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Abstract

The purpose of this paper is to study the influence of the electric motor (EM)
size, final drive ratio (FD) and the battery capacity (BAT) of a parallel plug-in
hybrid electric vehicle (PHEV) regarding fuel consumption. The energy
efficiency of a certain vehicle drivetrain depends on the size of the components.
For this reason and for cost reasons it is necessary to study the optimal
dimensions of the components that minimize the fuel consumption for a given
driving cycle. In this publication the influence of the size of the electric motor,
final drive ratio and also the battery capacity are analysed using the Response
Surface Methodology (RSM) of the Design of Experiments (DoE) technique. A
parallel PHEV has been parameterized and simulated to obtain the fuel
consumption over NEDC driving cycle using Modelica/Dymola. This paper
contains an introduction, a brief explanation of the modelled parallel HEV, a
description of the all electric range operating strategy based on rules, an
explanation of the RSM method, the simulation results, and finally the
conclusions of this study.

Keywords: optimal, sizing, models, simulation, PHEV, fuel, electric,
consumption.
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1 Introduction

In a HEV there are a lot of components that affect directly the fuel consumption
[1]. There are studies in the current literature about how to get the optimal
components minimizing the fuel consumption using different techniques. The
proposal of this paper is to apply DoE to know the influence of the components
on the fuel consumption. In order to obtain it, firstly a parallel PHEV concept
with a rule-based operating strategy is modelled using Modelica/Dymola [2].
This model is used to evaluate the fuel consumption using different simulation
experiments changing the size of the components. In this case study, the
influence of the electric motor size, final drive ratio and the size of the battery
capacity has been studied. A rule-based operating strategy (All Electric Range
strategy) was implemented which selects the driving mode depending on the
driver requests giving inputs to the electric motor (EM), internal combustion
engine (ICE), gearbox and to the clutch. Then a Design of Experiments (DoE)
parameterization using the Response Surface Methodology (RSM) is evaluated.
The NEDC driving cycle is used in this model in order to calculate the fuel
consumption for each experiment changing the size of the EM, the ratio of the
final drive and also the capacity of the battery. Once the experiments are done a
second order model fitting is used to calculate the coefficients of the equation
terms to know the curvature and the tendency of the fuel consumption for the
components studied. After that the minimum of this model equation is computed
in order to calculate the optimal size of the components that minimize the fuel
consumption for this case study.

2 Parallel PHEV model

The parallel vehicle model done is based on a systematic approach using
energetic models for different subsystems. The internal combustion engine is
modelled using a look-up-table for the fuel consumption, while for the electric
motor a loss map is used. Also basic vehicle subsystems such as driver, chassis,
clutch, gearbox, and forces calculation are modelled [3, 4]. Models of the
battery, battery management system, inverter, and control units are also
implemented.

The parallel hybrid configuration switches between the two power sources,
the internal combustion engine and the electric motor. Depending on the
situation, both power sources can also be used simultaneously to achieve
maximum power output. Figure 1 shows the system configuration of a parallel
PHEV. The advantage of this vehicle structure is that the system has the ability
to offer high efficiency during highway driving conditions avoiding low efficient
points of the ICE. On the other hand, the electric motor can be used during urban
driving cycles to prevent the ICE from operating in its low-efficiency range, thus
providing higher overall efficiency.

WIT Transactions on The Built Environment, Vol 130, © 2013 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Urban Transport XI1X 411

ICE HH EM ——Transmission— Wheel

Battery

Mechanical connection

Figure 1: Powertrain of parallel PHEV model.

3 All electric range operating strategy

To simulate the fuel consumption using this vehicle model under the NEDC
driving cycle, a basic operating strategy was implemented in the hybrid control
unit model. The All Electric Range (AER) operating strategy based on rules has
two different modes called charge depleting (CD) and charge sustaining (CS).
For each mode (figure 2) five operating modes are implemented (figure 3). The
CD mode uses the energy stored in the battery until to reach a minimum SOC
(State Of Charge) of 20% using electric and regeneration modes. Afterwards in
CS part the strategy attempts to maintain this minimum level SOC mode using
also recharge, boost and ICE driving mode. At the time that the battery SOC
reaches his minimum, the strategy enters the CS mode, in which the combustion
engine is also used.
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e .

