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Multidisciplinary Design Optimization for hybrid electric vehicles:

component sizing and multi-fidelity

P. G. Anselma' & C. Boursier Niutta' & L. Mainini"-> & G. Belingardi'

Abstract The electrification of road vehicle powertrains
has recently gained growing interest worldwide as an effec-
tive solution to comply tightening regulations on CO2 emis-
sions. In hybrid electric vehicles (HEVs), multiple power
components, such as internal combustion engine, electric
motor/generators and battery system, are included in the
powertrain to improve vehicle performances, thus involving
an increase of the powertrain envelope and of the overall
vehicle mass. Larger vehicle mass affects the design of the
structural framework, which expands its envelope to meet
safety requirements. The expansions of both powertrain sys-
tems and structural framework are indeed constrained by
the limited vehicle widthtrack, which demands for tradeoff
studies at early vehicle design phases to achieve a feasible
solution while optimizing performances related to different
design disciplines. These particularly include proper sizing
of power components to achieve optimal fuel economy ca-
pabilities and accurate design of structural components to
satisfy crashworthiness criteria while minimizing the asso-
ciated structural mass. In this framework, the achievement of
a globally optimal solution requires a cooperative develop-
ment process that addresses the design problem accounting
for all these disciplinary contributions in an integrated man-
ner. This paper proposes a Multidisciplinary Design Opti-
mization (MDO) framework for the preliminary design of a
power split HEV powertrain accounting for crashworthiness
requirements. A multidisciplinary feasible optimization ar-
chitecture is particularly illustrated that includes a sequen-
tial scheme to evaluate the disciplines and a direct search
method as the global system optimizer. Different sizes are
swept for the internal combustion engine, the electric mo-
tors and the planetary gear ratios. A multi-fidelity approach
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is considered for the crashworthiness analysis, to assess the
feasibility of powertrain configurations. Results show that,
including crashworthiness analysis in the MDO formulation
of the design problem, the identified optimal design differs
from the outcome of a powertrain-only based optimization
process. Particularly, benefits in terms of global solution fea-
sibility and associated computational cost are achieved. The
presented methodology allows to efficiently integrate pow-
ertrain analyses and crashworthiness constraints and it is
suited for the early design of HEVs.

1 Introduction

ICE vehicles are to be redesigned into Hybrid Electric Ve-
hicles (HEV) in order to satisfy pollution constraints and
customers requirements. However, the presence of batteries
and of additional power components (i.e. electric machines
and inverters) as well as the increase in the total supplied
power consistently affects the vehicle design. Particularly,
an expansion of powertrain global envelope and a signficant
increase of vehicle mass are observed. Consequently, struc-
tural design with respect to crashworthiness requirements
has to be reconsidered.

In this study, we address the conversion of a conventional
ICE vehicle into a HEV. The electrical components are com-
monly sized to minimize fuel consumption through a suited
choice of the powertrain energy management strategy (Sil-
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vas et al. (2017)). The additional electrical components,
such as the motor/generators MG1 and MG2 depicted in
Figure 1, increase the total supplied power, resulting in an
expansion of the demanded powertrain envelope. In addi-
tion, the electrical components and the batteries together
contribute to significantly increase the overall mass of the
vehicle, which in turn affects the response of the vehicle in
case of impact. In impact events, the structure of the vehi-
cle must absorb the kinetic energy through deformation of
its structural components. In particular, the deformation of
frontal crash boxes allows to prevent any intrusion in the
cabin, guaranteeing passengers safety. Larger vehicle mass
results in an increased kinetic energy to absorb in case of ac-
cidents. As a consequence, the structural framework devoted
to the absorption of kinetic energy consistently expands its
envelope in order to meet the safety requirements. However,
for the constraints on vehicle widthtrack, the expansion of
the structure framework results in conflicts with the need for
lager powertrain envelope. The feasibility of the system is
thus compromised and constitutes a major challenge for the
designers.

The feasibility of the system is particularly crucial in early
design stages. At this time, engineering systems are usually
decoupled into subsystems according to their function. Each
subsystem is then optimized within specific constraints.
However, early design stages are characterized by uncertain-
ties associated with limited information and lack of knowl-
edge about system configuration. These uncertainty contri-
butions particularly affect constraint functions and compro-
mise the robustness and reliability of the results computed
with the optimization process (Duddeck and Wehrle (2015)).
The system feasibility is thus challenged. The electrifica-
tion of a conventional ICE vehicle involves many decisions,
such as those related to the design of motor/generators and
of vehicular structural framework, which result in turn in
uncertainty contributions. Given the conflicting physics of
the illustrated problem, assuring the system feasibility from
early design stages is of critical importance. In addition, the
optimization process is usually time-consuming, requiring
several runs to assess the optimal design. The counterposed
expansions of powertrain systems and structural framework
thus stimulate the formulation of a specific strategy which
allows to optimize performances related to the different de-
sign disciplines, while achieving a globally feasible solu-
tion.

This paper proposes a Multidisciplinary Design Optimiza-
tion (MDO) framework specifically developed for the pre-
liminary design of the HEV powertrain which accounts for
crashworthiness requirements. The Multidisciplinary Op-
timization framework, here a Multidisciplinary Feasible
(MDF) architecture, allows to transfer information related
to the different disciplines. In particular, the constraint on
vehicle widthtrack can be accounted, while optimizing each

