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Abstract: The use of electric vehicles and their various configurations is seen as a major alternative
in efforts towards reducing pollutant emissions from motor vehicles that continue to use fossil
fuels. Electric transport technology presents more efficient means of energy conversion in vehicles:
electric (EV), hybrid (VH), and hybrid electric (HEV) vehicles. For example, the energy storage
system in the latter can be made up of ultracapacitors (UCs), batteries (Bs), and fuel cells. This work
focuses on HEVs powered by batteries and ultracapacitors. In particular, the multiple converter
configuration (C-CM) for the HEV powertrain system is analyzed using electric models of the vehicle
powertrain components. To analyze the multiple converter configuration, parameters of a vehicle
taken from the literature and the electrical model of the configuration were developed. With the
above, the proposed configuration was evaluated before driving cycles (CITY II and ECE) and
the configuration performance was compared with respect to other configurations. In the C-CM
model, limitations in the choice of the number of Bs and UCs were observed in the powertrain
depending on the maximum power of both energy sources and vehicle load demand. The results
show that more energy is extracted from the batteries in the ECE cycle than in the CITY taking
into account that the batteries are used as the main power source. C-CM results compared to
other configurations show that energy extracted from batteries in the CITY is the same across all
configurations. While energy consumption is lower in the ECE, C-CM results were not very significant
compared to other configurations. However, the C-MC has the advantage of having better power
flow control due to having two converters, thus improving HEV safety.

Keywords: batteries; ultracapacitors; electric vehicle; multiple converter configuration; powertrain

1. Introduction

Climate change brought on by environmental pollution has given rise to new requirements for
energy conversion efficiency. Specifically, the transportation sector is one of the main contributors to
pollution due to its reliance on internal combustion engines [1]. Currently, more efficient transportation
technologies such as electric vehicles (EVs), hybrid vehicles (HVs), and hybrid electric vehicles
(HEVs) are being explored. The first uses batteries (Bs) [2,3], the second uses a combination of
internal combustion and electrical power [3,4], and the latter has an energy storage system that can
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be composed of ultracapacitors (UCs), batteries (Bs), and fuel cells [5-7]. EVs and HEVs today are
considered a viable alternative since they offer an intelligent and efficient transport system without
polluting emissions [8-12]. Companies such as Honda, BMW, Kia, and Tesla, among others, already
offer electric vehicles powered by batteries for sale [1,8,13]. Recently some authors have studied the
infrastructure and environmental impacts of EVs in different cities. These authors determined that
the use of EVs is viable because electricity costs are much lower than the gasoline costs per km of the
vehicle [10-13]. However, this type of vehicle has the problem of having less autonomy than HVs
and long charging times [14]. Therefore, there are currently HEV prototypes powered by batteries
(Bs) and ultracapacitors (UCs) [7,14-16], which feature good performance and autonomy [14,16-18].
A hybrid energy storage system (composed of UCs and Bs) in an HEV can recover more energy, extend
battery life, and increase the driving range unlike EVs [13,14]. HEV energy consumption depends on
the power rations of the components, the control strategy applied, the type of terrain, and the vehicle
topology. Regarding the latter, there are few studies that explore different vehicle topologies or power
configurations. These HEV powertrain topologies or configurations should be studied to analyze
their influence on the performance of the vehicle from the analytical point of view [18]. Some typical
configurations of the powertrain system include the basic passive parallel that does not contain power
converters in its configuration and therefore no control is applied to meet the energy demand, unlike
the ultracapacitor/battery (C-UC/B) configurations, battery/ultracapacitor (C-B/UC) configurations, and
multiple converter (C-MC) configurations that have power converters [7,16]. However, the C-UC/B and
C-B/UC configurations only have a two-way direct current to direct current (DC/DC) power converter
for either the Bs or the UC and a control is needed to meet the load demand. On the other hand,
a feature of the multiple converter configuration is its two bidirectional DC/DC power converters
connected in parallel with the power sources (UCs and Bs). This configuration leads to control over
the two power converters to meet the load demand. Another feature is that the UC voltage can be
varied over a wide range, which implies that the UC is used in full capacity; in addition, the voltages
of both the B pack and the UC bank can be kept below the voltage of the DC bus [16]. In this context,
this work analyzes and evaluates an HEV with an energy storage system composed of Bs and UCs
with a Multiple Converter configuration (C-MC), for which no analytical results have been shown
using an electric model. To analyze the proposed configuration, the following methodology is used:
(i) the parameters of a vehicle, powertrain, and an energy management strategy are taken from the
literature; (ii) the C-MC configuration is modeled electrically; (iii) the configuration is tested in CITY II
and ECE driving cycles; and (iv) finally, the performance of the proposed configuration is compared
with other topologies. The results are shown in simulation, and according to the parameters, loss of
energy in the converters is considered before a case study submitted to different terrain conditions;
in addition, the C-MC is compared with the C-UC/B and C-B/UC topologies.

