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Abstract

In this paper, energetic loss models in the events of shifting gear and starting engine in a parallel Hy-
brid Electric Vehicle equipped with an Automated Manual Transmission (AMT) will be introduced.
The optimal control algorithm for the start-stop, power split and gear shift problem based on Dynamic
Programming-Pontryagin’s Minimum Principle control approach is used to evaluate the effect of gear
shift and engine start losses on the optimal solution. Furthermore, with preview route information avail-
able, a model predictive control algorithm is utilized to investigate the achievable fuel savings with re-
spect to the prediction horizon. Under influence of the gear shift loss, simulation results of the prototype
hybrid passenger car disclose a superior fuel efficiency property of the powershift AMT over its normal
AMT counterpart. Sensitivity analysis of the traction force interruption time in a gear shift process can
give a new perception on fuel economy benefit of powershift transmissions (e.g. automatic, dual clutch,
powershift AMT, etc.) over a normal AMT. The study also reveals a minimum prediction length of 4s
required for the design of such a realtime implementable controller to get the possible maximum fuel
economy level under the impact of the engine start loss.

Keywords: gear shift loss, engine start loss, hybrid electric vehicle, dynamic programming-Pontryagin’s minimum
principle, model predictive control.

1 Introduction

Design of the Energy Management Strategies
(EMSs) for Hybrid Electric Vehicles (HEVs) in
general aims at optimally choosing the power
split between the internal combustion engine and
the electric machine to improve fuel economy,
[1-15]. For full HEVs equipped with discrete ra-
tio transmissions, e.g. Automated Manual Trans-
mission (AMT), the operating points of the hy-
brid powertrain are not only defined by the power
split but also by the start-stop state and the gear
position. Hence, by further optimizing the start-
stop and gear shift strategies, fuel economy of
the vehicle is improved substantially compared to
the EMSs optimizing only the power split. Con-

sequently, the controller allows: i) the transmis-
sion to shift earlier and at higher frequencys; ii)
the engine to stop and restart more frequently,
for fuel economy benefits, see in [1,2,6—-14]. For
each event of gear shift or engine start, there is an
amount of energy loss. So, it is worth to concern
these losses when the number of shifts and starts
is at considerable amount for a certain drive cy-
cle. However, none of the mentioned published
papers has been addressing the relevant gear shift
and engine start losses, and thus analyzing their
effects on the control strategies of the vehicles.
Therefore, this study will focus on these issues.

Regarding to the gear shift, a shift decision will
encounter a change of the engine rotating dynam-
ics, a possible clutch operation loss and a con-
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sequent vehicle velocity loss due to interrupted
traction torque. Hence, any later compensation
for the earlier gear shift loss might cost addi-
tional fuel. For a decision of restarting the en-
gine, apart from the traction torque required at
the wheels, an extra torque from the electric ma-
chine is needed for cranking up the engine from
stand still and compensating the friction loss in
clutch. This would consume an amount of elec-
tric energy which sometime later can cost the fuel
for recharging. Engine combustion takeover af-
ter the cranking phase for each engine start pro-
cess should also be considered. In summary, on
highly dynamic drive cycles with high frequent
stop-go patterns, the number of gear shifts and
engine starts will increase and thus the fuel con-
sumption might increase.

Therefore, this study will bring the aforemen-
tioned aspects, regarding the losses of shifting
the gear and starting the engine, into the EMS [1]
to analyze their influences on fuel economy. It’s
worth to mention that the proposed EMS for a
parallel HEV equipped with an AMT, optimally
control not only the power split but also the en-
gine start-stop and gear shift. The control method
based on a combination of Dynamic Program-
ming (DP) and Pontryagin’s Minimum Princi-
ple (PMP), so-called DP-PMP, improves the fuel
economy significantly and possesses a fast com-
putation maner, and thus suitable for the purpose
of this study. First of all, a sensitivity study of
fuel economy with respect to the gear shift com-
mand is conducted towards a gear shift hystere-
sis strategy implementation to get rid of the shift
busyness and haunt. A gear shift loss model cap-
turing the main shifting characteristics is intro-
duced and incorporated in the EMS for fuel econ-
omy evaluation. Then, a sensitivity study of the
traction torque interruption time during a gear
shift process can reveal a new perception of fuel
efficiency advantage of powershift transmissions
compared to non-powershift counterparts as ap-
pheci) in commercial vehicles. In addition, an en-
gine start loss model corresponding to the pro-
totype HEV is built and considered in the EMS
design to reflect its effect on fuel consumption.
Model Predictive Control (MPC) for the HEV,
[2], appears to be a possible candidate for real-
time implementation when using preview route
information. Therefore, the impact of predic-
tion horizon length on the achievable fuel sav-
ings of the HEV under the engine start loss is
necessary to be investigated for such a realtime
implementable control algorithm.

