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ABSTRACT

Hybrid electric vehicles have proven to be an effective solution for the auto industry to satisfy the
increasingly stringent CO; regulations for the short-medium term. Proper sizing of the different components
is required to benefit from the hybrid architecture full potential. This paper proposes a unified method that
can be applied in both cases. The method uses the energy flow, storage, and consumption during a cycle to
perform the sizing. A 350 V P2 plug-in hybrid and a 48 V P2 mild hybrid are taken as a case study. The
sizing is performed by adopting the WLTP cycle and subsequently analyzing the energy profile.

Keywords: Vehicle electrification, hybrid electric powertrain, battery sizing, electric motor sizing

1. INTRODUCTION

In the last decade, electrified drivetrains have gained a relevant momentum in the automotive
market due to the stringent regulations in matter of emissions and fuel consumption [1] [2] [3].

Driven by CO; legislation, hybrid and electric powertrains have been established as standard
solutions in the automotive industry, mainly driven by substantial research efforts in academic and
industrial environments. The challenge for carmakers and OEMs is to meet the pollutant limit criteria and,

at the same time, satisfy customers’ requests in terms of performance, drivability, and cost. In this scenario,



the spread of pure electric vehicles is still largely hindered by limitations in the autonomy range and
charging time of the vehicles. HEVSs, on the other hand, do not suffer these drawbacks and represent a
reliable solution, well accepted by the customers in the current market.

Through recent efforts, car makers have adopted different vehicle architectures. A classification
of these layouts can be obtained considering the position of the secondary energy converter or the degree
of hybridization based on the electric machine (EM) size. In the first of the three cases, the following
schemes are exploited. (P0) The alternator mounted on the front-end accessory drive (FEAD) is replaced
with a more powerful and efficient EM. The latter assists the ICE at low regimes of driving. Regenerative
braking is possible, but its efficiency is low due to the number of dissipative components between the
wheels and the EM. Pure electric mode is allowed only for a few kilometers, while the restrictive installation
envelope limits the torque and power. (P1) The EM is installed on the transmission side of the engine
crankshaft. Regeneration from braking is more efficient with respect to PO. The EM can be integrated inside
the flywheel, also improving the attenuation of torque oscillations. Stringent requirements about the axial
size limit the amount of torque. (P2) The EM is located downstream the mechanical clutch. Uncoupling
between vehicle and ICE is possible, thus avoiding the drag of the engine inertia and its organic losses
during pure electric mode. (P3) The EM is installed at the input or output of the secondary transmission
shaft. P3 exhibits the same characteristics of P2 and a larger efficiency in regenerative braking.
Nevertheless, high values of torque are requested to the EM since no stage of torque amplification is present
before the wheels. (P4) The EM is installed on the other axle with respect to the one where the ICE is
connected. This layout allows for maximum energy recovery from braking, but it complicates the control
of the vehicle dynamics. (P5) EMs are mounted in the wheels. Torque limitations due to the small axial
size of the machine are present [4] [5].

When considering the size of the electric machine as the discriminant of systematization, the

following categories are obtained: 1) Micro hybrids. The nominal voltage of the EM is 12 V, only the start



& stop function is allowed; 2) Mild hybrids. The nominal voltage of the EM is typically 48V. Rarely,
solutions with 24 V can be found on the market. With this architecture, engine assist and regenerative
braking are allowed; 3) Full hybrids. In addition to the previous layouts, capability of battery-only operation
is possible; 4) Plug-in hybrids. The main peculiarity is the possibility to connect the battery to the electrical
grid and large autonomy range is attainable (around 50-100 km) [6] [7]. The main layout characteristics

and functions of HEVs categorized according to the hybridization level systematization are summarized in

Table 1.
Table 1. Main characteristics and functions of hybrid architectures [8].
Micro hybrid Mild hybrid Full hybrid Plug-in hybrid
Battery voltage [V] 12 24-48 >200 >200
% Electric machine power [kW] 2-5 10-20 20-50 30-120
E Battery chemistry Lead-acid Li-ion, NiMH Li-ion Li-ion
g Battery capacity [kWh] <1 <15 <10kWh <40 kWh
Estimated CO2 emission reduction <5% <15% <20% <40%
Start & Stop Y Y Y
Boosting Y Y Y Y
Regeneration from braking (engine off) N Y (no PO, P1) Y Y
é Pure electric mode N N Y Y
:%: Regeneration from ICE Y Y Y Y
Cold Engine cranking N Y (no P0O) Y Y
Sailing/Coasting N Y (no P0O) Y Y
Creeping N Y (no P0O) Y Y