2. Methodology

The main elements that make up the powertrain of a propulsion system are energy sources (Bs
and UCs), motor, and electronic power converters, among others. The arrangement of these elements
in an electrical circuit and its connection is called the propulsion system configuration [3,16]. Some
common powertrain configurations used in the literature for an electric vehicle powered by Bs and
UCs are described below.

2.1. Passive Parallel Configuration

This is the simplest method of combining a battery pack (Bs) and an ultracapacitor bank (UC)
because the two energy sources hybridize without the need for an electronic power converter or
inverter as shown in Figure 1. In this configuration the two sources are always parallel, so the voltage
of the B pack is equal to the voltage of the UC back and the bus voltage. The UC acts essentially as a
low pass filter. The main problem with this topology is that it cannot effectively use the energy stored
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in the UC. The advantages of this configuration are the ease of implementation and the absence of
control requirements or electronic power converters.
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Figure 1. Basic passive parallel configuration [7]. DC: direct current.

2.2. Ultracapacitor/Battery Configuration (C-UC/B)

The UC/B configuration has a UC back connected to the bus through a bidirectional DC/DC
converter as shown in Figure 2. The advantage of this configuration is a wide range of UC bank voltage
compared to the previous configuration. However, the bidirectional converter must be large enough to
handle the power of the UC. In addition, the nominal voltage of the UC may be less than the battery
voltage, which is equal to that of the direct current bus. In this configuration a control and an electronic

power converter are required unlike the passive configuration.
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Figure 2. Ultracapacitor/battery configuration [7]. DC/DC: direct current to direct current.

2.3. Battery/Ultracapacitor Configuration (C-B/UC)

This configuration is a variant of the previous one. In this configuration the battery voltage can be
kept lower than the UC voltage. The UC is connected to the direct current link and works directly as a
low pass filter. This configuration is shown in Figure 3 and, like the previous configuration, a control
and an electronic power converter are required unlike the passive configuration.
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Figure 3. Battery/ultracapacitor configuration [7].

2.4. Multiple Converter Configuration (C-MC)

Figure 4 shows the diagram of the multiple converter configuration. The outputs of the two
converters are the same as the direct current link voltage. A feature of the multiple converter
configuration is its two bidirectional DC/DC power converters connected in parallel with the sources
where the outputs of the two converters are the same as the direct current bus voltage. An advantage
to this configuration is that the voltages of both the B pack and the UC bank can be kept below the
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direct current bus voltage unlike the above-mentioned configurations. Additionally, the UC voltage
can vary over a wide range.
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Figure 4. Multiple converter configuration (C-MC) [7].

Regarding the study of vehicle powertrain configurations, there are few works focused on studying
them in an analytical way and analyzing the influence of their configuration on HEV performance.
The three configurations outlined above are described by Cao and Emadi [16] and the differences among
them and the advantages of using one with regards to the other, in terms of voltage manipulation in the
B pack or the UC bank through the power converters, are presented considering how to accommodate
the vehicle powertrain elements. In a study by Zamora Gémez [18], the C-UC/B and the C-B/UC
are analyzed using an electric model, which provides information on the dynamic behavior of the
voltages, currents, and state of charge of the B pack and the UC bank. This author analyzed the
effect of the configurations (C-UC/B and C-B/UC) on the powertrain for different driving cycles. The
results showed that the C-UC/B configuration performs better in an electric vehicle than the C-B/UC
configuration. However, this work considered ideal efficiencies for the converters (that is, 100%
efficiency, which implies that there are no voltage losses) and for each driving cycle it considered a
certain pack size of Bs and UCs. In real applications the efficiencies of the converters are not 100%
since there are losses associated with switching, conduction, and heat generation [19]. In the case of
the dimensioning of the B pack and the UC bank, it is not realistic to have a sizing of the different
energy sources for each type of terrain or driving cycle; in a real vehicle the driver drives randomly
on different land types such as city, urban, semi-urban, etc. This work focuses on the analysis and
evaluation of an HEV with a multiple converter configuration in the powertrain. Multiple converter
configuration has not been examined analytically to investigate the performance of a hybrid electric
vehicle. The following section describes vehicle characteristics (case study) in conjunction with the
energy storage system and the Energy Management Strategy (EMS). An energy management strategy
is one that allows B and UC operating restrictions to be met in order to operate both sources safely to
meet the load demand [14,17,18,20]. Energy management strategies are aimed at improving vehicle
performance, taking care of battery life, and increasing autonomy. In this work the EMS is chosen from
the literature since the purpose is to analyze C-MC topology in HEV performance.