discipline. MDO approaches have been largely adopted in
literature to consider design environments with multiple dis-
ciplines (Agte et al. (2010)). Common MDO procedures
for the design of complex systems decompose a large de-
sign problem into smaller discipline-related sub-problems
(Guarneri and Wiecek (2016)). These can be subsequently
solved by adopting dedicated algorithms and numerical
tools. Recent examples can be found in literature that ap-
ply the MDO approach in the field of electric vehicles: Zhao
et al. (2018) developed an MDO architecture for the chas-
sis integrated system of electric wheel vehicles. A variable-
fidelity MDO architecture was considered by Wang et al.
(2017) to interface the powertrain efficiency with the bat-
tery life-time maximization for an electric vehicle. MDO ar-
chitectures can be divided into single level (or monolithic)
and multiple level, according to the optimization task being
considered all at once or hierarchically distributed into dif-
ferent levels (Yi et al. (2008)). Among single level MDO
architectures, the multidisciplinary feasible approach finds
widespread applications. The main advantage of MDF is
that the system optimizer deals only with design variables
(not including discipline responses), thus limiting the size
of the design space. Nevertheless, the MDF might exhibit in-
creased computational burden to execute the complete mul-
tidisciplinary analysis at each design iteration (Hulme and
Bloebaum (2000)). Therefore, special steps may have to be
taken when applying MDF to the specific MDO problem.
In this paper, HEV powertrain performances and crashwor-
thiness capability of the structural framework are simulta-
neously optimized. A feasible design configuration for the
hybridized vehicle, which is in turn the globally optimal
solution, is thus obtained. In particular, powertrain perfor-
mances are evaluated when crashworthiness criteria are sat-
isfied, which drastically reduces computational time. Crash
behavior of structures is analyzed through a multi-fidelity
approach, in order to accurately establish the feasibility of
powertrain configurations, while containing the computa-
tional cost.

The paper is organized as follows: the problem setup is
firstly detailed with reference to the different disciplines
here considered. Then, the vehicle models for powertrain
components sizing and crashworthiness study are discussed.
The developed MDO architecture for the considered design
problem is thus presented. Finally, the electrification of a
road vehicle is addressed with and without the proposed
methodology: simulation results are illustrated and conclu-
sions are given.

2 Problem setup and background

The electrification of road vehicles requires novel vehi-
cle design solutions which consider both the sizing of power
components and the expansion of the vehicular structural
framework to meet safety requirements. Recent studies have
addressed the problem of vehicles electrification, analyzing
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both the powertrain and the structural framework. Dux et al.
(2012) considered the electrification of a C-Segment car.
They showed that the conversion from an ICE vehicle into
a full electric vehicle affects the crashworthiness design of
the structure. However, as the internal combustion engine
is substituted with an electric drivetrain, the expansion of
the structure framework does not result in conflicts with the
envelope required by the electric powertrain. The design of
mechanical components, aiming at increasing safety and re-
liability of battery packs, has been addressed in many works
(Arora et al. (2016)). Other studies have proposed solutions
for the crashworthiness design of front structures of electric
vehicles (Lin et al. (2018)).

Thanks to the increasing computational power of modern
calculators, transient nonlinear finite element analyses can
be performed to assess crash behavior of structural compo-
nents. Finite element analyss currently represents the most
accurate and time-consuming response. These high-fidelity
models are generally used in later design stages, when the
structure is worth to be investigated with accurate numer-
ical simulations (Duddeck and Wehrle (2015)). Structural
optimization under crashworhtiness considerations requires
several runs to assess the optimal design, which significantly
increases the computational effort. In order to reduce the
computational cost, which cannot be tackled only with faster
computers, many approaches have been proposed over the
years. Surrogate model based optimization is among the
most used solutions. Surrogate models can be divided in
two categories: mathematical surrogates and physical surro-
gates (Duddeck and Wehrle (2015)). According to the first
approach, a mathematical surface is constructed as interpo-
lation or regression of system responses. Example of this are
reported by Avalle et al. (2002), where three different auto-
motive structures subjected to impact are optimized through
the response surface method. Xu (2014) proposed an ex-
tended surrogate modeling technique, embedding engineer-
ing knowledge. This resulted in both an increased accuracy
and in a reduction of required samples. Other approaches
consider local approximations of system responses in or-

der to increase the accuracy of the surrogate model by re-
ducing the design domain (Cadete et al. (2005), Hou et al.
(2007)) and accounting for discontinuous responses with re-
spect to the design domain (Boursier Niutta et al. (2018)).
Physical surrogates are generally adopted in early develop-
ment phases, due to the lack of knowledge. Physical surro-
gates can be based either on simplified version of accurate
finite element models or on analytical and semi-analytical
models. Wierzbicki and Abramowicz (1983) proposed one
of the most used models of energy absorption mechanism of
thin walled structures. Abramowicz and Jones (1984) devel-
oped theoretical predictions of axial progressive crushing,
while Kecman (1982) studied theoretically the bending col-
lapse of thin walled structures. Recent studies have used a
combination of high- and low-fidelity models. By combin-
ing information coming from both models, it is possible to
reduce computational effort without renouncing to accuracy
(Jansson et al. (2003)).

In the electrification of ICE vehicles, the design of elec-
trical components, i.e. the motor/generators and the trans-
mission system, allows to manage power fluxes, optimiz-
ing performances. Many sizing methodologies for HEVs
have been proposed in recent years. The sizing procedure
and optimization algorithms relate to the analyzed HEV lay-
out, particularly due to the choice of the powertrain energy
management strategy (Silvas et al. (2017)). Considering se-
ries HEVs, Liu et al. (2007) presented a sizing method-
ology combining sequential quadratic programming with
a genetic algorithm. The HEV optimization problem was
approximated by a nonlinear convex problem by Murgov-
ski et al. (2012), using heuristics for the ICE on/off oper-
ation and gear selection. The sizing procedure for a paral-
lel HEV can be generally implemented using genetic algo-
rithms (Madanipour et al. (2015)) or particle swarm opti-
mization (Niiesch et al. (2012)). On the other hand, optimal
component sizing of power-split HEVs exhibits increased
complexity, especially in the case of multimode operation.
Power-split architectures are the most successful and repre-
sent a large portion of the current population of HEV pow-
ertrains. They consist of one or multiple planetary gear (PG)
sets, which are very compact and can realize a continuously
variable transmission. The PG sets constitute the power split
device (PSD), which is responsible for directing the power
fluxes between the HEV powertrain components. Recently,
a new trend considers the addition of clutches to a power-
split hybrid transmission in order to achieve different op-
erating modes. Each specific case of vehicle operation (i.e.
launching, accelerating, cruising at high speed, and regen-
erative braking) can be thus optimally suited. A common
approach for the component sizing of these HEVs is repre-
sented by exhaustively searching in the considered design
space (Zhuang et al. (2016), Anselma et al. (2019c¢)).