™

Y

S0C (%)

[t}
)

Distance

Figure 2: All Electric range operating strategy.

Depending on the vehicle speed, in this case at 50 km/h, or also on the
E-drive if is intentionally applied by the driver due to is a PHEV, the vehicle
enters the hybrid mode (Boost or Charge) or remains in electric mode. The
strategy has to choose the mode of operation, the gear and torque set point of the
engines. The ICE and the EM, in a parallel hybrid electric vehicle, work on the
same mechanical axis to add their torque. The maximum torque is the sum of the
curves of maximum torque of EM and ICE. When power demand is low, it may
be sufficient to use only the EM (“Electric mode™). In regenerative braking the
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Figure 3: Operating modes of parallel HEV model.

electric motor is used as a generator charging the battery when the SOC does not
exceed its maximum value, which means that the battery can store this energy
(“Regeneration mode™). In hybrid mode has been implemented “Recharge mode”
and “Boost mode”, where in both the traction motors are used. In “Recharge
mode” mode, combustion engine generates more torque demanded by the driver
to recharge the battery. If the driver, demands more power than the electric
motor can generate, “Boost mode” is entered, in which the two machines
accelerate the vehicle. Finally the “ICE mode” is used when the SOC is too low
and the ICE power is directly transferred to the wheel. The changing process
between the modes depends on the SOC of the battery. To avoid continuous
changes between the modes, a hysteresis of 5 km/h has included, in case that the
vehicle drives just at this edge. At speeds above 50 km/h the engine is turned on
and the vehicle enters to the hybrid mode. Therefore if the vehicle speed exceeds
the limit of the maximum speed in electric mode, the car changes into the hybrid
mode. This means that the ICE is on and the two machines contribute to the
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acceleration of the vehicle. The strategy intends to use the ICE at every moment
at the highest efficiency point of the current angular velocity. If the driver
request more torque, the strategy sends the maximum possible torque, getting out
of this efficient curve.

The gear is chosen by the vehicle through the Hybrid Control Unit subsystem
and the driver has no chance of selection, as in many conventional vehicles with
automatic transmission, and is determined according to the speed. Moreover, the
decision of the gear follows the same strategy in hybrid mode as in electric
mode. The shift points are adapted while driving at low speed to the EM and at
high speed to the ICE, as this engine has to always work in his optimum zone.

4 Design of experiments’ parameterization

In order to evaluate the influence of the EM size, final drive ratio and battery
capacity a DoE parameterization is applied using Matlab/Simulink. The concept
of DoE uses a set of experiments which has to be performed by the experimenter
(see figure 4). The aim of this so-called design is to parameterize a process or
system by performing each experiment and to draw conclusions about the
significant behaviour of the studied object from the results of the experiments.

A full factorial design with three factors and three levels for each factor is
created in this case study. This means that the DoE design matrix is formed by
twenty-seven experiments (3 factors 3 levels = 27 experiments). A full factorial
design means to test all the experiments of the region. In this case it is possible to
calculate all experiments because the simulation run time, and the number of
experiments are reasonable to be calculated in less than 200h approximately.
Also to use a full factorial design has the advantage to increase the accuracy of

DOE experimental region

BAT Capacity (kWh)

Em Size (kW) 1A FD Ratio

Figure 4: Experimental region of the Design of Experiments.
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the results. These experiments are different options for the size and possible
combinations of the EM size, final drive ratio and battery capacity. As each
experiment to simulate does not require a lot of computation time, and now only
three factors are selected to study, a full factorial design is chosen. Each row of
such a design contains a combination of the values of those variables that are
changed within their limits of variation. In the context under consideration here,
each of these input-variable combinations is used for parameterisation of a
simulation run, in that the values from the respective input variable combination
are used to parameterize the size of the EM, the final drive ratio and the battery
capacity of the vehicle incorporated in the simulation model. During a simulation
run, the selected values are assigned to the variables of the experiment, and the
fuel consumption and electrical autonomy under the standardized cycle (NEDC)
are obtained.