2.5. Vehicle Characteristics, Powertrain, and Energy Management Strategy

A vehicle with the characteristics listed in the table below is used for the analysis of the multiple
converter configuration [5]. The vehicle equations are taken from Guzzella and Antonio [3] and
Morales-Morales, Cervantes, and Cano-Castillo [5] with the characteristics shown in Table 1.

Table 2 shows the parameters of the vehicle powertrain system consisting of a B pack, a UC
bank, converters (C), and motor (M). Each of the parameters is detailed in the modeling section of the
multiple converter configuration.

To analyze the C-MC, in addition to the powertrain and vehicle characteristics, an energy
management strategy is needed to distribute power between the energy sources and the load. The EMS
used in this work has the following characteristics (see Table 3): (i) the batteries have the capacity
to meet the load demand; (ii) the UCs have the capacity to meet the load demand; (iii) regenerative
braking is considered for recharging Bs and UCs; (iv) Bs and UCs work together when required and
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have the capacity to meet the load demand; (v) the battery considers a minimum and maximum state
of charge; (vi) the UC considers a minimum and maximum state of charge; (vii) the B and UC consider
a minimum and maximum current. The variables and parameters shown in Table 3 are described in
more detail in Section 2.6.

Table 1. Vehicle parameters.

Parameters Value
Air density 118 58
Rolling resistance coefficient 0.014
Transmission ratio 3
Crag coefficient 0.5
Frontal area 3.225 m?
Gravity 9.8 sz
Tire radius 0.2651 m

Table 2. Powertrain parameters.

Battery: Valence Model U1-12xp UC: BMODO0165-Maxwell Model
Rps = 2.2mQ SOCp yax = 1 SOCyc max = 1 Viyom = 48 V
Ry, = 2.5m0 Ip yuin = —80A Lic min = —130A Rycs = 6.3 mQ)
Cpe = 20kF Ip max = 80A Luc max = 130A Cuc = 165F
SOCy yin = 0.2 I = —20A Ipe = —20A SOCyc min = 0.5
¢ =10 =3 Vipaxu = 51V Hpe = 4
Viom = 12.8V Myp =5 Neye = 2 SOC,(to) = 0.8858
ng, =5 Py . = —3024W

Load: Curtis Motor 1236-6501 (72 V, 550 A)
Vioad = Vmotor = 96V
Converter
Mb_conv = MNuc_conv = 0.9
Vb_conv = Vuc_conv =96V

Note: UC: ultracapacitor.

Table 3. Energy management strategy.

Conditions Power Delivered by the Battery Converter Power Delivered by the UC Converter
Pogg = 0 SOCy, > Socbjniﬂ

SOCye > Socuc_min becunv =0 Pucfconv =0
Pioag > 0 Socb 2 SOCanin — _ = —
SOCuC < Socm_mm Pb?conv = Pload Puc,conv Pucﬁcunv = Puc,wnvl
Pluad >0 SOC,, > SOC;,J,,,,, . _
SOCUC > SOC”me beconv = mln(beconvl/Plaud) Puc?conv - Pload - Pbﬁcunv
Pluad <0 Socb = Socbimin _ _
SOCyc < Socmimm Pb,canv =0 Puc,cmw = Ploud
Pioad < 0S0OC;, < SOCy i
luadsocuc < Sbocmim,'l;mm Pb?conv = maX<Pb7cmm2r thd) Puc_conv = Piogd — Pb,conv
Pluad >0 SOC;, < SOCZ,J,,,-,[ _ _
SOCUC < Socugmm Pb,conv =0 Puc,conv =0
Pjoaq > 0 SOCy < SOCy i
luadsocuc > Shocmim:,imm Pb,cww =0 Puc_conv = Ploga
I > Ibimax I = Ib?max -
Iy < Ty_min Iy = Ip_min -
Tuc > Luc_max - Lue = luc_max
Luc < Lyc_min - Lue = Luc_min

EMS restrictions improve vehicle performance. Inaddition to the above, the analyzed configuration
in this work was subjected to different terrain conditions: city and semi-urban. These terrain conditions
were met through driving cycles or driving patterns. Different patterns represent various energy
demand conditions which may arise during the trip of a vehicle. Driving patterns are speed versus
time profiles under different traffic scenarios (urban, semi-urban, road); there are standard driving
patterns that are used in the automotive industry to assess vehicle performance [3,21].
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2.6. Multiple Converter Configuration Model (C-CM)