The problem of the conversion of standard ICE vehicles into

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



HEV still has open questions. In particular, given the con-
straint on the vehicle widthtrack, the conflicting expansions
of powertrain envelope and structural components have not
been sufficiently addressed. This paper presents a multidis-
ciplinary approach which allows to couple and account for
information related to the different disciplines. The HEV
powertrain performance and the crashworthiness capability
of the vehicular structural framework are simultaneously op-
timized while accounting for the constraint on the vehicle
widthtrack. The multidisciplinary approach leads to a feasi-
ble solution. A sequential scheme is adopted which evalu-
ates crash performance first. The global optimizer defines at
each iteration the powertrain configuration with its related
envelope and mass increment. Different sizes are swept for
the internal combustion engine, the electric motors and the
planetary gear ratios through a direct search method. Then,
crash behavior of structures is analyzed with a low-fidelity
physical surrogate model, which allows for fast computa-
tions. Unfeasible candidates are then simulated through a
high-fidelity finite element crash model in order to accu-
rately establish their feasibility. When crashworthiness re-
quirements are satisfied, powertrain performances are eval-
uated according to several drive cycles. Fuel consumption
and acceleration performance are considered to assess pow-
ertrain performances and to design electrical components.
The proposed approach thus leads to the optimal solution
which guarantees the feasibility of all involved disciplines
at once and simultaneously reduces the computational cost.

3 Disciplinary level models

In this section, each discipline model is presented and
detailed. In regard to crashworthiness analysis, a multi-
fidelity approach is adopted: low-fidelity and high-fidelity
models are here described. HEV powertrain analysis is
based on two different models for the'evaluation of fuel con-
sumption and acceleration performance, respectively.

3.1 Crash-absorbing tube models

In case of impact events, vehicle structure has to absorb the
kinetic energy through deformation of its structural compo-
nents. The deformation of frontal crash boxes allows to pre-
vent any intrusion in the cabin, thus guaranteeing passengers
safety. The electrification of the ICE vehicle involves larger
vehicle mass. The kinetic energy to absorb in case of acci-
dents thus increases as well. Consequently, structural com-
ponents aimed to absorb energy (i.e. crash-absorbing tubes)
have to be redesigned in order to meet safety requirements.
Here, energy absorption capacity and peak force are consid-
ered as crashworthiness criteria.

3.1.1 Low-fidelity mechanical model

The low-fidelity crash model is a physical surrogate model,
based on the analytical formulation derived by Wierzbicki
and Abramowicz (1983), which describes the energy ab-
sorption mechanism of thin walled structures. The mean
crushing force F,, of a thin walled tube with rectangular
cross-section is given by

1
b 3
Fp=9.560 17 - (JZFW> (1)

where oy is the average flow stress, corresponding to 95%
of the ultimate strength of crash box material, b, w and ¢
the height, the width and the thickness of the crash box, re-
spectively. The absorbed energy can be obtained by mul-
tiplying the mean force evaluated with equation 1 with a
maximum allowable intrusion, here considered equal to 200
mm. This value has been estimated assuming the presence
of rigid bodies, such as the engine and the radiator, which
do not allow any intrusion, as shown in Figure 2.

The peak force can be estimated from the buckling load
of a rectangular cross-section thin walled tube, which is a
function of the geometry, rather than the material strength.
The buckling load of a thin plate compressed at the extrem-
ities is given by (Timoshenko and Gere (1963))

n’E 12
o =¥ () @

where k is a coefficient depending on the ratio length over
width of the plate, £ and v the Young’s modulus and the
Poisson ratio of plate material, respectively, ¢+ and w the
thickness and the width of the plate.

Equation 2 is the result of a equilibrium equation for the sta-
bility analysis of a compressed column. The stability analy-
sis is based on the assumption of small displacements, which
can no longer be considered for a collapsing column. In fact,
after local buckling has occurred according to equation 2,
the lateral deflections of the tube increase under increased
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Figure 2: Schematic description of frontal crash boxes intrusion

loading. Large deflections leads to plasticity in the material.
Therefore, the maximum load-carrying capacity of a column
is controlled by a combination of geometry and material
properties of the thin walled tube. The maximum strength
is therefore (Mahmood and Paluszny (1981))

O = (%)no;—" 6)

where oy, is the yield strength, B is a parameter function
of the material and of the ratio between ¢ and wand n is a
geometry dependent parameter. For box-type columns, n is
equal to 0.43 (Mahmood and Paluszny (1981)). Substituting
equation 2 in equation 3 and considering material properties
of aluminum yields

0.43 0.86
cmax:126<§) (%) o057 )

Finally, the peak force is obtained by multiplying the re-
sultant peak stress Oy, With the cross-sectional area of the
crash tube

186 014 K 043 b\ 057
Fpax =252t -w [—3 1+; o, 5)

3.1.2 High-fidelity mechanical model

The high-fidelity mechanical model is based on a transient
nonlinear finite-element analysis with explicit time integra-
tion. Numerical simulations have been performed using the
commercial software LS-Dyna. The Belytschko-Tsay four
node shell elements formulation with 6 degrees of freedom
per node are used to model the structure. This formulation

Frontal Crash Boxes

assumes three fintegration points through the thickness and
one integrationypoint in the element plane. The structure is
discretizediinto about 30300 elements leading to overall 10°
degréesiof freedom. The number of elements slightly varies
according to the design of the considered crash box. The
structure is impacted through a rigid wall with a non-zero
coefficient and with an initial velocity of 13m/s. The mass
of the rigid wall is set according to the considered power-
train configuration. The corresponding vehicle mass allows
to calculate the energy to absorb in case of impact, which is
also the kinetic energy of the rigid wall. The aluminum al-
loy AW EN-6060 T6 is the material of the thin-walled struc-
ture, whose hardening curve in the plastic field is the same
adopted by Wehrle (2015) in his models.

3.2 HEV powertrain model

3.2.1 HEV powertrain model for fuel consumption evalua-
tion

The HEV multimode power-split powertrain retained in this
paper comes from the industrial state-of-art and integrates
two electric motor/generators (MGs) and an ICE (Pittel
and Martin (2018)). The corresponding double PG lever
diagram is reported in Figure 3. The HEV can operate in
electric or hybrid mode according to the grounding clutch
being engaged or disengaged.