The research effort in vehicle hybridization is currently focused mainly on the energy flow
management strategy, battery technology, monitoring techniques for the state of the battery and proper
sizing of EM and battery. The latter is of particular importance for all types of hybrids, since insufficient
hybridization limits the benefits of the hybrid configuration and wastes possible fuel saving. On the other

hand, an excessive hybridization increases the cost without providing any additional benefit or even



reducing the possible fuel saving due to an increase in mass. Several examples of battery and EM sizing
can be found in the literature. Usually, to find the best sizing, the fuel consumption and dynamic
performance of the vehicle are set as objectives to be optimized and the battery and EM sizes are varied.
Several works regarding the sizing of not off-vehicle chargeable (NOVC) hybrid vehicles have
been developed. In his paper, Liao et al. [9] studied the best hybridization ratio for two mild and three full
hybrid configurations using non-optimal control strategies. In this case study, only an urban driving cycle
was considered, since the main fuel saving benefits of hybridization lie in the urban phase. Sundstréom et
al. [10] studied the optimal hybridization ratio for mild and full hybrid configurations by using an optimal
control strategy — specifically, dynamic programing — to obtain a result that is independent of the control
strategy. Later in [11], the results obtained for the mild hybrid were extended, and dynamic programing
was used to size a torque-assist hybrid configuration and derive a simple rule-based approach to size this
architecture. Lukic et al [12] studied the hybridization level for charge sustaining parallel hybrid vehicle.
In their analysis, a simple rule-based control was used for energy management. Vehicles with various power
capabilities were tested and analyzed to understand the effect of hybridization on the fuel economy and
dynamic performance. Galdi et al. [13] used a genetic algorithm to size the ICE, EM and battery of a parallel
hybrid vehicle. The objective was to minimize the component sizes and harmful emissions. To that end, a
cost function was designed by multiplying each of these indices by suitably selected cost factors, while
using the vehicle performance as constraint. During simulations, a simple non-optimal control strategy was
deployed. Castellazzi et al. [14] analyzed the battery sizing for a P4 NOVC hybrid all-wheel drive electric
vehicle. In their analysis, a simple on/off control strategy was adopted to split the requested torque between
the ICE and EM and four different driving cycles were considered. The sizing was done to obtain the best
hybrid performance while limiting the SoC variations, and battery and EM temperatures. The optimal

battery size was determined as a function of the electric drive speed.



Similar studies were carried out for off vehicle chargeable (OVC) hybrid vehicles. Madanipour et
al [15] used a multi-objective algorithm to size the EM, ICE and battery of a plug-in hybrid vehicle using
fuzzy logic as an energy management system. The algorithm focused on optimizing the cost, fuel
consumption and emission. Hou et al [16] studied the optimal battery size for a plug-in hybrid based on the
optimal total cost of ownership of a plug-in vehicle in Beijing. The results were compared with the results
obtained using the same method for the US market. The study also included a sensitivity analysis based on
the battery type and government subsidies. Similarly, Wu et al [17] performed the ICE, EM and battery
sizing for a plug-in parallel hybrid configuration by optimizing the cost of the vehicle. The cost is optimized
by using a parallel chaos optimization algorithm and setting the vehicle performances as constraints. Later,
the results’ sensitivity to the driving cycle selected for the optimization process and to the performance
constraints was evaluated. Hu et al [18] performed the battery sizing for a plug-in series hybrid by
considering the charging and the on-road energy management strategies. The battery was sized to reduce
the CO; emissions not just for the on-road vehicle, but also taking into account the CO, emission of the
electric grid during recharging.

In this context, most of these studies focus on the sizing of either OVC or NOVC hybrid vehicles
only, thus obscuring and undermining the differences or similarities that may exist when sizing two
different categories. Furthermore, the effects of the energy flow and distribution between the various
powertrain components is often implicit or overlooked. In addition, a majority of the proposed sizing
methods are based on optimization algorithms, which can involve multiple iterations and several
simulations to achieve their final objective. Also, they may require significant computation time or burden.
To address these shortcomings, this study presents a unified approach for battery and EM sizing of both a
mild and a plug-in hybrid P2 vehicles. The unified approach is based on the energy distribution and
variation during a cycle. Unlike most state-of-the-art solutions, the presented methods require a limited

number of simulations and are quick and easy to implement, thereby allowing for a simple preliminary



sizing of the electric components of a hybrid vehicle. In the case of the OVC hybrid, a 350 V P2 plug-in
hybrid is considered. Higher priority is given to the full electric operation; thus, the sizing is based on
optimizing the electric range. The sizing is done in line with the WLTP regulation and focuses on the battery
capacity. Through this paper, this case is referred to as the capacity-based method.

For the NOVC, a P2 mild hybrid at 48 V is considered. The sizing focusses more on assisting the
ICE, therefore the sizing is centered on the EM power. In this work, this case is referred to as the power-
based method.

The paper is structured as follows. Section 2 presents the proposed methods. Later, section 3
describes the vehicle adopted in this study and its characteristics. Then, Section 4 describes the vehicle
modelling and energy management system. Section 5.1 shows the results obtained with the capacity-based

sizing. Finally, Section 5.2 shows the results obtained with the power-based approach.



2. METHODOLOGY

Two different methods are presented in this study. The first method, the capacity-based approach
can be applied on hybrids with OVC capabilities. The method flow is shown in Figure 1. The first step

consists in running a single WLTP cycle with the target vehicle with no hybrid functionalities.