5 Response Surface Methodology

The complexity of the hybrid drivetrains results in a large humber of potential
independent variables that affect the dependent variable under consideration to
different extents. For this reason it is important to know how strong the effects of
these factors are. A useful tool to know an optimal design for regression models,
in this case the design that minimizes the fuel consumption is the RSM. The
regression analysis is needed for modelling and to analyze several variables, to
obtain the relationship between a dependent variable and independent variables.
This means to calculate how the typical value of the dependent variable changes
when any one of the independent variables is varied, while the other independent
variables are held fixed. RSM is applied to the results in order to evaluate the
influence of each component on the final result, in this case the fuel consumption
during charge sustaining mode.

The RSM (figure 5) explores the relationships between several explanatory
variables and one or more response variables. The main idea of RSM [5, 6] is to

L Optimal region

Resut

Factor A

Factor B

Figure 5: Example of the Response Surface Methodology concept using two
factors and obtaining the optimal region. In this paper case will be
the minimization of the fuel consumption.
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use a sequence of designed experiments to obtain an optimal response, the
minimum of fuel consumption. Since the dependency of fuel consumption on the
large number of variables does not exist as an explicit target function, they are
approximated in the preceding process step of modeling, in the form of an
adapted polynomial (equation 1). A second order model for the regression fitting
is used to analyze the curvature and shape of the obtained model. Analyzing the
surface obtained it is possible to estimate the influence of each component

studied [7].
k k k1 k
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6 Definition of the parameters for this case study

The selected sizes of the components evaluated for each experiment are in a
reasonable range, being any option as a real possible solution for a parallel HEV.
The fixed size of the vehicle parameters are shown in Table 1. To size the EM,
the efficiency map is used for the nominal value (see Figure 6), and an
adaptation of this is done for the upper and lower size taking into account the
losses in each electric motor tested (Table 2). The driving cycle used in overall
simulations is the standard NEDC (Figure 7).

Table 1: Fixed size of the vehicle parameters.
Components Size
ICE (kW) 51
Battery Voltage (V) 300
Weight (kg) 1508/1565/1630*
Af (m?) 2.2
Gears 7

*The vehicle weight changes with the battery capacity
(see Table 2).

Table 2: Size of the powertrain variables tested.
Components | Lower | Nominal Upper
EM
(kW) 30 40 50
Battery
Capacity 4 8 12
(kwh)
Final (_jrlve 35 4 45
ratio
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Figure 6: Efficiency map Electric Motor nominal.
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Figure 7: Speed profile of NEDC driving cycle.

7 Parameterization results

When planni

factor to be

ng an experimental program that will allow carrying out the study
on the effect of factors on the response variable, the first step to take is the
choice of factors that will be used in the experiment. In this case the factors
selected are the EM power, the ratio of the final drive and the battery capacity.
Once the factors are determined, the next step is to select the ranges of each
analyzed in the experimental region selected. The experimental

design matrix used is:
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X=[1 -1 -1
110
1101
10 -1
100
10 1
101 -1
110
1011
01 -1
0-10
0-1 1
00 -1
000
00 1
01 -1
010
01 1
1 -1 -1
1-10
1-1 1
10 -1
100
101
11 -1
110
11 1]

where each row corresponds to one experiment, first column to the final drive
ratio, and second column to the electric motor size. The values are coded
meaning “-1” the lower value, “0” the nominal value, and “1” the upper value.

Once the fuel consumption and electrical autonomy are obtained, it is possible
to calculate the fuel consumption according ECE-R 101, where the fuel
consumption for a PHEV based on the NEDC (Figure 7) is defined as
(equation (2)):

FC(1/100km) = 28 Fg“ 222':" FC2 )
e+ m

FC1-> Fuel consumption (1/200km) during charge depleting
FC2-> Fuel consumption (I/200km) during charge sustaining
De—> Electric autonomy (km).