The multiple converter configuration (C-CM) shown in Figure 4 has a powertrain consisting of a
B pack, two bidirectional converters (DC/DC), a UC bank, and an electric motor (M). Bidirectional
converters have the function of regulating the energy of the power sources. These sources have the
ability to deliver power to the load (motor) or receive power to recharge through the converters.
The electric motor can act as a generator when there is regenerative braking. Regenerative braking is a
vehicle braking mechanism that allows electric power to be generated from kinetic energy, usually
to recharge storage devices (Bs or UCs). In the literature there are complex HEV models [12,13]
and electrical models of HEVs as in a study by Heidrich et al. [10]. These electric models consider
relevant components to model energy conversion phenomena. In the analytical framework, the
electrical model allows data to be constituted in physically significant energy flows and therefore
provides relevant information from the HEV towards the improvement of its design as set forth
in this work. For the modeling of the configuration, the electric models of the battery (B), UC,
motor (represented by a variable resistance), and converters, taking into account the power balance
across its efficiencies, are considered. The electric models of the B and UC were taken from the
literature [18,22,23]. These models offer simplicity compared to other electrical models that are complex
in terms of mathematical analysis.

2.6.1. Battery Electrical Model

The battery is represented by a resistor—capacitor (RC) circuit as shown in Figure 5.

Figure 5. Battery electrical model.

The battery voltage V is defined in the following equation:
Vio = V3" (£) = Rusly (£) = Vie (1) M

where Vy, is the voltage at the battery terminals, V" is the open circuit voltage of the battery and is
given by V() = ¢; + c2SOCy(t), where ¢1 and ¢, are constants obtained from the specification sheet
of the selected battery. The resistance Ry is the battery’s internal resistance, and Cy, represents the
dynamic response of the battery due to the diffusion of lithium ions. The battery current is given by I,
where I, < 0 is considered for battery charging and I, > 0 is considered for battery discharge. V. is the
voltage drop in the sub-circuit Ry, in parallel with Cp,. The voltage dynamics between the capacitor
terminals Cp, are:

AV, Ve
el _ - ;bif) @

The state of charge (SOC) is expressed in the following equation:

SOCy(t) = SOCy(tg) — f 3)
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where C, is the battery’s nominal capacity. Equation (3) shows that the state of charge SOCy, is a
time-dependent variable that has an initial condition that depends on the amount of charge that is
extracted or stored in the battery. Such amount of charge is calculated by integrating the current I,
over time.

2.6.2. UC Electrical Model

The UC is represented by an RC circuit as shown in Figure 6:

uco

VUC C R ucp

T “ VUCO

Figure 6. UC electrical model.

The elements that make up a capacitor electrical model are equivalent resistors and capacitors.
An internal resistance of the UC (load) and the self-discharge resistance represent the chosen model.
The voltage equation at the ultracapacitor terminals V., is:

Vuco = Vuc - Rucsluc (4)

where C, is the UC capacitance, R, is the equivalent internal resistance, I,;c is the current that flows
through the ultracapacitor, and V,, is the voltage found in the ultracapacitor terminals. In this work
the resistance Ry is considered with high resistance values in such a way that it is represented by an
open circuit. The voltage dynamics in the capacitor C, are given by the following differential equation:

av,
CucTuC = Iy (5)

The state of charge of the UC can be determined as follows:

SOCuC == ( Vuco / Vuc_max)z (6)

The above equation determines the UC state of charge depending on its voltage given by V¢, and
the maximum UC voltage (V¢ max)-

2.6.3. DC/DC Converter

A power converter is an electronic system or equipment that aims to convert electrical energy
between two different formats: continuous current from alternating current or direct current to direct
current [19]. The initial converter concept can be extended to include aspects, such as efficiency,
reversibility, degree of ideality, reliability, volume, or technology, to name the most important. Figure 7
shows the different parts that make up the powertrain of the multiple converter configuration as well
as the electrical inputs and outputs that are involved in said system.