The content of this paper is organized as follows.
The hybrid powertrain model is given in Sec-
tion 2. The optimal control problem for the en-
gine start-stop decision, the power split and the
gear shift is introduced in Section 3. Gear shift
loss model and its influence on the fuel economy
will be discussed in Section 4. Engine start loss
model and the related control problem are ad-
dressed in Section 5. Prediction horizon length
sensitivity study on fuel economy resulted from
the corresponding predictive control algorithm
under the impact of engine start loss is given in
Section 6. Finally, the conclusions are given in
Section 7.
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2 Hybrid Powertrain Model

Aiming at deriving an EMS, the quasi-static
models of the powertrain components are used
and simulated with a time step of one second.
The system dynamics faster tllian 1Hz are ig-
nored [23]. The clutch system is considered as
a discrete switch to connect and to disconnect
the engine immediately to and from the driveline.
The energy losses during the clutching process of

ear shift and engine start are addressing explic-
itly in the section 4 and 5 respectively.
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Figure 1: A parallel hybrid electric vehicle topology.

The start-stop system can be modeled by using a
discrete state variable s.(k) to represent the en-
gine on-off state.

se(k) =

1 if engine on,
{ s (1)

0 if engine off.

We ignore the engine drag torque during decel-
eration phase due to the disconnection of engine
from the driveline and engine shut down. For a

certain engine speed we(k), the fuel consump-

tion model is zzlpproximated as an affine piece-
wise second order function of the engine power

P.(k). The fit coefficients ag, a1, az are depen-
dent on engine speed.

1 (Pe(k), k) ~ (aoP2(k)+a1 Pe(k)+az)se(k).

(2)
The electric machine efficiency 7, is assumed to
be constant. Therefore the power P, (k) flowing

in and out of the electric machine in motoring
mode and generating mode is expressed as fol-
lows.

Pm(k) = nmPelec(k) (lf motoring);

1 3
— Ppiec(k)  (generating). )

m

Pn(k) =

We assume the battery state of energy es(k) to
be in a nominal range [Es min, FEsmaz) such
that its effect to the efficiency model can be ig-
nored. Hence, the electrical power Pgj..(k) can
be approximated as a quadratic function of the
chemical power Ps(k) as

Poec(k) = boP2(k) + b1 Py(k) 4+ ba.  (4)
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The gearbox efficiency model is assumed to be
constant 74 for all gears. The torque and speed

relations in the driveline of hybrid electric vehi-
cle are given by

Tw(k) = Ty(k)rg (ng(k))ng, (5)

_ ( ) _
ww (k) = m, wm (k) = wy(k). (6)

where Ty,(k) is the transferred torque at the
wheels (assumed equal to output torque of the
transmission); Ty (k) is the input torque of the
transmission; 74(ng(k)) denotes the discrete
gear ratio depending on the gear position n4(k);
wy (k) is the wheel speed; w,, (k) is the electric
machine speed and wy (k) is the transmission in-

put speed.
At any time step k, the power flow equilibrium
in the parallel hybrid powertrain topology is ex-
pressed as

Pe(k) :Pg(k)+Pm(k) (7

with Py (k) is the power flow at the transmission
input.

3 Hybrid Powertrain Control Al-
gorithm

3.1 Optimal Control Problem Formula-
tion

Given a drive cycle v(k) with time length
of N, find an optimal control law u*(k) =

[ut.(k), P¥(k), u}(k)], which are the optimal
control variables for battery state of energy, start-
stop system and gear shifting reS})ectively, that

minimize the fuel cost functional J described by

N-1
J = nig(Pu(k
k=0

subject to:

we(k), k) At,  (8)

1. the hybrid powertrain dynamics,

Se(k + 1) = Se(kf) + Use( ) (9)
es(k+1) = es(k) + Ps(k)At,  (10)
nglk+1) = mg () +ug(H). (1)

2. the constraints on the speeds of the drivetrain
components,

We,min < We(k) < We,max» (12a)
0 < Wm(k) < Wm,mazx (lzb)
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3. the constraints on the engine power P.(k),
the electric machine power P,,(k) and the bat-
tery power Ps(k) are,

0 < Puk) < Pemas(we(k)), (13a)
Pm,min (wm(k)) ( ) < P (wm(k))

(13b)
Ps,min S Ps(k) § Ps,mama (130)

4. the constraints on the system states, which are
start-stop state and gear position,

0 1, (14)

<
< 6, 5)

IN A

with notice that the constraints on the engine on-
off state are described by (1),

5. the designed constraints at the end of the drive
cycle,

es( —65 + ZPS 65(0),

k=0
(16)

6. the constraints on the control variables,

0,1 it se(k) =0,
Use(k) = {[_1, 0] if se(k)=1. a7

ug(k) € {ug,mina =10, aug,ma:r:}7

(18)

wherein: At is the time step of the discrete sys-
tem; Ug min and Ug ;mq, are the lower and upper
bounds for the gear shift command u4 (k).