Run a pure
ICE cycle

|

Size the EM based on the maximum torque and corresponding
angular velocity measured during the cycle

I

Run a full simulation (CD+CS) with an ICE, EM, and a preliminary
battery size

I

Calculate the resulting M¢o, ress Repa,res» @nd UF (Repa ges)

!

Using the proportionality between Mo, and UF, calculate the
UFrpq, necessary to obtain the target Mg, rar

l

Using the UF curve, calculate the required Rep g rar

Using the proportionality between the R.p4 and the battery
capacity, calculate the new battery capacity

Figure 1. Capacity based approach sizing process

The maximum torque requested by the vehicle and the angular speed of the ICE at which such
request occurs are recorded and used as the maximum torque and nominal speed of the EM. Next, using
the sized EM, a first tentative battery capacity Er.,; is selected, and the vehicle is run in a CD+CS test.
The resulting CO2 emissions M, res, the charge depleting range R¢p4 ges, and the utility factor UFp, are

calculated.

More specifically, according to the WLTP regulation [19]:



e Acycle is considered charge depleting (CD) if on average the battery is discharging and the final
SoC of the cycle is lower than the initial SoC.

e Acycle is considered charge sustaining (CS) if the SoC during the cycle respects the following
break-off criterion: the difference between the initial and final energy state of the battery should
be lower than 4% of the energy required to run a full cycle. Additionally, to avoid implementing
a correction procedure to the results, the SoC should be balanced i.e., battery energy should
follow an additional criterion: the difference between the initial and final energy state of the
battery should be lower than 0.5% of the energy content of the fuel consumed during the cycle.
The CS cycle is also referred to as the confirmation cycle, or the n+1 cycle. The last CD cycle is

the transition cycle n.

The CO2 emissions average was determined based on the following regulation indication. The

average is calculated using equation (1) [19]:

k k

Mcozcpecs = Z(UF] X MCOZ,CD,j) +|1- Z UF; | X Mcozcs 1)
j=1 j=1

where:

®  Mcoycp,; is the CO2 emission for the phase j in the charge depleting test, g/km

e Mcp, s is the charge sustaining CO2 emission, g/km

e jisthe considered phase (during a single WLTP cycle there are four phases: low, medium, high
and extra-high)

ek isthe number of phases in the charge depleting test, up to and including the transition cycle

e UF; isthe utility factor of the phase j. The capacity of an OVC vehicle to reduce CO; emissions
is highly dependent on the driver’s behaviour, i.e., how long is the vehicle driven in electric

mode and how frequent are the charging events between trips. To take these factors into



consideration, a utility factor is applied. UFs are ratios based on driving statistics and the ranges
achieved in CD mode and CS modes for PHEVs and are used for weighting CO, emissions and
fuel consumptions. The UF varies from 0, meaning no pure electric driving during daily
commutes, to 1, meaning full electric driving for the entirety of daily commutes. The UF for
phase j is calculated using (2) [19]:

j-1

UF(d)) = $(d) ~ ) UF, )
=1

where:

d; is the distance driven during phase j

¢; is determined by interpolating the curve of Figure 2 at the distance d;. The curve is obtained
from regulations [20]. It is equal to 0 at 0 km, meaning no weight is given to pure electric
driving. Furthermore, it converges to 1 at 800 km, meaning the vehicle is considered driven
exclusively in pure electric mode if capable of achieving such range. By the time of the writing
of the regulation, data on real world usage of OVC vehicles was rare. As such, the curve is
obtained from the statistical study of conventional vehicles databases. The databases include the
same database that was used to obtain the WLTP speed profile as well as databases provided by
vehicle manufacturers. Although efforts are currently underway to create a UF based on OVC

databases [21] [22].
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Figure 2. Utility factor estimation

The actual charge depleting range Rp, is determined following the regulation and using (3) [19]:

n-1
M - M,
Reps = Z d, +< €0,,CS COyn,cycle )x d, 3)
c=1

Mcoz,cs - MCOZ,CD,avg,n—l
where:
e d_ is the distance driven during cycle ¢
e cisthe index of the considered cycle
e Mcoycs is the charge sustaining CO2 emission, g/km
*  Mco,ncycie 1S the CO, emission of the transition cycle n of the charge depleting test, g/km
®  Mco, cpavgn—1 1S the arithmetic average CO2 emission of the charge-depleting test from the
beginning up to and including the applicable WLTP test cycle (n — 1), g/km

e d, is the distance driven in the transition cycle n

11



Later, the cumulative utility factor ¢4, corresponding to the desired target CO, emissions

Mco, rar is calculated from the following expression:

1- ¢Res

1—rgr =
T
o MCOZ,Res

MCOZ,Tar (4)

The matching actual charge depleting range Rcpa 4 Can be obtained from the curve of Figure 2.

Finally, the required battery size E;,, is determined by considering the linear relation between the battery
size and range:

_ RCDA,Tar

ETar - ETent (5)

RCDA,Res
The second method is the power-based approach and is applied on NOVC hybrids. The method is
implemented as shown in Figure 3. Again, the first step consists in running the target vehicle without the

EM assist.