In general, a vehicle model constituted by analyti-
cal equations is simulated in a backward quasi-static
approach. Detailed modeling for the components of
the considered HEV powertrain is presented as follows.

Road load
The vehicle speed profile corresponding to the driving
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Frpad = RL4 +RLg v+ RLg - V* (6)

where F,,,q represents the total road load acting on the
wheels, determined according to the actual vehicle speed
v and the empirical road load coefficients (RL4, RLg and
RL¢) measured from vehicle coast down tests. The resis-
tance torque 7Tj,,4 requested to propel the vehicle satisfying
the acceleration constraint is then determined as

Froad : rdyn + ,{Z‘Z

—_— (7

Tioaa = T

where 74y,, I,, a and T are respectively the wheel rolling
radius, the vehicle longitudinal inertia, the vehicle accelera-
tion (evaluated from the value of vehicle speed in adjacent
driving cycle points) and the transmission final drive ratio.

Transmission

In Figure 3, the MG2 operating speed myg; is cinematically
constrained from the output speed ®,,, while the MGl
speed wy g1 is a function of the ICE speed wjcr (which
constitutes a control variable). The kinematic constraints
can thus be summarized as

{wMGl} _ { —ry 1’1+1] |:w0ut:| @)
OmG2 rn+1 0 QicE

where r; and rp represent the transmission ratios between
ring and sun of the PGs. When the ICE is grounded through
the clutch in electric operation, wycg is set to 0. Assuming
unitary efficiency for the transmission, the torque split be-

tween the two PGs can be determined arbitrarily satisfying
the output energy demand.

Power components

Once the torque and speed values are determined for the
MGs, the requested battery output power P,y can be
evaluated as

2
Phyart :Z oycr - Tucr nM?;‘,‘i”( wak) ©)
k=1
where Mysr is the efficiency of each MG unit, evaluable
by numerical efficiency maps including inverter efficiencies.
The rate of battery State-of-Charge (SOC), SOC, can thus be
calculated adopting an equivalent open circuit model

, \/ Vie =4 Rin - Poar — Voc

SOC =
2-Rin - Obart

where Voc, Riy and Oy, are the output voltage, the inter-
nal resistance and the capacity of the battery, respectively.
The fuel consumption can be evaluated as well from an ICE
experimental furl flow map with torque and speed as inde-
pendent variables.

10)

Ring 1
s MG2
HHICE >
MG1 — '5§

Ring

Figure 3: Lever diagram of the HEV powertrain under study

3.2.2 HEV rapid control

In order to assess the fuel economy capability of the anal-
ysed HEV candidate design, a proper control strategy needs
implementation. In early vehicle design phases, the pow-
ertrain operation is optimized off-line. In other words, the
trajectory of the vehicle speed is known a priori and it is
determined by standard duty cycles. The mathematical for-
mulation for the optimal control problem of an HEV can be
stated as follows

min {f (x)} (1)
Tend
where f = L(wck, Trce, t)dt
fo
x= [ICEMGIMG2riryrpg]"
such that  SOC (tp) = SOC (tenq)

OICE,;, < OICE < QJCE 0y
O Gl < OMGL < OYGL gy
OMG2in < OMG2 < OMG20n
TicE, i < TicE < TICE
TG, < Tuct < TMG
TM62 < TMG2 < TMG2max

Charge-sustaining (CS) criteria is defined by impos-
ing equivalent battery SOC values at the beginning and the
end of the considered time period. The battery SOC rate
(SOC) is function of the current SOC value and the speed
and torque values for the two MGs. The operation of the
power components, defined by the corresponding actual val-
ues of speed (i.e. WicE, Wyg1 and WyG2) and torque (i.e.
Tice, Tygi and Tyyc2), are restricted within their feasible re-
gions. Particularly for the electric machines, both positive
and negative torque values are allowed depending on their
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current operation (i.e. motor or generator respectively). Fi-
nally, limitations in the delivered or recharged battery power
Pyas are imposed accounting for its physical limits.

For the HEV retained in this paper, control variables are
represented by the MG2 torque for the pure electric mode,
while by the ICE speed and torque for the hybrid mode. In-
deed, once these are known, speed and torque values for the
remaining power components can be determined straightfor-
wardly according to the lever diagram approach (Benford
and Leising (1981)). In this regard, the most diffused ap-
proaches are the Pontryagin’s minimum principle (PMP),
the dynamic programming (DP) and the power-weighted
efficiency-based analysis for rapid sizing (PEARS) (Wiras-
ingha and Emadi (2011)). However, each of these presents
some major drawbacks.

The PMP needs recursive calculation to tune the equivalence
factor (Kim et al. (2012)), thus resulting inefficient in com-
ponent sizing procedures.

The
PEARS algorithm was introduced to specifically deal with
the component sizing problem of multimode power split
HEVs (Zhang et al. (2015), Anselma et al. (2018)). De-
spite exhibiting results close to DP with consistently re-
duced computational effort, the PEARS algorithm may ex-
hibit non-uniform proximity with the global optimum. This
is observed particularly for HEVs with few operating modes,
as the one here retained. In a recent work, Anselma et al.
(2019b) analyzed the HEV illustrated in Figure 3 and pro-
posed a novel control technique to overcome these limita-
tions affecting DP and PEARS based approaches; the spe-
cific method is named slope-weighted energy-based rapid
control analysis (SERCA) and allows to guarantee consis-
tent proximity with the optimal fuel economy results pro-
vided by DP for the considered HEV, while remarkably re-
ducing the related computational effort.
Following the SERCA procedure reported in Figure 4, dis-
cretized arrays for the control variables are firstly generated
within the corresponding operating regions. By sweeping
these arrays during Step 1, many possible solutions are gen-
erated for each time step of the analyzed drive cycle. These
are labelled by the corresponding values of fuel and bat-
tery consumption according to the mathematical model in-
troduced above. A cloud of possible solutions is created for
each time step in this way. A related example for a time step
can be observed in Figure 5, where the pure electric solu-

Step 1: Generation of solutions
at each time step of the drive cycle

Step 2: Definition of optimal hull
at each time step of the drive cycle

Step 3: Analysis of HEV in charge
sustaining mode over the drive cycle

Mgyel

Figure 4: Scheme of the SERCA procedure

tions are distinguished by not consuming fuel.