In this study, the upper and lower bounds of the
state variable es(k) are ignored by assumption
that the battery capacity is chosen properly such
that it never exceeds its bounds for increasing
lifetime and reliable operation. Battery operating
temperature is assumed to be under tight control.

3.2 Dynamic Programming-
Pontryagin’s Minimum Principle
Control Approach

DP-PMP control approach appears to be a good
candidate to solve the formulated optimal control
problem. For further details of this approach, in-
terested readers are referred to [1]. In summary,
DP is used in the outer loop to define the opti-
mal gear position and engine on-off state for the
whole drive cycle. PMP is used in the inner loop
to define the instantaneous optimal solution of
engine power at every time step with a certain
gear position and engine state.
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3.3 Gear Shift Command Sensitivity

From (11), the bounds of the gear shift com-
mand u, (k) determine the dynamic behavior of
the next gear position ny(k + 1), which eventu-
ally affects to the fuel economy of the vehicle.
From (18), ug min and g ma, are varied to in-
vestigate the sensitivity of the optimal solution
with respect to gear shifting dynamics. With a
6-speed transmission, the upper bound and the
lower bound on uy(k) are 5 and -5 respectively

whjch leads to five main cases of consideration
asin (19).

bzl ]
€ ) )
Ug maz 1 2

-3 —4 -5

31714715
The drive cycles chosen for testing the con-
trol algorithm are NEDC, FTP75, LA92 and
CADOC to represent real driving scenarios. Sim-
ulation results of fuel consumption for the case
[Ug min; Ugmaz] = [—1; 1] are shown in Table
1. Compared to this case, the relative fuel econ-
omy of the other cases mentioned in (19) is very
small (~ 0%). This means that increasing the
bounds on the gear shift command does not af-
fect fuel economy of the vehicle under control.
Or, in other words, choosing u,4(k) € {—1,0,1}
is the optimum gear shift command in terms of
the fuel economy and the engine speed variation
reduction during shifting.
Depicted in Fig. 2 are the graphical results for
NEDC, the gear shifting pattern, engine on-off
state and battery state of energy are almost the
same for five cases in (19) which further demon-
strates robustness of the controlled powertrain

system under uncertainty of the gear shift com-
mand bounds.

(19)

Table 1: Fuel consumption with gear shift command
bounds: [Ug min; Ug,maz] = [—1; 1].

Cycle | NEDC | FTP75 | LA92 | CADC
Fuel [g] | 300.5 480.3 | 530.8 | 1873.9

3.4 Gear Shift Hysteresis

The proposed control strategy allows the trans-
mission to shift as much as possible with max-
imum shift frequency (equal to the frequency
of the discrete powertrain system) for fuel sav-
ings. Actually, vehicles equipped with an AMT
can only shift the transmission under the respect
of so-called shift hysteresis to prevent the shift
haunting, i.e. shifting two times at two consec-
utive time steps and shifting back and forth, and
avoid losing the driveability. This practical issue
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Figure 2: Sensitivity study on the bound gear shift
command .

can be implemented into the EMS by imposing a
constraint of not changing gear within ny,,, time

steps after each previous shifting, described by a
general shift condition,

general shift condition

Uhys = ug(k - nhys) +eeet ug(k - 1);

if  upys ==10
Ug(k) S {_Loa 1}’

else

end

This means that a gear shift decision can only
make when a hysteresis time np,, is respected.

The powertrain dynamic system for control will
increase in dimension by an order of np,, — 1.

Therefore, ny,s > 1 will make the control sys-

tem more complicated and affect to the computa-
tion load of the control algorithm. Hence, in this
study npys = 1 is adopted for a reasonable com-
promise, which leads a simplified shift hysteresis
condition as in (20),

ug(k — 1)ug(k) = 0. (20)

Table 2: Gear shift hysteresis study.

Baseline Shift Hysteresis
Cycle E;fl No. | Fuel[g] | No. shift
NEDC| 3005 | 73 (3&%) 71 (-2.7%)
FTP75| 4803 | 423 E‘g;go) ;274%) S
LA92 | 5308 | 358 ?5’.12;,2) 179 (-50%)
CADC| 18739 | 651 (15712/;}2) ?21%5%) S
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Simulation results are shown in Table 2. The
relative fuel differences between the shift hys-
teresis case and the baseline are indicated in the
parenthesis. It depicts that the gear shift hystere-
sis strategy reduces the number of shift signif-
icantly, meanwhile the fuel economy impact is
small. The obtained results reveal the essential
role of shift hysteresis in removing the unneces-
sary shifts which do not affect the fuel economy
considerably.

