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Abstract. This paper discusses benefits of introducing an ultracapacitor (UC) bank into a battery electric vehicle (BEV) powertrain. The
case of 12kWh LiFePO4 battery pack is studied quantitatively. Simulation results refer, inter alia, to three main scenarios: fresh cells,
half-used battery cells, and half-used ultracapacitors and batteries. Thermal modeling is incorporated into the simulation. Data from real
world are considered: various driving cycles recorded using GPS receiver (incl. elevation), discharge curves from battery manufacturer, and
UC equivalent series resistance (ESR) variations due to cycling according to real data reported in papers. Cost, as well as gravimetric and
volumetric issues are presented. The key decisions referring to an energy storage for BEV being currently designed within the frame of

ECO-Mobility Project are highlighted.
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1. Introduction

Electrification of urban vehicles is perceived nowadays as an
effective solution to personal transportation. It reduces pollu-
tion within the cities. The battery electric vehicle (BEV) is
called zero-emission one due to no exhaust fumes emission
and significant acoustic noise emission reduction — and from
this point of view it can be regarded as the environmental-
ly friendly solution. Nevertheless, one should be aware that
in many countries energy consumed by BEVs is produced in
conventional power plants. Additionally, a worn-out battery
is a waste which is energy consuming in utilization. At the
same time battery pack is the most expensive part of a typical
city car. It is common that the traction battery pack for an A-
segment car contributes even one third to its price. Electrical
powertrain has enabled engineers to reduce mechanical part
of the propulsion system to minimum. Moreover, the electric
motor outdoes ICE (Internal Combustion Engine) in terms of
torque-speed mechanical characteristics. Hence, it is forecast-
ed that this type of propulsion will be becoming more and
more popular in urban vehicles. This trend will be addition-
ally amplified by growing oil prices, which seems inevitable
according to all proposed models [1]. The most optimistic es-
timations of peak oil production forecast undulating plateau
to appear after 2030 [2].

Nowadays lithium-based batteries seem to be the most
promising energy source/storage for BEVs [3, 4]. However,
a cycle life offered by state-of-the-art batteries is still much
below typical customer expectations and much below an aver-
age life span of ICEV (ICE Vehicle), i.e. 10—15 years. Perfor-
mance of BEV with electrochemical battery deteriorates with
number of charge-discharge cycles and with low temperature.
Battery ageing processes result in reduced capacity and power.
Many obstacles to BEV commercialization have been already