In an ideal converter the input power is equal to the output power; that is to say it has an efficiency
0f 100% (7cony = 1). There are no energy losses. If 100% efficiency is considered for the battery converter
in this work, the output power of the converter is expressed as:

P b_conv = p bTo (7)
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where PbTo is the total power delivered by the battery pack. In real life Equation (7) is not fulfilled since
there are energy losses in the converter components [19]. In a real case the efficiency of a converter is
less than 100%. In this case the input and output powers are related as follows:

P b_conv — T]b_convp Zo (8)

where P}, .o,y is the output power of the battery pack converters and Pgo is the total power delivered by
the B pack, and 7 is the efficiency of the converter connected to the batteries with 0 < 1 5, < 1. For
the UC converter the output power of the converter is given by:

Puc_conv = T]uc_convpgco (9)

where Py conv is the output power of the ultracapacitor bank converters, cho is the total power
delivered by the UC bank, and 7;c_conv is the efficiency of the converter connected to the batteries with
0 < 1p_comv < 1. Figure 2 shows that the output voltage in both converters is equal to the load voltage
since they are connected in parallel, that is:

Vload = Vb_conv = Vuc_conv (10)

where V}, o0 is the voltage that is at the output of the battery converter, V¢ conv is the voltage that is
at the output of the UC converter, and V), is the voltage of the charge or motor.

Converter

; T c

[or} vrbco De = v uco -

() =~

: P load 2

o 2 &
= H g

] H g S =

2 v H =

;U n:‘ foad Q =

% | P =

hee pC DC -4
uco

Converter

Figure 7. Multiple converter configuration diagram.

2.7. Electrical Model of the B Pack and the UC Bank

In the powertrain you need a B pack and a UC bank to meet the vehicle charge demand; in this
situation parameters 1, and 1, are established as the number of batteries in series and in parallel, and
1suc and 1y are the number of ultracapacitors in series and in parallel, respectively.

The total power of the battery pack (Figure 7) is determined by the following expression:

P’ = Vi Iy " (11)

where V;, T is the total voltage provided by the B pack and I, is the total current provided by the B
pack. The variable V;," is described by the following equation:

Vio' =15 V" = Vie=Rysly) (12)
The total current of the B pack Iy, is given by the following equation:

Tpo" = nyply (13)
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where 1y, is defined as the number of batteries connected in parallel. By replacing Equation (13) in
Equation (11) I, is calculated as follows:
P boT

I = (14)
nprhoT

To calculate the current flowing through each of the batteries, Equation (14) is replaced by
Equation (12) giving us:
P obT

I =
by (ngy (V30 = Ve — Rysly))

(15)

Quadratic Equation (14) is used to calculate the values of I:

V,0-V V0= Vi Pyl
Ib _ b be T b be| _ bo (16)
2Rps 2Rps npbnsbRbs

From the previous equation it is seen that there are two values of I;; the negative value is taken as

it represents the real values of I,
The UC bank also supplies power to the load and is calculated as:

PucoT: VucoTIucoT (1 7)

where I,,.,] is the total current that depends on the current flowing in each ultracapacitor and Vieo!
represents the voltage dynamics of the UCs and is calculated as follows:

VMCUT: Nsyc (Vuc _RMCSIMC) (18)

The total current of the UCs is calculated through the number of ultracapacitors connected in
parallel and calculated as:
IucoT = npucluc 19)

where I, can be calculated from the previous equation:

[uc = P”LTT (20)
Mpuc Viuco

In Equations (8) and (9), Py, conp and Puc_conv are the powers at the output of the converters of the B
pack converters and the UC bank, and are calculated from the total power of the B pack and of the UC
bank in conjunction with their respective efficiencies (1 _conp and Muc_conv). Through this, the demand
for load power is determined as follows:

Pload = PboTnb_conv + PMCOTTIMC_COH’U (21)
Using the previous equation, P,.Tis expressed as follows:

Pload — Ppo I 11pp_conv
PucoT: load bo~ b (22)

Nuc_conv

Substituting Equations (17) and (19) into (22), we get the values of I,;:

Vuc _ \/( Vuc )2 . Pload _PboTrlb_conv (23)

L, =
T DRues  \\2Rpes

nuc_convnpucnsucRucs
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Note that until now the dynamic model of the converter was not necessary since the power
transfer is carried out independently of the converter type. Note that in the equations of currents I,
and I,,. the values within the radical must be greater than zero for the values of the currents to be real
numbers. This limits the number of Bs and UCs in series and parallel in the powertrain depending on
the maximum power of both energy sources and load demand.

In Table 3, Py¢ conv1 = Nuc_conoPuc ¢, where P . is the power of the UC bank and the ultracapacitor
load is made with the maximum current allowed by the manufacturer as set forth in Table 2. (I max) is
calculated with the product given by Equation (17). Py conp1 = Mb_convPp_av, Where Py, 4, is the average
power of the cycle. Py, .oup = Mp_comvPy_, Where Py . is the maximum battery charge allowed by the
manufacturer, which depends on the amount of regenerated power of Pj,4.