4 Gear Shift Loss Model and
Control Problem

The gear shift process of an AMT-based vehi-
cle includes three chronological phases: 1) dis-
engaging the clutch; 2) shifting the transmission
to the expected gear; 3) and engaging the clutch.
The speed and torque profiles of both clutch and
engine during the shifting process are assumed
to be proll()erly controlled in every phase to en-
sure quick shifting, more comfort and and less
friction losses, etc., [18,25]. The energetic loss
model involved with a gear shifting process is de-
scribed in the next section.

4.1 Gear Shift Loss Model

A decision of shifting the gear is meaningful
when the vehicle is in acceleration or cruis-
ing modes wherein the engine is used as a pri-
mary mover to meet the required positive driving
torque at the wheels. Transmission can be shifted
up to accommodate the engine speed to the ve-
hicle speed changed for fuel economy, or even
shifted down, called kick-downshift, if higher ac-
celeration required or driving uphill.

During electrically driving mode (the electric
machine is used to solely propel the vehicle) or
deceleration mode (electric machine operates as
a generator to recuperate the kinetic energy), hy-
brid powertrain with the available start-stop func-
tionality can turn the engine off and disconnect it
from the driveline. Apparently, there is no slip-
page phenomena in clutch which leads to no en-
ergy loss involved. Gear shifting during these
driving modes can be assumed to occur imme-
diately.

In summary, only upshift and kick-downshift
events are under concern with the corresponding
gear shift loss models as follows.

4.1.1 Upshift loss

Fig. 3 demonstrates the simplified uniform pro-
files of speed and torque of engine and clutch in
an upshift process. Three phases of the shifting
process are indicated. The whole shifting pe-
riod, on average, can be assumed to be equiva-
lent to the time step of the EMS, Aty = At,
see [18-20,25].

In phase 1 (disengagement) & 3 (engagement),
engine torque and clutch transferred torque are
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controlled to have a declined and inclined pat-
terns to allow comfort disengagement and en-
gagement respectively. Hence, there exists slip
phenomena at the clutch to transfer traction force
to the wheels during these phases. The speed dif-
ference between both sides of the clutch are not
large such that an equality of engine and clutch
speeds can be assumed as a simplification. In
phase 2, the clutch is fully disengaged for shift-
ing the gear and there is a traction force inter-
ruption which finally results in a velocity loss for
an interval At;,;. Due to the engine drag torque,
engine speed is assumed to reduce to a synchro-
nization point corresponding to the clutch speed
at the next higher gear.

e phase 1 & 3, the engine torque can be aver-
agely approximated as

T,
Te,slip = ?e (21)

e in phase 2, the engine torque

Te,int =0 (22)

e average traction power incurred during a up-
shifting process due to clutch slipping

Atshift - Atint

e,slip — Le,slipWe
P,lp_T,lpw A (23)
tshift

A disengagement  shifting engagement

o

©

s

©

0]

10)

Q.

w

A
= «----- -
2 Afint
)
>
=)
e}

0 Time [s]

Figure 3: Simplified engine and clutch profiles for a
gear upshift.

4.1.2 Kick-downshift loss

Fig. 4 shows the typical profiles of engine
and clutch torque for a kick-downshift pro-
cess, see [18-20, 25]. It also consists of three
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phases. The clutch torque is zeros for the shift-
ing phase. Meanwhile the engine torque is main-
tained above zero to increase the engine speed up
to the synchronization point corresponding to the
clutch speed at the next lower gear. Hence the
engine torque model can be described as

e in phase 1 & 3, the engine torque,

Te + Teint
Te,slip = %@,n. (24)

e in phase 2, the engine torque

We — We

Te,int = JeTv
wnt

(25)

where J is the equivalent inertia on the en-
gine side (seen from clutch); w, is the en-
gine speed before shifting; w. is the clutch
speed after shifting.

e average traction power incurred during a
kick-downshift process due to clutch slip-

ping
Atgpife — Ating

Pe,slip = le slipWe A (26)
tshift
A disengagement  shifting engagement
)
ke]
1Y
O
)
o)
Q.
2]
A
L) “~-=-=-=-- >
é Alint
) —Te
o
e\ /4  mm=== Te
1
1 1
1 [} .
0 Time [s]

Figure 4: Simplified engine and clutch profiles during
a gear kick-downshift.