*e-mail: marek.michalczuk @ee.pw.edu.pl

overcome. For example, the problem of the limited range of
BEV was solved by introducing EREV (Extended Range EV)
being a series plug-in HEV with all-electric mode capability,
e.g. Chevrolet Volt and Opel Ampera. In some BEVs all-
season capability is maintained thanks to additional heat gen-
erators, e.g. Volvo C30 BEV. Other producers have decided to
power the HVAC (heating, ventilation, and air conditioning)
system for cabin and battery from the traction battery. During
cold days this significantly reduces a vehicle range. At 0°C a
typical A- or B-segment BEV uses up nearly half of stored
energy for heating [5] if not equipped with auxiliary liquid-
fuel-operated heat generator. This in turn doubles number of
battery cycles needed to cover the same distance and short-
ens battery life expressed in distance units. Nevertheless, even
such range reduced due to HVAC system can be satisfactory
for most commuters. For example, it is estimated that in Eu-
rope 80% of trips are less than 25 km [4]. According to the
U.S. Bureau of Transportation Statistics an average commute
from home to work takes less than 30 minutes and only ca.
10% are longer than 50 km [6]. This clearly indicates that
BEV can be a reasonable choice as a second car in a house-
hold for majority of commuters. According to many reports
based on statistical research carried in U.S., Europe and Japan,
it is not the limited range that triggers customer’s reluctance
to buy a BEV. The most important obstacle is still price of
an energy storage. Producers estimate that in the near-term
mass-produced high-volume battery packs could be available
at 300 USD/kWh. A city BEV consumes ca. 0.15 kWh/km.
That is why producers usually limit BEVs range to levels far
below the ones available for ICEVs. Moreover, todays lithium-
ion battery chemistries offer cycle life and calendar life much
below customer expectations. If assumed that BEV should op-
erate statistically as long as ICEV, one will be forced to buy
a spare battery pack at least once.
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Within the ECO-Mobility Project a multidisciplinary team
from the Warsaw University of Technology has been design-
ing a city car suitable equally for disabled, elderly and fit
people. Electric propulsion with motors moved to wheels and
drive-by-wire solutions are of crucial importance in this con-
cept. Flexible interfaces and a flat thin floor are key features
that will enable wheelchair users getting in and out without
the necessity to transfer from and back to a wheelchair. Af-
fordability of the car and its longevity is one of our main
concerns. It is planned to introduce this car as a rent one for
urban areas. Due to space and cost concerns nominal capac-
ity of a battery pack has been limited to 12 kWh (40 Ah at
300 V). Nowadays cell chemistries are designed as high-power
or high-energy ones. The former are dedicated to experience
shallow discharge/recharge cycling in ICE-HEVs. They are
characterized by high specific power (even above 1 kW/kg)
and relatively high price per kWh. The latter are designed
to serve as energy storages for BEVs and are characterized
by high specific energy, in some cases at the cost of specific
power (even below 0.1 kW/kg). The LiFePOy cells earn their
popularity because of good safety and moderate price. It is
typical for most solutions based on LiFePO, chemistry that
cycle life deteriorates significantly if high currents (above 0.5
C-rate) are forced. Their calendar life is reported as poor if
operated over 30°C. Note that HVAC system can maintain
desired cell temperature in steady states of the vehicle. Dur-
ing acceleration and recuperative braking temperature inside
the cell will temporarily rise. Due to the nature of involved
chemical reactions power density decreases significantly with
falling temperature. The efficiency of a kinetic energy recov-
ery process drops. A lack of sufficient power density needed
for maintaining desire vehicle dynamics manifests itself espe-
cially if the battery pack has low capacity (like in our design)
and required power demand can be covered only at tempera-
tures higher than certain level (e.g. 5°C). In some designs this
discrepancy between needed capacity and required power is so
strong that the presence of an additional energy storage (high-
power storage) is inevitable. It is obvious that supporting any
kind of electrochemical battery with high-power storage (e.g.
ultracapacitor bank, flywheel system) will extend traction bat-
tery lifetime. In such a hybrid-source system the high-energy
source covers demand for average power whereas the high-
power storage covers energy demand in transient states (ac-
celeration and regenerative braking). If the high-power storage
has better discharge-recharge process efficiency than the high-
energy primary source, which is typical, the range of a vehicle
will naturally extend and this effect will be stronger for heavy
traffic conditions. Thus the ultracapacitors (UCs), as the way
to improve the performance of lithium battery based storages,
are already incorporated into drive systems for public trans-
port, e.g. in plug-in hybrid city buses [7].

Our primary goal is to analyze quantitatively benefits of
hybridization of the 12kWh LiFePO4 energy storage with the
help of UC bank. There are four case studies presented here:
the first one for a fresh battery pack with nominal parame-
ters, the second one with a half-used battery (i.e. having 90%
of the nominal capacity) and a fresh UCs, the third one for
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a half-used battery and a half-used UCs, and the fourth one
for a fresh battery and a half-used UCs. The two last case
scenarios happen when used battery is replaced with a new
one. Typical UCs with 10° cycles capability should provide
calendar life of an auxiliary storage comparable to vehicle cal-
endar life. Our simulation study is focused on vehicle range
in various temperature conditions (no battery powered HVAC
for cabin is assumed). The packaging (i.e. volume and mass)
issues are also addressed. It should be noticed that the discus-
sion refers to the commercially available off-the-shelf battery
and UC cells. One should be aware that there is a lot of re-
search ongoing in the field of materials (incl. nanomaterials)
for batteries and UCs. The commercialization of these solu-
tions will probably change many design approaches to hybrid
and non-hybrid energy storages for EVs. The research in this
field is stimulated by emerging market of EVs. Researchers
already succeeded in introducing nanotechnology into UCs
and battery cells [8—12]. It is estimated that in the mid-term
UCs could be even taken into account as a primary source for
low-range vehicles. New electrolytes are being developed to
increase durability and decrease cost of the lithium cells [13].

2. Topologies of HES

The hybrid energy storage (HES), being under consideration
as a potential choice for a city car, is an extension of a basic
energy storage composed of a battery pack and a bidirection-
al step-up converter. The step-up converter interfaces battery
and enables battery’s 250-350 V to be boosted up to 600 V.
An additional high-power UC storage is incorporated into this
scheme. There are many possible ways to combine batteries
and UCs into the hybrid storage. In this section basic topolo-
gies of the hybrid systems are presented.