3. Results and Discussion

Two driving cycles are used: CITY II and ECE. The CITY II (city driving schedule in New York)
cycle is a city driving pattern that has the characteristic of having stop-and-go traffic conditions at low
speeds. This type of cycle is used for all types of vehicles, and the total distance covered in this driving
cycle is 6211.5 m with a duration of 867 s. The ECE driving cycle consists of two parts where ECE part
1 represents the elementary urban cycle and ECE part 2 represents extra-urban driving cycle. Where
part 1 has the characteristic of lasting 196 s and traveling 994.6 m, part 2 has a duration of 400 s and a
total distance of 6955.07 m. For both parts it lasts 596 s with a distance of 7.9496 km.

3.1. Simulation of the C-CM in the Vehicle Powertrain Under Two Terrain Conditions by Means of the CITY II
and ECE Driving Cycles

Figures 8 and 9 show the speed profile of the CITY driving cycle and the load power demand of
the vehicle with the characteristics given in Table 1.

20f
CITY Il

=
4}
T

v (m/s)
=)

o “ " | | | “ [ | | ] |
[ | | [ ‘\ :‘ | | | ‘ \‘ |
ol Ll o1 J 1l V Y A VY [l
0 100 200 300 400 500 600 700 800 900
Time (s)
Figure 8. Speed profile of the CITY driving cycle.
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Figure 9. Vehicle load power profile.

In the previous figures you see the dynamics of city driving with different speeds in a city reflected
in the demand for intense power. Note that the Pj,,; profile shows very frequent negative powers
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at different time intervals due to the frequent regenerative braking typical in a busy city. Positive
or greater than zero powers represent the power consumption of the vehicle while negative or less
than zero powers are the energy due to regenerative braking; finally, if the power is zero there is no
energy consumption in the vehicle. Figures 10 and 11 represent the power delivered by the B pack and
UC bank.

0 90 180 270 360 450 540 630 720 810 900
Time (s)

Figure 10. Battery pack power.

1 Il Il Il
0 90 180 270 360 450 540 630 720 810 900
Time (s)

Figure 11. UC bank power.

The power delivered by the Bs and the UCs is defined by the EMS, taking into account the
parameters of Tables 1 and 2. This power distribution between the Bs and the UCs satisfies the load
demand in order to operate the vehicle at the speeds given by the CITY cycle. The charge states of the
B pack and the UC bank are shown in Figures 12 and 13.

Figure 12 represents the load of the B pack taken at each moment of time throughout the handling
cycle where the number one represents 100% charge and zero represents zero charge in the pack.
Figure 13 represents the state of charge of the UC bank at each instant of time throughout the handling
cycle where the number one represents 100% charge and zero represents zero charge.

Figure 14 shows the results of the multiple converter configuration in the vehicle powertrain
before an ECE driving cycle.

The description of the previous images is analogous to what is presented in Figures 8-13 with the
exception that in this case the dynamics are not as intense as in the previous case due to semi-urban
terrain conditions (Figure 14a) also reflected in the power profile (Figure 14b).

Figures 8-14 show that the power profile demanded of the city vehicle (Figure 8) has an intense
dynamic compared to the ECE driving cycle (Figure 14a) because in the city, the driver accelerates and
brakes more frequently than in semi-urban conditions. The above affects the Pj,,; profile where very
frequent negative powers are observed at different time intervals in the CITY cycle from the multiple
regenerative brakes compared to the ECE where there is less regenerative braking; this results in less
energy available to recharge Bs or UCs if required by EMS. In the power distribution between Bs and
UCs to meet the load demand defined by the EMS, the power profile delivered by the batteries (see
Figures 10 and 14c) only has positive powers for both driving cycles. Therefore, the regeneration
energy was not necessary since the Bs have a sufficient load (see Figures 12 and 14f) and can be
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used to provide energy throughout the handling cycles (see Figures 8 and 14a), unlike the UC power
profile (see Figures 11 and 14d) where clearly negative powers are reflected in the UC bank recharge
(Figures 13 and 14e) at different time intervals. The UC bank in both driving cycles delivers energy
just like the batteries (see Figures 13 and 14e); through the EMS there is recharge of the UCs through
regenerative braking or by Bs in both sets of simulations for the CITY and ECE cycles. The discharge
occurs when the EMS defines that the UCs deliver power to the motor, and this happens when there is
demand reflected in the positive power and the operating restrictions in the EMS are satisfied to make
this happen. In both driving cycles the battery acts as the main source and the regenerative braking
has no influence on the recharging of the batteries compared to the UCs which are recharged by said
brakes or batteries.