4.1.3 Velocity tracking loss

as similar to the analysis above, the vehicle trac-
tion force is totally lost during the phase 2 of a
gear shift process. During the phases 1 & 3, trac-
tion force is partially lost due to clutch slipping
requirement for gear change. Taking all these

Page 0130

traction force characteristics into account will re-
sults in an velocity loss for each gear upshift or
kick-downshift. Therefore, the vehicle needs to
accelerate more, later in the driving mission, in
order to compensate for the loss in each gear
shift. This will influence to the fuel economy
evaluation of the vehicle.

Apparently, the length of the power interrup-
tion in phase 2, denoted by At;,:, mainly de-
cide the effect level of gear shift loss on the vehi-
cle performance. In reality, the interruption time
Aty is varied according to the types of vehi-
cles and the clutch operation conditions [18,25].
Therefore, sensitivity study with respect to At
should be done for thorough analysis of gear shift
loss effect.

4.2 Optimal Control Problem with Gear
Shift Loss

Design of the EMS for AMT-based HEVs always
assumes the gear shift can occurs immediately,
which means that there is no torque interruption
at the wheels when shifting and the vehicle keeps
tracking the driving profile. This is only true
when the transmission possesses the power-shift
technology, see [25] for example, to enable the
traction force to be transferred to the wheel dur-
ing shifting. In reality, the consequence of a gear
shift activity is a loss of vehicle speed tracking.
To fulfill the required traveled distance at the fi-
nal destination, the vehicle must accelerate more
after each gear shift to compensate for the veloc-
ity loss during shifting.

As shown in section 3.4, the optimal control
strategy for HEV yields many shifts for fuel
economy improvement. Therefore, it’s a fair
evaluation of the gear shift contribution to fuel
benefit when having the gear shift loss model
incorporated in the EMS. As a consequence of
velocity tracking loss, the vehicle could not fol-
low a prior drive cycle, and thus the next vehicle
speed is gear position dependent. An EMS opti-
mizing further the driving profile (velocity, trav-
eled time) [21,22] is an appropriate solution for
the control problem with the gear shift loss model
involved. Such a control algorithm is compli-
cated and out of scope of this study. In order to
cope with velocity tracking loss, an appropriate
aEproach to fairly investigate the effect of gear
shift loss model on the fuel economy and evalu-
ate the trait of powershift property is introduced
as follows.

Powershift AMT: the EMS is designed with no
gear shift loss model taken into account. This
means the AMT has the powershift technology
to ensure the velocity tracking. Gear shift can
be performed instantly. The designed EMS op-
timizes the engine on-off state, power split and
gear shift.

Normal AMT: the hybrid powertrain is equipped
with an normal AMT. The gear shift loss model
is respect during the design process of the EMS.
The optimal gear shift strategy obtained from the
powershift AMT is now used as an prescribed
one for the normal AMT. To ensure the same av-
erage speed with the powershift AMT for a fair
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comparison on fuel economy, the next vehicle
speed is controlled by an integral regulator. The
powertrain is simulated in forward-facing man-
ner and the EMS optimizes the engine on-off
state and power split.

4.3 Simulation results

The gear shift hysteresis strategy is taken into ac-
count in the case of the powershift AMT to avoid
any gear shifting haunting pattern. Fig. 5 depicts
the zoom-in of one part of simulation results on
NEDC. It can be seen that when an upshift oc-
curs, acceleration is lost during the gear shift pro-
cess for the case of the normal AMT, see the red
dotted line. Right after each gear shift, a higher
acceleration compared with the powershift AMT
is required to compensate for the loss during the
gear shift before.

T 47
_‘m
e 2'

20t

v [km/h]

powershift AMT
— =— = normal AMT

48 52 56 60 64
Time [s]

Figure 5: Zoom-in on NEDC of simulation results of
powershift AMT vs. normal AMT.

=
N
o

=

[}

2 80

o

£

5 40

©

>

L o0 — T " 1
0.2 0.4 0.6 0.8 1

_ NEDC

X FTP75

) 20 LA92

@ CADC

(]

£ 10

©

©

E //,,_

= =

Z 0 . : . .

x 02 0.4 0.6 0.8 1

Atint [g]

Figure 6: Sensitivity results of fuel difference with
respect to a variation of interruption time ¢;,,;.

