk value is always under 10 m/s’. In [31], the experiments conducted
shown than a value greater than 10 m/s® is perceived by the passengers as uncomfortable.
Table 2 presents the value of the gearshift quality metrics described in section 3. In terms
of the vehicle performance and shift comfort, it can be seen that the results obtained for
both powertrains are similar. Note that the torque request at the wheels is satisfied
slightly better by the H-DCT as quantified by its mean torque error. Instead, by looking at
the energy consumption indicators, it can be noted that the H-DCT presents a
significantly higher energy loss due to clutch slip (two clutches are slipping during the
gearshift instead of one). On the other hand, as explained when discussing Figure 6, the
energy requested from the EM is larger for the H-AMT. The global energy balance made
considering these two indicators shows that the H-DCT is more energy efficient during
upshifts.

Table 2. Gearshift quality criteria: 1 to 2" at 100 % APP.

Gearshift
quality Parameter H-AMT  H-DCT
criteria
tys [s] 0.696 0.545
Performance a [m/s2] 2.942 2.933
T err [%] 1.680 0.742
Shift Jerkpus 2.482 3.290
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comfort [m/s3]
k .

Jerkmaxmin 13696 14,008

[m/s3]
Shift

E. 4 . .
officiency c.ais K] 0.825 10.624
Torque fill
energy Egy [KJ] 47.702  9.839

consumption

8.2 Downshift maneuver: 4™ to 3 at 100% APP

Simulation results for a 4™ to 3™ downshift at 100% APP are presented for both H-DCT

and H-AMT.

Table 3. Gearshift quality criteria: 4™ to 3 at 100% APP.

Gearshift
quality Parameter H-AMT  H-DCT
criteria
tys [s] 0448  0.438
Performance a [m/s2] 1.648 1.641
T err (%] 0.946 0.803
][;r/lzgiv’s 3.166  3.238
Shift
comfort Jerk .
max/min 10375  11.165
[m/s3]
Shift
E. 4is [k 0.272 0.352
efficiency cais [K]
Torque fill
energy Egy [KJ] 24.352 22915

consumption

Differently form the upshift maneuver, during downshifts, the ICE reference speed is
followed well by both powertrains, as shown in Figure 9. Furthermore, it is worth noting
that, to minimize clutch slip energy losses for the H-DCT, the EM works as a torque fill

device similarly to the H-AMT (see section 7.2).
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“[insert Figure 9-a.]”
a) H-AMT
“[insert Figure 9-b.]”
b) H-DCT

Figure 9. Speed and torque: 4™ to 3 at 100% APP: (a) AMT; (b) DCT.

Figure 10 shows that the torque request at the wheels is matched well by both powertrain
variants. This is also expressed by the low mean errors reported in Table 3. Moreover, the
effect of the actuation delay of the EM can be appreciated at the times in which the
offgoing clutch is being opened or the oncoming one is being engaged. In those instances,
the EM is not able to compensate the torque passing through the transmission input in
order to meet the exact request at the wheels.

Similarly to upshifts, Figure 11 shows that clutch engagement is smooth.

Table 3 presents the values of the gearshift quality parameters for both powertrains. In
terms of vehicle performance and shift comfort, the value of the selected indicators is
almost the same for H-AMT and H-DCT. Moreover, since the EM is used in a similar
manner by both systems, the clutch slip losses and torque fill energy are also comparable,
with the H-DCT performing slightly better.

“[insert Figure 10-a.]”

a) H-AMT

“[insert Figure 10-b.]”

b) H-DCT

Figure 10. Torque at the wheels: 4™ to 3 at 100% APP: (a) AMT; (b) DCT.

“[insert Figure 11-a.]”
a) H-AMT
“[insert Figure 11-b.]”
b) H-DCT

Figure 11. Acceleration and Jerk: 4" to 3" at 100% APP: (a) AMT; (b) DCT.

Conclusions

In this paper, in order to assess gearshift quality and its impact on drivability, nonlinear
dynamic models of a series-parallel HEV are developed. Two variants of this powertrain
are studied: H-AMT and H-DCT. In both architectures, an EM is connected to the
driveshaft through a mechanical coupler enabling full or partial compensation of the
torque gap during gearshifts. Thanks to the model features, the first torsional mode of the
driveline can be correctly estimated and an assessment of the vehicle drivability can be
exploited.