Run a pure
ICE cycle

l

Collect the torque-angular speed distribution at the ICE shaft
during braking

Build the level curves of the percentage of recovered energy as a
function of the EM power and nominal speed

l

Select the EM size corresponding to the curve knee at the desired
percentage

I

Calculate the battery capacity required to limit the current below
a certain discharge rate

Figure 3. Power based approach sizing process
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The braking torque demand at the ICE shaft level and the corresponding angular velocity are
collected. From this data, the braking power distribution during the duty cycle can be calculated and
integrated to obtain the percentage of recovered energy as a function of the EM maximum power. Once a
target energy recovery percentage is selected, the EM which achieves the target recovery with the lowest
maximum power and highest nominal speed is chosen.

Finally, once the EM maximum power is set, knowing the battery voltage, the maximum current
can be calculated. Considering a limit on the maximum discharge rate, the battery capacity is selected such

as to allow the battery to provide the maximum requested current.

3. VEHICLE CONFIGURATION

The object of study is a light duty vehicle, whose brand and model are not indicated for
confidentiality reasons. However, its characteristics are reported in Table 2. The emissions and fuel
consumption results of the conventional ICE-only model were found to match the manufacturer’s declared
data.

Table 2. Vehicle characteristics.

Parameter Value Unit
Mass 3000 kg
Drag coefficient 0.316 -
Engine characteristics 23L Diesel 101 -
kW/350Nm
Battery nominal voltage 48 \Y
Transmission 8-speeq -
automatic
4.55, 2.96, 2.07,
Transmission ratios (1 to 8) 1.69,1.27, 1, -
0.85, 0.65
Final drive ratio 3.62 -
Wheel radius 0.35 m
Rolling resistance 0.013 -
ICE-only fuel economy 7.5-78 1/100 km
ICE-only CO2 emissions 198-206 g/km

The architecture of the vehicle powertrain is an on axis P2 configuration, schematized in Figure 4.

13
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Figure 4. Vehicle powertrain architecture scheme

The ICE is a 2.3 | Diesel engine with a maximum torque of 350 Nm at 2000 rpm, and a maximum

power of 101 kW [136 hp]. Figure 5 shows the ICE maximum torque-angular speed characteristic and the

brake specific fuel consumption (BSFC) map.

350
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o
T

[
o
o

-

[4)]

o
T

[62]
o

300 —

1000 1500 2000 2500 3000 3500 4000
Angular velocity [rpm]

Figure 5. ICE maximum torque characteristic and BSFC map in g/kWh.

A KO clutch is used to connect the ICE with the rest of the powertrain. When dragged, the ICE

suffers inertial load and viscous losses due to the pumped air and lubricating oil, hence decreasing the

efficiency of the system. To reduce this effect, while working in full electric mode, the ICE can be

disconnected from the rest of the powertrain via the KO clutch. Thus, the P2 configuration can have several

modes of operation that can be set using the KO clutch: while the clutch is open, the vehicle is capable of

14



pure electric driving, coasting and regenerative braking. When the clutch is closed, the powertrain is capable
of torque assist, power-split or conventional pure ICE driving.

The EM is connected to the automatic gearbox via the torque converter, which prevents the engine
from the stalling at low speeds. It is equipped with a locking clutch that remains closed at sufficiently high
speeds to prevent viscous losses.

The battery is modelled as a simple ideal voltage source in series with an internal resistance of
fixed value. The open circuit voltage varies with the state of charge (SoC), as shown in Figure 6. The SoC

to voltage relation is [23]:

— SoC
e [1 — B(1 —SoC) ©)

where V, is the open circuit voltage when the battery is at full capacity, and g is a characteristic parameter
of the battery. This approximation represents well the open circuit voltage in the SoC range of 10-90%.

50

40+

Voltoge [V]
8

n
o

0 L L L
0 20 40 60 80 100

SoC [%]

Figure 6. Battery open circuit voltage as a function of SoC.

The current at each time instant is calculated using (7):

15



nSign(Tem) (7)

em

V() - JVZ(t) _ 4 Tem (D Wem (1)

1= 2R

where 1., is the EM efficiency at the considered EM torque and angular speed, T,,, and w,,. The battery
internal resistance is charge and discharge phases are assumed to be constant over the SOC operation range.
Expression (7) is obtained by solving the power balance of the battery considering mechanical power, Joule

losses and DC link active power.

4. MODELING AND ENERGY FLOW MANAGEMENT

4.1. Vehicle model

According to [24], vehicle simulation models can be divided into two main categories: backward
(or kinematic) and forward (or dynamic). In the backward model, the vehicle speed is assumed exactly
equal to the cycle speed. Thus, using the cycle speed, the acceleration is derived, and the required torque is
calculated at every time step. The control strategy then splits the torque demand between ICE, EM and
brakes [25].