The results of a sensitivity study of the relative
fuel difference (by comparing the fuel consump-
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tion of normal AMT with that of the powershift
AMT) with respect to the variation of interrup-
tion time At;,; over the tested drive cycles is
shown in Fig. 6. The interruption is varied as,

Atine € {0.3, 0.4, 0.5, 0.6,

27
0.7, 0.8, 0.9, 1}[s],

to reflect the possible interruption time in a real
gear shift. Herein At;,; = 0.3s represents the
possible smallest time of actuating the synchro-
nizer for a gear change. Meanwhile At;,,; = 1s
represents the longest interruption time for pas-
senger cars. It notices that the slopes of the
torque profiles during disengagement and en-
gagement phases are unchanged for comfort rea-
son. In this study, the slip time for each phase is
chosen to equal 0.2s.
The relative traveled distances with both types
of vehicle are almost identical ensuring that the
drive missions for the normal AMT vehicle are
completed on time.

e The results shown in Fig. 6 reveal that for
longer interruption times, more fuel con-
sumption results for the normal AMT ve-
hicle compared with its powershift AMT
counterpart. The results on drive cycles
of FTP75, LA92 and CADC, representing
real driving missions, demonstrate the su-
perior fuel economy property of the power-
shift AMT compared to the normal AMT.
Therefore, reducing the interruption time in
the gear shifting process of the normal AMT
would reduce fuel consumption with a con-
siderable amount.

e On NEDC, the relative fuel consumption is
very small and even equal to zero at At;,; =
0.4. NEDC is a mild test drive cycle not
representing a real drive pattern. However,
from the fact of fuel equality of the driving
profile resulted by the normal AMT in com-
parison with the original NEDC, it discloses
a possibility of boosting fuel economy for
HEVs by further optimizing the driving pro-
file on a given driving distance and time
constraints.

e In an attempt of explaining the rationale
of the fuel benefit of the powershift AMT
over the normal AMT, dynamical analysis
of drive cycles is shown on Fig. 7. NEDC
shows itself less dynamic and less realis-
tic than the other drive cycles corresponding
with a lowest relative fuel difference. LA92
possesses a highest dynamical property to
result in a highest relative fuel difference,
see Fig. 6. It can be concluded that, the
more dynamic the drive cycle is, the more
relative fuel difference the result is. There-
fore drive cycles with many shifts required,
e.g. driving in urban area, are fuel econ-
omy potential for the powershift AMT ve-
hicle over the normal AMT vehicle.

e In commercial vehicles with normal AMTs,
due to large drivetrain component inertias
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Figure 7: Dynamical analysis of drive cycle.

and reliable operation of transmissions, the
interruption time is usually in order of 0.7-
1.0s and larger. So, by looking at the re-
sults for Aty = {0.7, 0.8, 0.9, 1}, the
average relative fuel differences on FTP75,
LA92 and CADC are 7.7%, 10%, 12.2%
and 15.3% respectively. Hence, it can be ob-
served that fuel efficient for the powershift
AMT over the normal AMT can be also held
for commercial vehicle class.

Furthermore, by reflecting these saving
amounts to other types of powershift trans-
missions, e.g. automatic and dual clutch
transmissions, taking into account the in-
trinsic loss in the case of automatic [16] and
friction loss of dual clutch slippage [17], it
might be inferred that fuel economy benefits
can be achieved with these powershift trans-
mission applications wherein the interrup-
tion time of gear shift process is large, e.g.
commercial vehicles. Nonetheless, simu-
lation study for automatic and dual clutch
transmissions is a prerequisite for support-
ing this general conclusion.

S Engine Start Loss Model and
Control Problem

5.1 Engine Start Loss Model

Full parallel HEV can utilize the electric ma-
chine positioned right after the clutch to start the
engine. By exploiting this advantage, the par-
allel hybrid powertrain can eliminate the tradi-
tional engine starter. The starting process can
be done through the chronological steps: 1) en-
gaging the clutch to transmit torque from elec-
tric machine to accelerate the engine from zero
to start speed; 2) after reaching the start speed,
engine will takeover by combustion to synchro-
nize its speed with the transmission input speed
before fully engaging the clutch. Consequently,
a decision of starting the engine would consume
electric energy and fuel. Moreover in the step one
of turning the engine up to its start speed, friction
loss occurring in the clutch is also compensated
through the electrical path. For simplification of
modeling the start loss, friction loss in the step
two can be neglected due to assumption of fast
engaging the clutch at synchronization point.
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In the context of designing an EMS, it can be as-
sumed that the whole starting process occurs in
one time step. Any decision to start the engine
at any time step k£ means that, the engine will be
ready to propel the vehicle on the next time step
k 4+ At. The model of the engine start is graphi-
cally displayed in Fig. 8. Therefore, the involved
loss models can be described as follows.

e [rad/s]

Te‘drag We,start [----oeeeeeeeenanyg %

Oc
We

0 5 —
Kk k+Atsar keAt L[]

Figure 8: Engine start model.