Gearshift control strategies for both powertrains are developed: the proposed algorithms
are simple to implement and tune since they are based on PI controllers.

The results obtained for both HEV architectures are promising in terms of vehicle
dynamic performance. One fundamental advantage is that for the H-AMT it was possible
to significantly reduce the torque gap during gearshifts, while keeping the mechanical
complexity of the system lower with respect to H-DCT. The simulations allow to assess
that the main differences in performance take place during upshift maneuvers where the
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energy requested from the EM is larger for the H-AMT. Hence, during this type of
gearshifts, the H-DCT is shown to be more energy efficient. Instead, during downshifts,
in order to minimize clutch slip losses for the H-DCT, the EM works as a torque fill
device, similarly to the H-AMT; thus the energy consumption indicators of the
powertrains are comparable.

Further work should focus on different topics: experimental validation of the developed
models, onboard implementation of the proposed controllers, assessment of the controller
robustness against disturbance and of the interaction of the proposed algorithms with
energy management strategies.
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Appendix |

Abbreviations

AMT

APP

BAS
DCT
DCU
DOF
ECU
EM

Automated Manual Transmission
Accelerator Pedal Position

Belt Alternator Starter
Dual-Clutch Transmission
Dual-Clutch Unit

Degree Of Freedom

Engine Control Unit

Electric Machine

H-AMT Hybrid Automated Manual Transmission
H-DCT Hybrid Dual-Clutch Transmission

HEV
ICE
MT
PI
PTU
RMS
SMF

Hybrid Electric Vehicle
Internal Combustion Engine
Manual Transmission
Proportional-Integral controller
Power Transfer Unit

Root Mean Square

Single Mass Flywheel

TPBVP Two-Point Boundary-Value Problem

Notation

a
A
APP

Vehicle longitudinal acceleration
Area
APP
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ICE

Jerk

END ORI T NI T A

Subscripts

N = O

aer
BAS

cd
cm
cs

db
dis
dr
Dr
eq
err
ex
EM

gs
GB
hs
in
ICE

Journal of Automobile Engineering

Generic coefficient
Energy

Force

ICE

Rotational inertia

Jerk

Torsional stiffness
Vehicle mass

Radius

Time

Torque

Vehicle longitudinal speed
Road grade angle
Angular speed difference
Angular position
Density

Transmission ratio
Angular speed

Initial condition
First element
Second element
Aerodynamic resistance
BAS

Clutch

Clutch disc

Clutch mechanism
Clutch slip

Final drive

Final drive bearing
Dissipative element
Driven element
Driving element
Equivalent element
Error

Exit condition

EM

Final element
Road grade
Gearshift

Gearbox

Half-shaft

Input

ICE
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map Map

max Maximum value

max/min Peak-to-peak value

min Minimum value

n New element

0 Clutch transmissible torque

p Primary shaft

pb Primary shaft bearing

pbr Primary shaft relative bearing
pj J" phase

pr Previous element

PTU PTU

ref Reference

rq Required element

T Rolling resistance

RMS RMS

S Secondary shaft

sb Secondary shaft bearing

syn Synchronizer

SMF SMF

td Torsional damper

tdh Torsional damper hysteretic element
tds Torsional damper restoring element
th Threshold

tot Total value

% Vehicle

w Wheel

X Longitudinal direction

z Vertical direction

Appendix II

The main control parameters are presented below.
H-AMT

Table 4. Controller parameters: H-AMT.