Finally, it is observed that the studied configuration behaves differently depending on the terrain
conditions to which the vehicle is subjected to, reflected in the state of charge of the UC bank and B pack.
In the ECE cycle in the studied configuration, more energy is extracted from the B pack than in the
CITY II cycle reflected in the state of charge at the end of the cycle (SOCb_ECE = 88% and SOCb_CITY
= 92%). However, the state of charge of the UC bank is higher in the ECE cycle than the CITY, which
implies that the UC bank is more charged in semi-urban conditions than in the city. In both cycles the
configuration studied satisfies the load demand. However, these results do not clarify whether the
studied configuration influences the performance of the vehicle since in both cases the load demand is
satisfied. To shed more light on this question it is necessary to compare it with other configurations
under the same conditions. Therefore, two tests are proposed: (i) compare the configuration studied
against other typical configurations of a vehicle and (ii) calculate the autonomy of the configuration
studied versus other configurations. In both tests, city (CITY cycle) and semi-urban (ECE cycle) terrain
conditions are considered.
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Time (s)

Figure 12. Battery (B) pack state of charge.
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Figure 13. UC bank state of charge.
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Figure 14. Simulations of the multiple converter configuration in the face of ECE driving cycles. (a)
Speed profile of the ECE driving cycle; (b) vehicle load power profile; (c) battery pack power; (d) UC
bank power; (e) UC bank state of charge; (f) Battery (B) pack state of charge.
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3.2. Multiple Converter Configuration Versus Typical Configurations

This section analyzes the performance of the multiple converter configuration (C-MC) against
typical configurations: battery-ultracapacitor configuration (C-B/UC) and ultracapacitor-battery
configuration (C-UC/B). The simulation results of the C-MC against the CB/UC and C-UC/B are shown
in Table 4. In the comparison of configurations, A SOCy, is taken into account, which represents the
difference between the initial and end state of the battery SOC;, when the driving cycle concludes. The
difference between the initial and final state of the SOC;,; of the UCs at the end of the driving cycle is
represented by A SOC,¢. Information on the energy delivered by the batteries (E;) and UCs during the
driving cycle for each configuration (E,.) is also presented.

Table 4. Comparison of different configurations before different driving cycles.

CITY Driving Cycle
C-MC C-B/UC C-UC/B
Ex(]) 1.4289 x10° 1.4289 x10° 1.4289 x10°
Euc(]) 1.5266 x10° 1.3740 x10° 1.3679 x10°
ASOC, 0.0307 0.0307 0.0307
ASOCy, 0.3165 0.2563 0.2552
ECE Driving Cycle
C-MC C-B/UC C-UC/B
Ey(J) 6.8254 x10° 5.9617 x10° 5.5394 x100
Eu(]) 3.0364 x10° 1.0506 x10° 9.7406 x10°
ASOC, 0.1138 0.0999 0.0927
ASOCyc 0.1979 0.1947 0.1826

Table 4 shows that ASOCy, and Ej, remain the same for all configurations before the CITY II driving
cycle, that is, in this cycle the same amount of energy is extracted from the batteries and therefore
the state of charge of the batteries is the same at the end of the cycle in all configurations (CB/UC
and C-UC/B). Table 4 shows that in the CITY II cycle the ASOC, in the C-MC is greater than that
of other configurations, which means that the state of charge of the ultracapacitors at the end of the
cycle is lower compared to that of other configurations. This is reflected in energy consumption
where it is observed that E;; in C-MC is greater than in the other configurations. In the ECE driving
cycle, ASOCy, of the MC configuration is slightly higher compared to that of the other configurations.
The result above means that the battery pack at the end of the C-MC cycle is less charged than the
other configurations although the difference is not very significant. The above is reflected in E;, where
the amount of energy consumed is greater compared to the other configurations. In the case of the
ECE cycle, the C-MC shows a ASOC,,. greater than C-B/UC and C-UC/B which means that the energy
consumed throughout the cycle is less than the energy consumed in the other configurations.

In summary, in the CITY II scenario, all the configurations (taking into account that the battery
acts as the main power source) present the same energy consumption. In this particular case,
any configuration is adequate to meet the need for power demand in a city. In the scenario with ECE,
the C-UC/B shows less energy consumption compared to the C-B/UC and C-CM. However, in this
case the variations in energy consumption between the configurations are not very significant, so you
are free to choose any configuration. However, for both scenarios the C-MC has the advantage of
having two converters, which allow better control of energy flow for both energy sources unlike the
other configurations.

3.3. Autonomy of the Multiple Converter Configuration Versus Typical Configurations

This section analyzes the autonomy of the multiple converter configuration (C-MC) against
typical configurations (C-B/UC, C-UC/B). The multiple converter configuration simulation results
against the configurations are shown in Table 5. The following table shows the autonomy of the



Appl. Sci. 2020, 10, 1074 15 of 17

different configurations before different driving cycles by discharging the batteries at their minimum
charge state.