5.1.1 Engine crank loss

we assume that the crank step can last within
the average time interval Atg,.. The required
torque from the electric machine for cranking the
engine to start speed we s¢qr¢ 1S the torque trans-

ferred through clutch 7, defined as,

We,start

T.=J T
¢ At start T Hedrag: 28)
L op_ fOAtstart Tewedt _T We, start
° Atstart e 2 .

wherein T, 444 is the engine drag torque.

The transferred torque 7T is obtained by slipping
of clutch which induces a friction loss. With a
notation of clutch speed at the end of the starting
process is we, the clutch friction loss is,

Atsta'r‘t
Ec,loss = / Tc (wc — we)dt
0

_ / e (we — Lestart ) gy
0 ¢ ¢ Atstart

Atsmrt

—T (Wc _ We,start)

wherein w, = wy.
The averaged power loss at clutch,

E¢joss We, start
P = : =T - 29
c,loss N c (Wc 9 ) (29)

From (28) and (29), the total average required
power placed at the electric machine,

Pm,start = Pc + Pc,loss (30)
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5.1.2 Synchronization loss

after reaching the start speed we stqrt, the engine
takes over the synchronization with the transmis-
sion input speed by combustion. The energy loss
can be derived from engine start power,

J We — We,start

€eAL AL

At — Atstart

We + We,start
72 .

It should be noticed that, the electric machine is
assumed to operate under the nominal condition.
Therefore even in the case of electrically driving,
if engine start is required the surplus power from
nominal to peak values can fulfilled the required
power (30) for starting process.

Te,start =
(31
= Pe,start = Te,smrt

5.2 Simulation Results

Table 3: Fuel economy study with gear shift hystere-
sis engine start loss are taken into account. Relative
fuel is indicated in parathesis.

. Hysteresis; . No.
Cycle Baseline Start . loss Difference start
[e] el [e] L]

NEDC | 300.5 303.1 2609%) | 14

FTP75 | 480.3 489.9 9.6 2%) 85

LA92 | 530.8 540.2 9.4 (1.8%) | 86

CADC | 1873.9 1898.9 25 (1.3%) 196

The engine start loss model is incorporated in the
optimal control problem described in section 3.
The gear shift hysteresis is active to avoid un-
realistic shifting patterns. Simulation results are
shown in Table 3. It can be seen that, compared
to the baseline of no engine start loss and no gear
shift hysteresis, the maximum relative fuel dif-
ference is 2% on FTP75; the minimum relative
fuel is 0.9% on NEDC. Nonetheless, on CADC,
the absolute different fuel is largest (25g) corre-
sponding to largest number of start. Apparently,
the more vehicle starts the engine, the more fuel
is lost. Referring back to the simulation results
of the gear shift hysteresis shown in Table 2, it
can be recognized that, the engine start loss de-
teriorates fuel economy more than the gear shift
hysteresis does.

In summary, the effect of engine start loss on
fuel economy can not be ignored in seeking a fair
evaluation of an economy hybrid vehicle.

6 Prediction Horizon Sensitivity
Study

Losses involved with a discrete decision of either
shifting gear or starting engine have been consid-
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ered in the design of EMS to find out the theoret-
ical value of fuel savings. However, knowledge
of the whole drive cycle required for the designed
EMS is almost impossible to obtain before driv-
ing. In reality, knowledge of a driving segment
ahead the ongoing vehicle can be gained by pre-
diction technique using the preview route infor-
mation. Predictive control algorithm for hybrid
powertrain systems appears to be a suitable can-
didate to realize a fuel saving level as much close
to the theoretical value as possible.

6.1 Predictive Control Algorithm for
Hybrid Powertrains

In this section, we use a certain drive cycle as a
reference driving profile which is assumed to be
constructed from consecutive preview route seg-
ments of the whole driving mission. The Model
Predictive Control (MPC) problem for the proto-
type parallel HEV is formulated as follows.

Assuming that at current time step k the predic-

tion of vehicle speed 0(k) = [0(k+ 1|k), 0(k +
1K), ..., 9(k+ N.|k)]" is known over the hori-
zon N, find an optimal control law @*(k) =
[ag.(k), P*(k), ﬂ;(k)] that minimize the fuel
cost functional .J(k) over the entire prediction
horizon.

N.—1

gy =3 mf(ée(k +ilk), Pu(k + i),
1=0

ek + i|/~c)>At,
(32)

subject to the constraints (9) - (18) and,
Es,min S és(k + Nc|k) S Es,maam (33)

with

Ne—1
és(k + Nelk) = es(k) + > Pu(k+i[k)At.
=0

. (34)
wherein: i3 (k), Py (k) and ay(k) denote the
vectors of predictive optimal solutions over the
prediction horizon NN, at time step k.