The representation of Figure 5 can be interpreted as a sort
of Pareto frontier for the considered time instant. Particu-
larly, the solutions at the lower edge of the point cloud relate
to the optimal ones, since they maximize the ratio between
electrical energy generated and corresponding fuel energy
consumed. The SERCA algorithm therefore considers these
solutions for the eventual hybrid operation of the HEV in
the drive cycle. As in Figure 5, the fuel consumption inter-
val which comprehends all the possible solutions is firstly
discretized. Then, a discrete optimal hull for each time point
is obtained during Step 2 by considering the optimal solu-
tion for each element of the fuel consumption vector. Each
element of the discrete hull is furthermore associated with
the slope parameter, defined as the inclination of the line
connecting two consecutive hull points.

The final phase of SERCA (i.e. Step 3) aims at analyzing the
CS operation of the HEV in the drive cycle. As in PEARS,
it is first assumed that the drive cycle is completed in pure
electric operation. The total requested electrical energy is
evaluated in this way as the sum of the energy values for
the single time points. Then, an iterative process starts that
aims at replacing pure electric with hybrid operation in the
most convenient time points. These are identified based on
the highest slope parameter. After an electric-to-hybrid re-
placement is performed in a particular time point, its cor-
responding slope parameter is updated considering the sec-
ond element of the discretized hull. In general, the subse-
quent element of the discretized hull related to a particular
time point is retained after this is selected for replacement.
Meanwhile, the electrical energy to conclude the rest of the
drive cycle in pure electric mode is updated. This recursive
process is rapid and continues until CS operation is reached
(i.e. the amount of cumulated electrical energy is 0). It has
been demonstrated that, adopting this procedure, obtained
fuel economy results are consistent with DP, while remark-
ably reducing the associated computational cost (Anselma
et al. (2019b)).
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Figure 5: Example of possible solutions for a driving time step

3.2.3 HEV powertrain model for acceleration evaluation

In this paper, a MATLAB/Simulink© model is employed to
simulate each HEV candidate design during a 0 — 100km/p
full throttle maneuver (Figure 6). As shown in the upper-
right zoomed view of the MG2 block, a lookup table is em-
ployed for MG2 which maps the maximum allowed deliv-
erable torque as a function of the angular speed of the ma-
chine. In the PG1 subsystem, torques of ICE and MG1 are
coordinated in such a way that the maximum possible torque
is delivered at the ring gear output.

The total transmission output torque is then transferred at the
front wheel blocks which evaluate the developed longitudi-
nal tractive force. This information is elaborated by the vehi-
cle body block, which calculates the actual value of vehicle
speed and returns the amount of vertical load acting on the
front tires. The tire blocks indeed incorporate a longitudinal
behavior model based on the Pacejka’s formulation with the
tire longitudinal force depending on the corresponding verti-
cal load (Bakker et al. (1989)). The vehicle speed value is set
to 0km/h at the beginning of the simulation. Then, the sim-
ulation is carried until the vehicle speed reaches the value
of 100km/h. The recorded time value at which the simula-
tion ends thus represents the time requested to complete the
maneuver.

4 Multidisciplinary feasible optimization of powertrain
system and crash boxes

A multidisciplinary approach is here adopted to simul-
taneously deal with component sizing and crash-absorbing
tubes design. The optimal system is obtained by minimizing
fuel consumption (my,.;) while acceptable performances
in terms of acceleration capability and crashworthiness are
guaranteed. The optimization problem is formulated as fol-
lows

min { f (x)} 12)

xEx

where  f = mygyer (x)

x=[ICEMGIMG2ry ryrpg]”

_ To—100

such that g —-1<0

Lallow
2w (x) +engy (%)

Callow

-1<0

82

The design variables vector x includes the operating
maps of ICE, MG1 and MG2 (i.e. the internal combus-
tion engine and electric motor/generators) and by ry, r» and
74, which represent the trasmission ratios for the first plan-
etary gear, second planetary gear and final drive, respec-
tively. g; and g, denote the acceleration and envelope con-
straints, respectively. Particularly, the maximum acceptable
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0 — 100km/h acceleration time (f4,,) is assumed equal to
10.0s.

In regard to safety requirements, the expansion of crash
boxes due to the increased kinetic energy to absorb is limited
by the total vehicle widthtrack. Here, the conflicting physics
of the problem is addressed through a sequential scheme,
shown in Figure 7. Particularly, we adopt a multidisci-
plinary feasible optimization approach, analyzing each dis-
cipline through a Gauss-Seidel scheme (Martins and Lambe
(2013)). At each iteration, a powertrain configuration is de-
fined. Mass of vehicle (Mygy) and envelope of powertrain

(empv) are specifically considered for the crashworthiness
analysis. Then, optimal width (w*) and thickness (¢*) of the
crash boxes are calculated in order to meet safety require-
ments, in terms of energy absorption and maximum crash
force. The sum of powertrain envelope (epgy) and crash-
boxes width (2 - w*) determines the feasibility of the consid-
ered configuration according to the total vehicle widthtrack
(eaitow). When both constraints g and g are satisfied, the
powertrain analysis is performed. This sequential scheme is
repeated for all powertrain configurations according to a di-
rect search approach, leading to the optimum of the system,
feasible for each discipline. A pseudocode of the proposed
multidisciplinary optimization is presented in Algorithm 1.