Table 5. Autonomy of the different configurations before driving cycles.

Autonomy C-MC C-B/UC C-UC/B
CITY II cycle (km) 77.285  77.357 86.159
ECE cycle (km) 74.44  85.900 88.151

Note: C-MC: multiple converter configuration; C-B/UC: battery/ultracapacitor configurations; C-UC/B:
ultracapacitor/battery configurations.

The above table shows that C-UC/B has greater autonomy in both scenarios (with CITY II and
ECE cycles) compared to C-MC and C-B/UC. The C-MC has a better autonomy of the HEV unlike the
C-B/UC before the CITY Il management cycle, although the difference is not significant. Despite the
above, the C-MC before the ECE cycle has less autonomy than that of the other configurations. In the
scenario of vehicle autonomy analysis, it is clear that the C-MC configuration has lower performance
compared to the other configurations before the two driving cycles. In this sense between the two
remaining configurations (C-MC and C-B/UC) with a single converter, the C-B/UC configuration has
better performance compared to C-B/UC in the same scenarios. Despite the results presented in this
work directed towards the C-MC, it has the advantage of having a better energy flow due to the two
converters, thus improving the safety of the vehicle.

The power demand P_load is calculated using the methods of Morales-Morales and colleagues [5]
through vehicle equations [3,5] with the characteristics shown in Table 1. All equations were
programmed in MATLAB. Figure 15 shows the flow chart how the results were calculated in this work.

Driving Cycle
V()

Vehicle Equations

l

Pioaa (1)

|

Multiple Converter Configuration (C-MC)
Equations

SOCuc (),50C, (1,1, (t),Iuc ()

l

EMS

|

ITy, (8),ITuco (t),PT4(t), PTuco(t)

Figure 15. Flowchart to obtain the presented results.
4. Conclusions

In this paper we analyzed the multiple converter configuration of a hybrid electric vehicle
powertrain. Said powertrain configuration was modeled using electrical elements. In the C-CM model
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it was observed that there are limitations in the choice of the number of Bs and UCs in the powertrain
depending on the maximum power of both sources of energy and load demand of the vehicle (see
Equations (16) and (23)). The model was simulated in a vehicle study case and submitted to two terrain
conditions (CITY and ECE). In the results it was observed that the variables of interest of the C-CM
before a case study behave differently depending on the terrain conditions to which the vehicle is
subjected, mainly reflected in the state of charge of the UC bank and B pack. In the ECE cycle, in the
C-CM, more energy is extracted from the B pack than in the CITY II cycle, taking into account the
state of charge at the end of the cycle (SOCb_ECE = 88% and SOCb_CITY = 92%). However, the state
of charge of the UC bank is higher in the ECE cycle than the CITY, which implies that the UC bank
is more charged in semi-urban conditions than in the city. The HEV with C-CM was also evaluated
against the C-B/UC and C-UC/B configurations regarding the energy delivered by the batteries and
the state of charge of the sources. All these results were obtained in the same scenario (ECE and
CITY II management cycles). In summary, it was observed that in the scenario with CITY II all the
configurations have the same energy consumption reflected in the state of charge of the B pack (96%).
In this particular case it is thought that any configuration would be adequate to meet the power demand
in a city. In the scenario with ECE, the C-UC/B has less energy consumption compared to the C-B/UC
and C-CM (E_b (J) = 5.5394 x10° ]). However, in this case the variations in energy consumption between
the configurations are not very significant, so you are free to choose any configuration. In addition to
the above, the autonomy of the C-CM versus C-UC/B and C-B/UC was also determined and compared.
In the scenario of the HEV autonomy analysis, it is evident that C-MC shows lower performance
(77,285 km in CITY and 74.44 km in ECE) compared to the other configurations due to the two driving
cycles. In this sense, between the two remaining configurations (C-UC/B and C-B/UC) with a single
converter the C-B/UC configuration has better performance compared to C-B/UC in the same scenarios.
However, in the case of CITY, the difference between the autonomies of the C-CM (77.285 km) and
C-B/UC (77,357 km) configurations is not very significant, so any of the configurations can be chosen.
In both scenarios (CITY and ECE) the C-UC/B configuration presents better autonomy. Despite the
results presented in this work directed towards the C-MC, it has the advantage of having better control
of energy flow due to the two converters that it has, thus improving the safety of the HEV. Finally,
throughout this work it was shown that the choice of the propulsion system configuration must be
taken into account because it influences the performance of the vehicle independently of the types of
terrain, EMS chosen, as well as sizing of the powertrain to which the vehicle is subjected.
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