In the forward model (Figure 7), the vehicle model includes the driver action that typically is
represented by a Proportional-Integrative (PI) control law. The Pl controller compares the actual vehicle
speed with the required cycle speed that is taken as a reference and issues torque commands based on the
error between these two signals. The torque command is then fed into the control unit that splits the torque
between ICE, EM and brakes. The vehicle speed is then updated based on the produced torque and vehicle

dynamics.
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Figure 7. Vehicle forward model.

The backward model is overall simpler to implement and easier to compute, while the forward
model is more accurate and realistic by taking into considerations the vehicle dynamics and limits.

In the open loop backward model, the vehicle speed is assumed exactly equal to the cycle speed
and therefore, the required torque is calculated directly from the latter. By converse, the closed loop forward

model allows for the vehicle dynamics to be taken into consideration and produces a more realistic result.

4.2. Control strategy

Hybrid vehicles require a control strategy or energy management system to split the torque
command, at every time instant, between the ICE and EM [26]. Control strategies can be split in two main
categories: rule-based strategies and model-based strategies. Rule-based strategies, like simple crisp rules
or fuzzy logic, do not necessarily require knowledge of the system or its components and are quick and

easy to implement, but require considerable tuning to provide near optimal results.

17



Model-based control strategies require partial or complete knowledge of the system to formulate
a cost function. The cost function is then minimized to find the optimal solution. Model-based control
strategies can be divided in their turn into two categories: numerical and analytical.

Numerical control strategies, like dynamic programming (DP) or genetic algorithms, can find the
absolute best solution to the power distribution between ICE and EM at the lowest fuel consumption.
However, numerical control strategies present various disadvantages: the strategy requires prior knowledge
of the cycle, it can be only implemented offline, the problem is difficult to formulate, and its solution
demands high computational overhead [27] [28].

Analytical control strategies, such as the equivalent consumption minimization strategy (ECMS),
are a suboptimal power management strategy capable of yielding results quite close to the optimal solution
[29] [30]. ECMS runs in real time and calculates the power share of the ICE and EM at each time instant.

ECMS works by finding, at each instance, the minimum value of the equivalent fuel consumption,
expressed in (8):

My equ(t) = M (E) + 5 - Mepec () (8)
where i1, is the ICE fuel consumption, calculated directly from the ICE BSFC map (such as the one
illustrated in Figure 5), 1., is the power consumption of the electric motor turned into an associated fuel

consumption by following (9):

Tem wem 1

ign T,
nSonTem) QuuyNice max

Melec =

©)

T.., and w,,, are the EM torque and angular speed, respectively, 7., is the EM efficiency (which also
includes the inverter efficiency) at the considered working point, Q,,, is the fuel lower heating value, and
N1ce max 1S the ICE maximum efficiency. The latter is assumed equal to 0.4 in the present study. The battery

charge and discharge efficiencies are assumed as unity in the controller.

18



Meec 1S Multiplied by an equivalence factor, which acts as a weighing factor that regulates the
contribution of the EM to the total produced torque. A high equivalence factor increases the cost of the
consumed battery electricity and thus reduces the EM use, whereas a low equivalence factor promotes the
EM use.

As previously explained, the plug-in vehicle will be sized using a capacity-based approach that
mainly focuses on the battery sizing, while the mild hybrid vehicle will follow a power-based approach that
centres around sizing the EM.

For the capacity-based approach, the s factor is set as a function of the SoC as shown in Figure 8.
For a high SoC, the controller promotes a charge depleting operation by setting a very low equivalence
factor Sj,,,. Once the SoC goes below SoCp,, 1, the factor s increases to S,,;; to promote a charge
sustaining operation. The value of S,,;; is tuned for every simulation to attain the same SoC value at the
start of the charge sustaining cycle as the end of the cycle. Sp,;4, is a safety measure set to protect the battery
and avoid draining it below a certain threshold. The two hysteresis triggers (SoCp,; and
S0Cmin2; S0Cmayx1 and SoCpq, 2) prevent fast chattering between two values of s when the SoC is near a

threshold.
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Figure 8. Equivalence factor s as a function of the SoC for the capacity-based approach.

For the power-based approach, the s factor is tuned for every simulation to obtain a charge
sustaining cycle, similar to the tuning of s,,,;4 in the capacity-based approach.

The ECMS is implemented in the following way: at each time instant, the controller receives the
torque request T,..4. The controller discretizes the ICE BSFC and the EM efficiency maps and calculates
the equivalent fuel consumption (8) for every combination of T,z and T,,, that satisfies the following
conditions:

TICE(t) + Tem(t) = Treq ®)
Tice(t) < TICEMax(wICE)
|Tem ®l =< TemMax (wem)
S0Cyin < So0C < S0Cyqy

(10)

S0Cyin and SoCyy,, are two limits imposed on the SoC to avoid damaging the battery. Finally, the
controller selects the combination with the lowest equivalent consumption. The control strategy does not
take into account the effects of the temperature and the limits it imposes on the maximum available EM
torque.