The MPC problem is solved by using the al-
gorithm described in subsection 3.2. The pre-
dictive control approach is implemented in the
receding horizon control manner to realize a
real-time implementable algorithm when utiliz-
ing the predictive route information. Only the
first element of the defined optimal trajectories of
g (k), P2 (k) and ty(k) are applied to the hy-
brid powertrain system; for the next step k& + 1,
the whole optimization process is repeated with

the updated system states and new prediction of
the route horizon.
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The gear shift loss model can not be incorporated
in the MPC due to the velocity loss at each gear
shift resulting in the next vehicle speed depen-
dent on gear position. Hence, we assume that
the powershift AMT is equipped in the hybrid
powertrain. The gear shift hysteresis and the en-
gine start loss model are respect under the control
problem design.

6.2 Simulation Results and Discussions

Sensitivity results of the relative fuel difference
with respect to the prediction horizon N, are
shown in Fig. 9. The relative fuel difference is
obtained by comparing results of the MPC ap-
proach with that of the optimal control algorithm
presented in section 3.

The baseline MPC, see the upper plot, indicates
that with a short horizon of N, = 2, the predic-
tive controller realizes results very close to the
optimal solution. The relative differences of fuel
economy in steady state are very small, around
0.2%. However, for the case of the MPC with
gear shift hysteresis and engine start loss model,
from horizons N, = 4 and larger, the relative
differences of fuel economy are in steady state,
ranged from 1% (NEDC) until 3% (FTP75). The
obtained results reveal that at least a prediction
horizon of 4s ahead the vehicle is necessary to
achieve the most possible optimum fuel economy
level. Fortunately, a prediction of velocity profile
over a preview route segment with time length 4s
is almost possible for current technology of vehi-
cle onboard navigation system nowadays.
Sensitivity results of the calculation time with re-
spect to the prediction horizon for the MPC strat-
egy including the gear shift hysteresis and engine
start loss is shown in Fig. 10. The calculation
time is almost linear with the prediction horizon
length and smaller than the drive cycle length it-
self. This brings a realtime implementation pos-
sibility to the MPC-based control algorithm.

7 Conclusions

Design of EMSs for passenger HEVs equipped
with discrete-ratio transmissions required an op-
timal gear shift strategy for fuel economy benefit.
One gear up or down per shift is the most opti-
mum gear shift command in terms of fuel econ-
omy and engine operation comfort. Gear shift
hysteresis strategy plays an crucial role in reduc-
ing the shift busyness and haunt in a way of not
deteriorating fuel economy.

Regarding to the gear shift loss involved with a
gear shift event, it has been found by simulation
that a normal AMT hybrid vehicle suffers a sig-
nificant fuel economy reduction when compared
with a powershift AMT counterpart. It’s too early
to draw a general conclusion of fuel efficient ad-
vantage of a powershift AMT before experimen-
tal tests are carried out thoroughly. However, the
wide margin of relative fuel savings of a pow-
ershift AMT over a normal AMT shown in this
study can set a preliminary inference (in sim-
ulation) of fuel benefit of powershift transmis-
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Figure 9: Sensitivity results of the relative fuel dif-
ference with respect to the prediction horizon N, of
the MPC approach. Results of the baseline MPC is
shown in the upper plot. Results of the MPC includ-
ing the gear shift hysteresis and the engine start loss
is shown in lower plot.
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Figure 10: Sensitivity results of the calculation time
for MPC approach with respect to the prediction hori-
zon N.,.

sions, e.g. automatic, dual clutch or other types
of powershift, over non-powershift transmissions
for commercial vehicle application.

Any discrete decision of starting engine in a par-
allel HEV will induce a power loss which finally
affects to the optimal solution and thus can not
be ignored in the design of EMS. The model pre-
dictive control algorithm utilized the engine start
loss model effectively in yielding the possible
shortest prediction horizon such that the highest
fuel economy level can be realized.

Prospects of future research are widely og)ened
from this study. An investigation of the effect of
gear shift engine start losses on the control strate-
gies for a commercial vehicle equipped with an
AT or dual clutch transmission is necessary. This
helps to verify the fuel benefit of the power-
shift transmissions in comparison with the non-
powershift ones in commercial vehicle class.

Appendix: Vehicle Parameters

The main parameters of the HEV are given in Ta-
ble 4.
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Table 4: Main parameters of the HEV.

Quantity [ Descriptions

Diesel engine

maximum torque of 200Nm,
maximum power of 68kW.

Electric machine

maximum torque of 20Nm,
maximum power of 6kW.

Li-ion battery

capacity of 6Ah, T10V.

AMT

6-speed type,
rg = [3.817, 2.053, 1.302,
0.959, 0.744, 0.614].

Vehicle mass

1320kg.
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