4.1 Multi-fidelity crash-absorbing tube optimization

In the crashworthiness analysis, two design variables are
considered: the width w and the thickness ¢ of the crash-
absorbing tube. The mass m of the crash tube is firstly min-
imized, according to the low-fidelity surrogate model (Sec-
tion 3.1.1). The structural optimization problem is formu-
lated as follows
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Algorithm 1 MDF optimization for HEVs

Input: Swept values for design variables x°
Output: Optimal HEV design x*, objective function f* and constraint
values g*

0: Initiate system optimization

For each HEV candidate design i

1: Compute global envelope and mass

2: Initiate low-fidelity crashworthiness analysis

3: Compute required crash-box envelope e, qsnpox
It €crashbox = €allow

3.1 Execute high-fidelity crashworthiness analysis
32 Update €crashbox

end if

If ecrashbox < €attow

4: Initiate drivability analysis

5: Compute 0-100 km/h time #9_100

If t0-100 < tatiow

6: Initiate fuel economy analysis

7: Compute fuel consumption ¢

end if
end if
end for
min{f (x)} (13)
where f=m(x)
T
x=[wt]

E
such that g :17M <0
EabsHEV
Fallow

According to the values assumed by the design variables w
and ¢ at each iteration of the optimization, the energy which
can be absorbed through the retained configuration of the
tube E, is estimated from equations 1. The tubes have to
absorb the kinetic energy of the impact through deforma-
tion. The energy to absorb E,;syry depends on the consid-
ered powertrain configuration, which defines the increment
in the vehicle mass (Mygy ). In addition, the peak force in
the impact event F,,, is limited. The numerical values for
the state terms E,,,ypy and Fy,, are defined as follows.
Given the energy absorption capacity of the original ICE ve-
hicle Eps;ce and the HEV mass Mygy, the energy to absorb
E.psuEv 1s calculated as

Mygv

Eupsuey = (
) Mice

) EapsicE (14)
where E,,; and M are the energy to absorb and the vehi-
cle mass, respectively, and subscripts HEV and ICE refer to
the hybrid and internal combustion engine vehicles, respec-
tively. This study considers a structure made of aluminum

alloy, with oy = 250 MPa. Crash box dimensions of origi-
nal ICE vehicle have been assumed such that height, width
and thickness are 110 mm, 65 mm and 1.5 mm respectively.
Therefore, according to equation 1 and considering the max-
imum allowable intrusion of 200 mm, the energy absorption
capacity E ;5 cg of each crash box is about 4000 J. The re-
action force is limited to the value F;,,, = 100 kN.

The actual dimensions of crushing components are usually
affected by manufacturing process. For instance, the extru-
sion of tubular geometries involves limitations on the thick-
ness. Values reported in equation 13 are typical for crash-
absorbing tubes. In regard to crash boxes height, this is as-
sumed equal to 110 mm, as for the original ICE vehicle.
Figure 8 shows the multi-fidelity scheme for crashworthi-
ness analysis which benefits from the low-fidelity model
(Section 3.1.1) in terms of computational cost and from the
high-fidelity model (Section 3.1.2) in terms of accuracy. As
finite element analysis is significantly time-consuming, the
mass m is firstly minimized according to the formulation 13
and the low-fidelity physical model is here considered to as-
sess crashworthiness criteria. The first-order gradient-based
algorithm COBYLA (Powell (1994)) has been utilized for
the optimization. The information related to powertrain en-
velope, optimized width of crash boxes and total available
envelope determines the feasibility of the retained power-
train candidate. When the feasibility of the powertrain con-
figuration is not guaranteed, the high-fidelity model based
analysis is performed. The use of the high-fidelity model
at this stage allows to improve the accuracy of the result.
In addition, as the time-consuming finite element analysis
is performed only for discarded powertrain candidates, the
computational time of the crashworthiness analysis is con-
sistently contained. The transient nonlinear finite element
model of the crash tube is simulated in LS-Dyna environ-
ment. The dimensions of the structural components are de-
fined as follows: thickness value is assumed from the low-
fidelity optimization (¢*), while the tube width w is set to
the maximum allowable value Wy, avair» determined from
the powertrain envelope of the considered configuration and
the total vehicle widthtrack. The feasibility of the powertrain
configuration is thus established through the high-fidelity
model, by comparing absorbed energy and reaction force
to the corresponding state limit. When the crashworthiness
criteria are not satisfied, the powertrain candidate is con-
sidered unfeasible and definitely discarded. Therefore, the
high-fidelity model allows to assess the feasibility of the sys-
tem with ameliorated accuracy, while the low-fidelity model
is exploited to rapidly identify feasible configurations. The
multi-fidelity scheme for the crashworthiness analysis thus
limits the computational cost, while meeting acceptable ac-
curacy of results.
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Powertrain analysis

4.2 Powertrain system analysis

The HEV powertrain analysis considers two groups of de-
sign variables. The first relates to the power components
(i.e. ICE and MGs) including their operational lookup ta-
bles and limit regions. The second involves the gear ratio
parameters for the transmission. Once these are received
as inputs, the drivability capability of the corresponding
HEV is firstly assessed. This is performed by evaluating a
0 — 100km/h full throttle maneuver in MATLAB/Simulink©
environment. The analyzed HEV candidate design is fur-
therly considered or discarded depending on the obtained
acceleration time being lower or greater than the imposed
design constraint (10.0 s in this paper).
Then, in case the HEV candidate design is retained, fuel
economy capability is assessed. Particularly, the HEV op-
eration is simulated in different drive cycles. A near-optimal
rapid off-line control strategy is employed here to rapidly
estimate the fuel consumption of the HEV in the analyzed
drive cycles. Consequently, the evaluated fuel consumption
values for the drive cycles are weighted obtaining an aver-
aged value representing the analyzed HEV candidate design.
Finally, results are stored and the procedure is iterated con-
sidering a new candidate design.
5 Results of the multidisciplinary optimization

The electrification of a conventional ICE is carried out
with and without the multidisciplinary feasible optimization,
in order to point out the benefits of the proposed approach.
Vehicle data considered in this paper are illustrated in Ta-
ble 1. Characteristics of the baseline ICE vehicle are typical
for several car segments. Therefore, the applicability of the
proposed approach is not limited to specific vehicle design

Parameter Value Unit
Baseline ICE Mass 1380 kg
vehicle data Wheel radius 0.3582 m
ICE capacity 2.0 1
ICE mass 130 kg
Available envelope 1000 mm
Battery data Capacity 18.5 kWh
Optimization  ICE sizes (capacity) 1.2;1.4; 1.8 1
parameters MGT1 sizes (power) 10; 20; 35; 45; 60 kW
swept MGQG?2 sizes (power) 45; 60; 75; 85; 95 kW
PG ratios (ring/sun) 1:1:4 -
Td 2.5:1:6.5 -

Table 1: Vehicle and powertrain data

cases.
For each candidate design, the HEV mass (Mygy) is calcu-
lated as the sum of the baseline ICE vehicle mass, the bat-
tery mass and the mass of the selected power components.
Mass and dimensions of eletric motors MGs are linearly re-
lated to the corresponding power ratings reported in Table
1 as indicated by Finesso et al. (2018). Details concerning
the retained MGs can be found in Anselma and Belingardi
(2019).