20



5. RESULTS AND DISCUSSION

In the following section, the sizing of the EM and battery for the on axis P2 vehicles is performed. The
sizing procedure for the plug-in vehicle follows the capacity-based approach, while the power-based
approach is used for the mild hybrid vehicle. In both cases the World-harmonized Light-duty vehicles Test
Procedure (WLTP) is adopted. The vehicles are simulated on the WLTP class 3 driving cycle, and their

results are subsequently processed following WLTP rules and regulations.

5.1. Capacity-based approach

The plug-in P2 on axis vehicle is sized following the capacity-based approach. The EM maximum torque
and nominal speed are obtained from the torque request and angular speed locus during a WLTP cycle.
Using the obtained EM, several tests are run using different battery capacities. The results show diminishing

CO; saving values for increasing battery capacity levels.
5.1.1. Electric machine sizing

The selection of the size of the electric machine is conducted considering the minimum
requirements in terms of nominal speed and torque to run the vehicle in pure electric mode in all the possible
vehicle conditions.

Based on the results obtained running a WLTP cycle with a pure ICE vehicle, the maximum torque
request of 350 Nm is found at an ICE angular velocity of 2500 rpm. Therefore, these torque and speed
values are used as the nominal torque and base speed, respectively, for the EM. Figure 9 shows the EM
torque characteristic and efficiency map used for the subsequent simulation. Also, the EM parameters are

listed in Table 3.
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Figure 9. High voltage EM torque characteristic and efficiency map.

Table 3. High voltage EM features.

Parameter Value Unit
Continuous torque 175 Nm
Peak torque (<10 s) 350 Nm
Base speed 2500 rpm
Max. speed 7000 rpm
Max. efficiency 91 %
PM flux linkage 65.8 mWhb
Pole pairs 9 -
Phase-to-phase resistance 40 mQ
Phase-to-phase inductance 0.23 mH
Saliency ratio 0.7 -

Using the above-mentioned EM in pure electric mode, the vehicle can reach the following

performance indices:
e 0to 50 km/hin 5.4 seconds
e 0to 120 km/h in 32.4 seconds
e  Maximum speed of 150 km/h

e Speed at 6% slope of 103 km/h
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e  Gradeability at 30 km/h of 32%

e Gradeability at 60 km/h of 12%

Figure 10 shows the working points distribution during a WLTP cycle on the torque characteristic of the
EM. The yellow color shows high-density regions, with the number 1 on the scale corresponding to the
highest density zone, while the dark blue highlights the low-density regions. During the cycle, by

considering a 350 V battery and by using (7), the EM consumes a peak current of 270 A.
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Figure 10. Plug-in torque working points during a WLTP cycle

5.1.2. Battery sizing

Once the EM is defined, the selection of the battery nominal capacity is conducted by aiming the
best CO. emission reduction while minimizing the impact on the car in terms of added weight and
dimensions. The CO; reduction and electric range are calculated according to the WLTP regulation.

Several simulations were run using a set of different battery sizes. For each simulation, the battery
was initiated fully charged with a 95% SoC and one or several charge depleting (CD) cycles were run until

the minimum SoC of 25% was reached. Subsequently, the CD cycles were followed by a single charge
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sustaining (CS) cycle. Figure 11 shows the SoC variation during the various cycles. The first dashed red
line at 3600 s marks the end of the n-1 CD cycles and the beginning of the transition cycle n. The second
red dashed line at 5400 s marks the end of the transition cycle and the beginning of the CS cycle n+1.

Additionally, the dashed black line at around 4800 s marks the R.p,4.

100 r . T

SoC [%]

Speed [km/h]

0
0 1000 2000 3000 4000 5000 6000 7000
Time [s]

Figure 11. SoC and speed for a 30-kWh battery simulation.

Figure 12 shows the results obtained from the simulations at various battery capacities. For all the
simulations, a battery pack specific energy of 113 Wh/kg [31] was used and the battery mass was adjusted

when varying the capacity.
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Figure 12. Simulation results: Actual charge depleting range, CO2 emissions and cumulative utility factor as a
function of battery capacity.

The results (blue line) show that the range increases linearly with the battery capacity. This can be
simply explained by the fact that both the electric energy stored in battery and the torque request, and
therefore the requested energy during the test, increase linearly with the battery mass.

At any time instant, the force F,,; requested by the vehicle can be expressed as:

Fyen = (Mveh + Mbatt)a + (Mveh + Mbatt)krg + Faer (11)

Where M, is the vehicle mass excluding the battery, M, ., is the battery mass, a is the acceleration
imposed by the cycle, g is the gravitational constant, k,. is the rolling resistance coefficient, and F,,. is the
aerodynamic drag which is independent of the battery mass.

The energy E,.;, requested to drive a certain distance is equal to

Ecycle = f FyenVyen dt (12)

Range
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Where v, is the vehicle speed imposed by the cycle, and t is the time. Combining (4) and (5) it can
be noted that the energy request increases linearly with the battery mass. Since the energy stored in the
battery also increases linearly with M, .., the range-battery size characteristic (blue line) is linear.