Phase Parameter Value

Transmissible torque ramp

duration 0.1s

Transmissible torque ramp

duration 0.1s
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1
2
3
4 20
5 ICE speed reference threshold rad/s
6
7 40
8 ICE speed reference threshold
9 rad/s
10 0l
11 ICE speed reference ramp 015
12 duration
13
14 40
15 v ICE speed reference threshold
16 rad/s
17
18 Transmissible torque ramp
. 0.1s
19 duration
20 V
21

ICE i
i . speed reference parabolic 01s
fillet duration

25 Vi Transmissible torque ramp

26 duration 0.05s

29 H-DCT: upshift maneuvers

31 Table 5. Controller parameters: H-DCT (upshifts).

Phase Parameter Value

36 Offgoing clutch transmissible

. 0.1s
37 torque ramp duration

39 Offgoing clutch transmissible

. 0.1s
torque ramp duration

43 ICE speed reference threshold 20
44 rad/s

46 Offgoing clutch slip speed target 20
rad/s

50 " Offgoing clutch slip speed

. 0.1s
51 reference ramp duration

53 Oncoming clutch transmissible

. 0.1s
torque ramp duration
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ICE speed reference threshold 20
rad/s
Oncoming clutch transmissible 01s
torque ramp duration '
ICE speed reference threshold 40
A
rad/s
ICE speed reference ramp 0.5
duration
Oncoming clutch transmissible 01s
torque ramp duration '
V
ICE speed reference parabolic
. . 0.1s
fillet duration
Vi Oncoming clutch transmissible 0.05s

torque ramp duration

H-DCT: downshift maneuvers

Table 6. Controller parameters: H-DCT (downshifts).

Phase Parameter Value
Offgoing clutch transmissible 01s
torque ramp duration '
Offgoing clutch transmissible 01s
torque ramp duration ’

40
Il ICE speed reference threshold
rad/s
ICE speed reference ramp
. 0.3s
duration
Oncoming clutch transmissible 01s
torque ramp duration )

I

ICE d ref boli
speed reference parabolic 01s

fillet duration
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Oncoming clutch transmissible

. 0.05s
torque ramp duration

Appendix III

Exit conditions for each of the three control logics developed are presented below.
H-AMT

Table 7. Exit conditions: H-AMT.

Phase Exit condition

I Clutch slips: T, . (t) < T,(t)

Il Clutch is open: T, .(t) = 0 Nm

Speeds of primary and secondary shaft
are within Aw,y 3 (0.5 rad/s):

1" |wp(t) - ws(t)Tnl < A(‘Uex,p3

Synchronizer reaches the fully engaged
position

Clutch slip speed is higher than Aw,y 4
\Y, (30 rad/s): |w;cg(t) — ws ()T, | =
AO‘)ex,pél

Clutch slip speed is within Awey 5 (2
rad/s): |wcg(t) — ws(t)Tnl < Awex,ps

VI Clutch is fully closed: T, - (t) = Ty cmax

H-DCT: upshift maneuvers

Table 8. Exit conditions: H-DCT (upshifts).

Phase Exit condition

I Offgoing clutch slips: Ty ¢ ;) (t) < T ()

I Offgoing clutch slips: Ty ¢ - (t) < Ty (t)
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Offgoing clutch transmissible torque is
equal or lower than the minimum
between the 70 % of the maximum
available torque at the transmission input
and the actual torque request:

min(0.7 Tinmax(®)Th, Tn(t)rn)
T

To,c,pr <
pr

11 Offgoing clutch is open: T, ¢, (t) = 0

Oncoming clutch slip velocity is equal or
v lower than Aw,y 4 (45 rad/s):

Wicg (t) - ws(t)Tn < Awex,pz}

Oncoming clutch slip velocity is within
Vv AWy ps (2 rad/s):

|a)ICE(t) - ws(t)Tnl < Awex,pS

Oncoming clutch is fully closed:

To,c,n(t) = To,c,max

Vi

H-DCT: downshift maneuvers

Table 9. Exit conditions: H-DCT (downshifts).

Phase Exit condition

I Offgoing clutch slips: Ty ¢ ;- (t) < T ()

Oncoming clutch slip velocity is equal or
I higher than Aw,y ,,, (40 rad/s):

wicp(t) — ws()Ty = Aweypr

Oncoming clutch slip velocity is within
AWy p3 (2 rad/s): |wicp(t) — ws(D)Tyh| <
Il AWy p3

Offgoing clutch is open: T, ., (t) = 0

v Oncoming clutch is fully closed:
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To,c,n(t) = To,c,max
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Figure 1. Powertrain layout
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