For the considered HEV, the total powertrain envelope eggy
can thus be obtained

enev = (eice +emca +epca +erp) - SF (15)

where e;ck, emGa, epce, and epp are the envelope values
for the ICE, the MG2, the PG2 and the final drive, respec-
tively. SF represents a safety factor accounting for minor en-
velope contributions (e.g. roller bearings, seals, accessories,
clutches). Here we assume SF = 1.2. MG1 and PG1 are not
considered in the calculation of the powertrain envelope, as
they are placed in parallel with respect to PG2 and MG2
(Pittel and Martin (2018)), as shown in Figure 1. Values for
PG2 and final drive envelopes can be evaluated by follow-
ing the standard preliminary gear design procedure based on
Lewis’ formulation (ISO-6336:2006 (E)).

The fuel economy capability is evaluated on four different
drive cycles: (1) the urban dynamometer driving schedule
(UDDS), (2) the highway fuel economy test (HWFET), (3)
the new European driving cycle (NEDC) and (4) the world-
wide harmonized light vehicle test procedure (WLTP). Drive
cycles are analyzed separately. Then the overall estimated
fuel consumption is represented by a weighted average of
the single drive cycle contributions according to the fol-
lowing criterion: UDDS (27.5%), HWFET (22.5%), NEDC
(20%), WLTP (30%). The analysis of multiple drive cycles
enhances the significance of the obtained results. In this re-
gard, thanks to its computational efficiency, the use of the
SERCA technique is determinant to rapidly evaluate the fuel
economy of candidate designs in various driving conditions.
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The electrification of the baseline ICE vehicle is firstly per-
formed without considering any constraint for the envelopes.
The results obtained through the optimization process are re-
ported in Figure 9, where feasible and unfeasible designs are
discriminated according to the acceleration performance re-
quirement. Totally 308 acceptable designs are identified out
of the 1154 analyzed designs in this way.

Subsequently, the optimization of powertrain components
is performed within the multidisciplinary feasible frame-
work here proposed. The results are displayed in Figures 10
and 11. Out of the 308 feasible candidates identified above,
only 177 designs are found satisfying the crashworthiness
requirements as well. As shown in Figure 10, the optimal
design previously identified is no more acceptable due to in-
compatibility with the crashworthiness requirements. There-
fore, a new optimal design is determined that satisfies all the
involved disciplines at once.

Table 2 illustrates the results for both the analyses and com-
pares these to the performance of the baseline ICE vehicle.
The electrification leads to a significant increase of vehicle
mass. In particular, in the optimal design of powertrain-only
analysis, which do not account for crashworthiness require-
ments, an increment of 34.28% with respect to the baseline
ICE is obtained. In the multidisciplinary approach, vehicle
mass is 33.91% larger. However, the HEVs designs consis-
tently ameliorate both fuel economy and acceleration per-
formance of the baseline ICE.

In Table 3, crashworthiness analyses of optimal HEVs de-
signs are compared. The envelope of the powertrain-only
optimal design results equal to 834.2 mm and is 3.3% larger
than the MDF design (807.5 mm). The resulting widths
(Wmax.avair) Of crash-absorbing tubes are 82.9 mm for the
powertrain-only optimal HEV and 96.25 mm for the MDF
optimal HEV, respectively. The kinetic energy E psgrey is
calculated from equation 14, with the baseline ICE vehicle
mass M;cg equal to 1380 kg. In particular, in the powertrain-
only optimal design, 5640 J must be absorbed by each crash
tube. Crashworthiness analysis based on the high-fidelity
model reveals that this amount of energy cannot be absorbed
with the considered dimensions of the crash boxes. In par-
ticular, the width of the crash components is not sufficient.
Instead, the multidisciplinary approach leads to a feasible
optimum, as shown in Table 3.

Figure 11 shows the feasibility of the design configurations,
discerning between low-fidelity and high-fidelity based eval-
uations. As it can be observed, the high-fidelity analysis is
mostly performed for candidates with best acceleration and
fuel consumption results. This is due to the fact that these
configurations make use of the most cumbersome motors
and transmission systems, in order to be the most perform-
ing. This is the case of the MDF optimal HEV, whose fea-
sibility is assessed through the high-fidelity finite element
model, as shown in Figure 10. In particular, the multidisci-

plinary feasible optimum satisfies crashworthiness require-
ments through the high-fidelity analysis, further validating
its use.

As a consequence, a powertrain-
only based optimization process lasts about 1230 minutes
(twenty hours) for the 308 candidates. On the other hand,
results of the powertrain optimization within the multidis-
ciplinary methodology have been obtained in 710 minutes
(twelve hours) for the 177 candidates. This further demon-
strates the efficiency of the proposed approach.

6 Conclusion

This paper has analyzed the electrification of a conven-
tional ICE vehicle into a HEV. The presence of additional
components, such as electric motor/generators and battery
system consistently expands the powertrain envelope. Fur-
ther, these electrical components result in larger vehicle
mass, which affects crash behavior of the structural frame-
work. In particular, structural elements which are devolved
to the absorption of the vehicle kinetic energy in case of ac-
cidents demand for larger envelopes. However, for the con-
straint on the vehicle widthtrack, the expansion of the struc-
tural components results in conflict with the need for larger
powertrain envelopes.