The two other curves (red and green line) instead show a strict correlation between the UF and the CO;
emissions. Increasing the battery size from 5 to 20 kWh causes a drop of 68 g/km of CO,, while increasing
the battery capacity by the same amount from 20 to 35 kWh causes a decrease of only 26 g/km, indicating
that there’s a saturation in the CO2 savings that is strictly correlated with the saturation of the UF. Therefore,
the battery is sized at 25 kWh. Table 4 shows the results obtained from the simulations. The procedure used

to calculate the average fuel consumption F C.p s is identical to the procedure used to calculate the average

Mcoz,cp+cs-
Table 4. Simulation results at various battery capacities
Description Symbol Unit Values

Battery pack capacity - kWh 5 10 15 20 25 30 35 40
Battery pack mass - kg 44 89 133 177 221 266 310 354

CS fuel consumption FCcs 1/200 km 6.52 6.57 6.64 6.69 6.74 6.79 6.83 6.90
CD+CS fuel consumption FCepics 1/200 km 4.74 3.68 2.76 2.19 1.80 1.46 1.24 1.05

CD+CS CO2 emission Mcozcp+cs g/km 127 98 74 59 48 39 33 28
CD actual charge depleting range Repa km 9.63 18.74 28.39 37.87 46.31 55.62 64.41 73.11
Cumulative utility factor ¢ (Rcpa) - 0.27 0.44 0.58 0.67 0.73 0.78 0.82 0.85

The resulting battery characteristics are summarized in Table 5. The cell characteristics were
obtained from [32]. The total battery pack voltage of 350 V was selected to be high enough to decrease the
current, while also low enough as to not increase the required electronics cost. This value was found to be
in line with automotive industry choices [33]. By knowing the voltage and capacity of the single cell and
of the complete battery pack, the required cells series-parallel configuration can be deduced. Particularly,

the pack voltage is guaranteed by the number of cells in series, while the pack capacity can then be obtained
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by stacking the rows of in-series cells in parallel. Finally, the pack energy density and mass has already

been introduced and is reported again for completeness.

Table 5. High voltage battery characteristics.

Parameter Value Unit
Cell typical capacity 5 Ah
Cell nominal voltage 3.7 \Y
Battery pack voltage 350 \Y
Battery pack capacity 25 kWh
Cells arrangement 15p95s -
Battery pack specific energy 113 Wh/kg
Battery pack mass 221 kg

It is worthy to note that by changing the cells arrangement the battery pack equivalent electrical
resistance changes. A more in-depth analysis could attempt to optimize the cells configuration to maximize
the efficiency of the system. However, the pack resistance is quite low with a marginal impact on the system

overall efficiency.

5.2. Power-based approach

The mild hybrid P2 on axis is sized using a power-based approach. The EM is sized by analyzing
the braking energy distribution during the cycle as a function of requested power and angular velocity. The
energy recovery potential reaches an asymptote after a certain power level that is therefore chosen as the
EM maximum power. The battery is sized by selecting a battery capable of supplying the EM with the

required maximum current.
5.2.1. Electric machine sizing

According to the WLTP regulation, an NOVC HEV cycle has to be charge sustaining to be
considered valid, i.e. the SOC at the end of the cycle must be equal to the SOC at the start of the cycle.

Thus, all the energy used by the vehicle originates from the consumed fuel. Therefore, in order to improve
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fuel economy, the EM must recover as much energy as possible during braking, as well as improving the
ICE working points by boosting and power splitting.

Figure 13 represents the braking power request distribution during a cycle as function of EM speed.
The yellow zones represent high density regions, with the highest density zone corresponding to 1 on the
scale, while the dark blue zones represent low density regions. The EM should be able to recover most of

the points without oversizing the motor power.
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Figure 13. Requested braking power distribution as a function of EM angular speed during a WLTP cycle.

An EM power characteristic can be defined by the base speed w, and maximum power P,. Once
these two parameters have been fixed, the points of Figure 13 can be divided in two groups: the points that
are covered by the EM characteristic and the points outside the power characteristic, as illustrated in Figure

14.
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Figure 14. Requested power points divided by EM power characteristic. Blue cross: points inside the characteristic.
Red triangles: points outside the characteristic.

The energy that can be recovered by a given EM is calculated considering that all the blue points
inside the characteristic indicate energy that is recovered completely, whereas the red points outside the
characteristic can only be partially recovered following the strategy that is graphically represented in Figure

15. For a point at speed w the recovered power P is equal to:

w
P,—, w<w
Brec = 0wO 0 (13)
Po, (UZ(UO
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Lastly, by integrating the power recovered from all the request points over time, the recovered
energy can be calculated. Figure 16 shows the percentage of recovered energy out of the total braking
energy as a function of P, and w,. For a given percentage, the chosen EM should have the lowest power.
The volume and mass of the EM is proportional to the maximum torque of the EM, therefore for a given

power and percentage the EM should have the highest base speed possible to reduce the mass.
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Figure 16. Recovered energy percentage as a function of EM maximum power and base speed.