Using the design of the experiments performed it is very useful to obtain the
response surface model fitting the data set collected at points of design to a
polynomial equation. Using the data of fuel consumption simulated in all
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experiments it is possible to obtain a second-order mathematical model with
terms linear, quadratic and binary interactions of the three independent variables

(X1, X5, X5 ) analyzed (equation (3)).
Hy = Bo+ BiXy+ BoX, + BaXg + ﬂnxlz +

2 2
BaXy" + PagXs” + BiXi Xy + BiaXi X + PgXyXs + &

©)

where,

M, = Average value of the response variable (fuel consumption)
[, = Average value of the response, without the effect of the factors (X, X,)
P, = Lineal effect of factor 1 on the average response

3, = Lineal effect of factor 2 on the average response

[, = Lineal effect of factor 3 on the average response

L., = Quadratic effect of factor 1 on the average response

,, = Quadratic effect of factor 2 on the average response

a3 = Quadratic effect of factor 3 on the average response

B, = Interaction effect between X;, X, on the response

P15 = Interaction effect between X;, X, on the response

P,; = Interaction effect between X, , X, on the response

¢ =error
Table 3: Coefficient results for second order model.

Equation | Variables Results

B Constant 1,6240

B FD 0,0823

,32 EM -0,0145

s BAT -0,516

B FD*FD 0,0197
By EM*EM -0,0016

S | BAT*BAT 0,1776

B FD*EM 0,0076

Bis FD*BAT -0,0293

Bos EM*BAT 0,0014

¢ Error 0,042
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The obtained coefficients of each term are shown in table 3. Notice that the
major component that contributes more to the result is the final drive ratio (FD).
Therefore the regression equation for this case is exposed in equation (4):

Fuel consumption (I/100km) = 1,6240 + 0,0823-FD - 0,0145*-EM - 0,516 -BAT
+0,0197-FD?- 0,0016-EM?+ 0,1776 -BAT?
+0,0076 - (FD-EM ) -0,0293 - (FD-BAT)
+0,0014 - (EM -BAT ) + 0,042 4)

The equation means that the BAT capacity has an important contribution to
the fuel consumption, meanwhile the FD ratio and EM size has a minor effect
compared to the battery capacity.

In order to a better understanding of the equation obtained, in Figure 8 is
shown the surface response of the fuel consumption for the EM size, FD ratio
and BAT capacity under the analyzed ranges. The combination that minimizes
the fuel consumption is with the lowest final drive ratio (3.5) and a high battery
capacity (12kwh). The minimum of this function is 1.24 1/100km of fuel
consumption using the FD=3.5, BAT=12kWh and EM=50kW. In Figure 9 it’s
shown also the influence of the components studied by fixing the EM size equal
to 40kW.

Influence on Fuel Consumption ECE-R101 (1/100km) 24
2.2
% il 2
2
s 18
3
=
<
m
1.6
1.4

FD ratio

EM size / kW

Figure 8:  Response surface of fuel consumption among FD ratio, EM size
and BAT capacity.
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Influence of Final Drive and Battery Capacity

€=> Fuel Consumption (I/100km)

BAT / kiWh
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FD

Figure 9: Influence of the FD ratio and BAT capacity to the fuel consumption
fixing the EM size.

8 Conclusions

This study gives several conclusions and suggestions in the design process of a
parallel PHEV. Design of Experiments and Response Surface Methodology has
been used to analyze how the variation of parameters in the components affects
on the fuel consumption. Also has been calculated a first approximation of a
parameterized equation that describes the system on an analytic way regarding
the fuel consumption using ECE-R101. It has been observed a strong influence
of the BAT capacity below proportional, in example, doubling the electrical
autonomy, the fuel consumption is reduced by less than half. The current high
cost of the battery makes that the optimal set of components could be different
and in future the components costs will be considered in this study. The FD ratio
has a direct influence on the fuel consumption in CS mode, and indirectly
through electric consumption due to the electrical autonomy increases. In future
it will be studied his influence to check the maximum vehicle speed and also the
acceleration performance. And finally in this case study the EM size has a little
influence due to the electrical machine is always working on an optimal
efficiency region, but must be taken into account in future work because it will
directly also affect the acceleration performance. Therefore the 3.5 for the final
drive ratio and the 12kWh for the battery capacity give better results considering
the fuel consumption under this specific case setting.

In future studies more components will be introduced to the system analysis,
in order to get more accuracy in the equation of the fuel consumption, and also
the electric consumption during charge depleting mode, maximum vehicle speed,
acceleration performance and the components cost will be studied, in order to
create a very detailed cost function that parameterizes the parallel PHEV.
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