A Multidisci-
plinary Feasible approach has been here considered for the
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Baseline ICE Powertrain-only optimal MDF optimal HEV Unit
ICE size 2.0 HEV 1.4 1.4 1
MG1 power - 20 20 kW
MG2 power - 95 85 kW
r - 2 3 -
m - 1 1 -
rfd - 4 4 -
Mass 1380 1853 1848 kg
fo—100 10.2 9.09 9.02 S
Fuel consumption (averaged) 849.2 609.9 630.3 g
Fuel consumption (NEDC) 514.8 405.3 4243 g
Table 2: Electrification of the baseline ICE vehicle
Powertrain-only optimal HEV ~ MDF optimal HEV ~ Unit
Mass 1853 1848 kg
Powertrain axial envelope 834.2 807.5 mm
Crash box width w* 82.9 96.25 mm
Crash box thickness * 1.75 1.75 mm
Kinetic energy to absorb E gy (cf. Eq. 5640 5610 J
14)
Absorbed energy (High-fidelity model) 5321 5696 J
Eoaps
Maximum Force (High-fidelity model) 91.79 96.540 kN
Fmax
Table 3: Comparison of crashworthiness analyses of HEV optimal designs
900
Unfeasible Designs
A A Feasible Designs
A A Optimal Design
850
800
i
T 750 1
<
g
700 1
650
600 T T T T T T

6 8 10 12 14 16 18 20
0-100 km/h acceleration time [s]

Figure 9: Feasibility with respect to acceleration performance

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



900
Unfeasible Designs
O  Feasible Designs Low-fidelity analysis
A Feasible Designs High-fidelity analysis
850 1 X  Powertrain-only Optimal Design
A MDF Optimal Design
800
A A
=8 4 A > A A A
— A A
3 750 w2 T st 4
S @ A Ta
a A
8 a8 S ANE Bk A A‘z R
A, a & M A R 8 A a
700 N AAA A gAM 0 A m
A P2y A
A7 A A &
o8 Lpoa & el il
650 - ar e “ Bmpm M
X
600 T T T T T T T
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

0-100 km/h acceleration time [s]

10.5

Figure 10: Optimization results according to the developed MDO approach

900
Unfeasible Designs
O  Feasible Designs Low-fidelity analysis
A Feasible Designs High-fidelity analysis
850
A A
A A A
800 A
A B .a
A s A A o o
= LR 4 b O
- A
3 750 - upp, 00 5P R -
§: AA A f gﬁb . .
age BBy P Ga0 e  “n° g
[
A MA:@L [m] I:||:|I:' ¥ D@ o [m]
700 O sl
00 A A A%m o = u} la]
2 A A 50 OO0 o a0
A A A ﬁﬁi O m
A & )
A % Aﬁ 2 %@ o [ E o ' nfiﬂ [#ﬂ
650 A AAAQsAAAE ?:luﬂ M om 5, @ O
A
old e e "2 & o
b5 86 g0t o
600 T T T T T T
6 8 10 12 14 16 18

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature

0-100 km/h acceleration time [s]

Figure 11: Feasibility assessment through crashworthiness analysis

20



AUTHOR ACCEPTED MANUSCRIPT

15

6000
I Energy to absorb
Low-fidelity
mmm High-fidelity
5800
5640 J
5600 1
=
54001 5412
5286 J
5200 e
5000 T T
Powertrain-only MDF Optimal Design

Optimal Design

Figure 12: Comparison of the absorbed energy with the low- and.high=fidelity models in the optimal design configurations

110
- Energy to absorb
Low-fidelity
105 1 e High-fidelity
wod 100.0kN 100.0 kN 100.0 kN 100.0 kN
95 1
z
=3
8 90 1
5
85
82.9 kN
80 P [
75 - 76.3kN ..................
70 T T
Powertrain-only MDF Optimal Design

Optimal Design

Figure 13: Comparison of the peak force with the low- and high-fidelity models in the optimal design configurations

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature



16

identification of the optimal configuration of the HEV pow-
ertrain. Crashworthiness analysis has been performed with
a multi-fidelity approach, which involves a semi-analytical
physical surrogate and a finite element model as low-fidelity
and high-fidelity models, respectively. The multi-fidelity
scheme for the crashworthiness analysis has allowed to con-
tain the computational cost, while assuring satisfactory ac-
curacy of results. The low-fidelity model has been firstly
adopted to assess the feasibility of each powertrain candi-
date. When the feasibility was not guaranteed, the finite ele-
ment model was simulated, thus improving the accuracy of
the result. Feasibility of powertrain configurations has been
thus assessed before powertrain analysis were performed.

Results show that, including crashworthiness analysis in the
MDO formulation of the design problem, the identified op-
timal design differs from the outcome of a powertrain-only
based optimization process. For the retained vehicle and
driving data, the optimal HEV layout obtained by means of
a powertrain-only based procedure exhibits an averaged fuel
consumption value of 609.9 g and a powertrain axial enve-
lope of 834.2 mm. However, the remaining envelope for the
crash boxes in this case is demonstrated unsatisfactory to
absorb the desired amount of kinetic energy during impact
events. On the other hand, the proposed MDF approach for
power split HEVs enables the identification of the optimal
powertrain layout in terms of fuel economy while comply-
ing with the mentioned crashworthiness requirements. The
MDF optimal HEV layout particularly reduces the power-
train envelope to 807.5 mm. This is achieved at the expense
of an averaged fuel consumption increased by 3.34 % com-
pared with the powertrain-only based optimum. Other than
achieving benefits in terms of global solution feasibility, the
illustrated design procedure enables narrowing the overall
computational cost by 42.3 %. In general, the presented
methodology allows to efficiently integrate powertrain anal-
yses and crashworthiness constraints and it is suited for the
early design of HEVs.
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Replication of results

The method proposed in this paper can be implemented
by following the pseudo code reported in Algorithm 1 and il-
lustrated in Figure 7. The corresponding optimization prob-
lem is formulated in equations 11, 12 and 13.
The disciplinary models are detailed in Section 3. The crash-
worthiness analysis is performed through equations 1 and 5,
as illustrated in Figure 8, while equations 6-10 and illustra-
tion 6 refer to the hybrid powertrain evaluation.
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