From Figure 16, for a 90% recovery, the EM should have a maximum power of 24 kW and a base
speed of 1500 rpm. By considering an EM with a symmetric power characteristic, i.e., with a motor
characteristic that is equal and opposite to the generator characteristic, the characteristics of the EM are

defined.

To validate the results, a series of simulations were performed using the EM whose torque

characteristic is illustrated in Figure 17. EM features are also listed in Table 6. The EM max power P, was

increased and decreased for each simulation while the base speed w, was maintained constant at 1500 rpm.
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Figure 17. Low voltage EM torque characteristic and efficiency map.

Table 6. Low voltage EM features.

Parameter Value Unit
Continuous torque 55 Nm
Peak torque (<10 s) 147 Nm
Base speed 1500 rpm
Max. speed 6000 rpm
Max. efficiency 87 %
PM flux linkage 8.9 mWhb
Pole pairs 14 -
Phase-to-phase resistance 3 mQ
Phase-to-phase inductance 0.02 mH
Saliency ratio 0.41 -

The results presented in Figure 18 show a clear correlation between the fuel consumption and the

recovered energy. As the recovered energy approaches 90% near 25 kW, the fuel savings reach an

asymptote at around 17%.
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Figure 18. Recovered energy percentage (blue) and fuel savings percentage (red) for multiple EM power with a base

speed of 1500 rpm.
5.02.2. Battery sizing

Using the battery model explained in Section 3.1, the power generated by the EM can be related

to the power consumed in the battery following (14):

Ul = Pn + RI? (14)

Where P represents the EM power during generation (torque times angular speed), n represents the
efficiency and U, I and R represent the battery voltage, current and internal resistance, respectively. By

solving (14), the current is calculated:

P
U- U2 —4R%
[ = n (15)

2R

Considering an EM efficiency and maximum power of 0.8 and 24 kW respectively, corresponding

to the EM base speed limit, and a battery voltage and internal resistance of 48 V and 10 m{ respectively,
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the maximum current during traction is equal to 739 A. Thus, considering a maximum battery discharge-
rate of 15C [31], that can be sustained for a short time duration, the battery capacity is calculated at 49 Ah.

Similarly, the maximum current generated during braking can be calculated using (16):

— 2
U — /U2 — 4RPy (16)

2R

I =

In this case, inserting the same values used to calculate the maximum traction current, the
maximum braking current is equal to —371 A. Considering a lower charge rate of 10C, the necessary
battery capacity is 37 Ah, which is lower than the capacity required for traction. Therefore, the battery
capacity is sized at 49 Ah.

It is worthy to note that during a cycle, the battery SOC oscillations have a peak-to-peak amplitude
of only ~8% as shown in Figure 19. This confirms that the battery capacity is more than enough to satisfy

the energy storage needs.

0 500 1000 1500
Time [s]

Figure 19. Battery SOC during WLTP cycle.
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The resulting battery pack is shown in Table 7. The same battery cells used in Section 5.1.2 are

again used to build the battery pack.

Table 7. Low voltage battery characteristics

Parameter Value Unit

Cell typical capacity 5 Ah
Cell nominal voltage 3.7 \Y
Battery pack voltage 48 \Y
Battery pack capacity 2.4 (49) kWh (Ah)

Cells arrangement 10p13s -

Battery pack specific energy 113 Wh/kg
Battery pack mass 21 kg

6. CONCLUSIONS

In this paper, an energy based unified battery and EM sizing method for OVC and NOVC vehicles was
presented. This study considered a hybrid P2 vehicle architecture. A description of the vehicle model and
its characteristics was provided along an illustration of the ECMS energy management strategy. The sizing
for the OVC vehicle focused on the electric range and was therefore capacity based. The EM was sized
with a peak torque of 350 Nm and a base speed of 2500 rpm, corresponding to a peak power of 92 kW, to
allow all electric operation. The battery was selected with 350 V. It was demonstrated that the AER
increases linearly with the battery size, while the CO, emissions reduction closely follow the UF trend.
Thus, the possible reduction greatly diminished after a certain battery size. Therefore, the battery was sized
at 25 kWh. The main advantage of this method is that it only requires a single simulation of the P2 vehicle
on the WLTP cycle to perform a battery and EM sizing, allowing a quick and intuitive sizing. The sizing
for the NOVC vehicle focused on energy recovery, and consequently relied on a power based method. The
EM was sized by collecting all the required braking points during a WLTP cycle. The EM was then sized

by choosing an EM capable of recovering 90% of all the available energy. Thus, a peak power of 24 kW
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and a base speed of 1500 rpm were selected. The battery was sized at 49 Ah by limiting the maximum
discharge rate at 15 C. Again, the main advantage of the method is that it allowed the sizing of the EM and
battery using a single WLTP simulation, thus providing a quick solution.

Future work could aim at including the effects of the ICE downsizing in the method in case of the OVC
vehicle. Additionally, in the case of a P2 vehicle the effects of the gear shifting schedule on the EM sizing
could be implemented by further developing the energy management strategy and expanding the controller

functions to the gear shifting.
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