In the simplest configuration both energy storages are di-
rectly connected in parallel [14-16]. The main drawback of
a passive hybrid is uncontrolled power distribution between
both storages. The same terminal voltage of storage compo-
nents results in power distribution between them determined
solely by their instantaneous internal resistances. In addi-
tion, energy stored in UCs is proportional to squared voltage,
whereas battery’s voltage usually varies not so significantly
with SOC (state of charge) and for lithium chemistries is rel-
atively flat. This results in low utilization ratio of UCs.

An enhancement of the passive topology are semi-active
hybrids, which allow to manage power flow between two ener-
gy storages. One instance of the semi-active hybrid is shown
in Fig. 1 [17-20]. This topology allows direct exchange of
energy between the load and UCs without the use of convert-
er and improves the efficiency of energy recovery. This kind
of a semi-active hybrid is favorable in case of pulse loads
like in portable electronic devices. If incorporated into BEV
powertrain, it limits usable capacity of UCs. The minimum
allowable voltage of discharged UCs must be higher than the
BEMEF (back electromotive force) of drive motors at maxi-
mum speed. This in turn forces us to use high voltage UC
storage, what is less effective, because of the usage of smaller
cells, which have worse properties (higher ESR).
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Fig. 1. Powertrain with battery semi-active hybrid

In an alternative semi-active topology (Fig. 2) the addi-
tional storage is connected to the battery through a bidirec-
tional DC-DC converter [17, 19]. The battery is connected
directly to a load, so there is a need to conform battery’s
voltage to usually high input voltage of a drive inverter (due
to obvious current value concerns systems at the level above
10 kW are usually designed as 300 V and above ones). The
nominal battery voltage must be oversized due to terminal
voltage variations resulting from low temperatures, high pow-
er peaks and low SOC.
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Fig. 2. Powertrain with ultracapacitor semi-active hybrid

Fully active hybrids are free of above-mentioned draw-
backs at the cost of second converter. Figure 3 shows an ac-
tive cascaded hybrid topology whereas Fig. 4 shows a parallel
active hybrid topology [14, 16, 17, 19, 21]. Two DC/DC con-
verters solve the problem of matching the voltage of sources
to the BEMF. Additionally, in the fully active hybrid sys-
tems there is no need to size the converter associated with
the battery for high power peaks. The main deficiency of the
cascaded topology is that energy delivered from the battery is
flowing through both converters decreasing overall efficiency
of the powertrain. The parallel active topology with two bidi-
rectional converters has been selected for implementation in
this research.
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Fig. 3. Powertrain with fully-active cascaded hybrid
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Fig. 4. Powertrain with fully-active parallel hybrid

3. Power management strategies for HES

In the discussed powertrain for a city car the battery stor-
age is handled as a low-power high-energy one to extend its
lifespan. Supporting UCs serve as a high-power low-energy
auxiliary storage. Thus, the battery should cover average pow-
er demand and UCs should be engaged during high power
loads and regenerative braking. A basic control strategy lim-
its power provided by the battery and below certain threshold
the battery works unaided. When demanded power crosses
the threshold, the UC starts to discharge. High limit results
in a rare use of the UC. On the other hand, low limit can
cause discharging of the UCs at high speeds due to growing
air drag force. Minimization of the additional cost introduced
by an auxiliary storage can be achieved by appropriate pow-
er distribution between storages depending on instantaneous
power demand, instantaneous speed of a vehicle and a state
of charge of UCs.

The main idea of power distribution is shown in Fig. 5.
Under constant speed and UCs’ voltage within desired range,
being the function of vehicle instantaneous speed, only the
battery is being discharged (state 1). In dynamic state during
acceleration (state 2) both storages are discharged simultane-
ously — the UC takes the power peaks. In order to balance
UCs’ state of charge, all energy from regenerative braking is
captured by UCs (state 3). During the stop additional storage
is recharged from battery if needed (state 12). An example of
the power-time graph that includes these states is shown in
Fig. 6.

In the situation when UCs have reached maximum or min-
imum state of charge, respectively consecutive charging or dis-
charging is impossible (states 4 and 5). This, in turn, means
that the system operates as a non-hybrid one (Fig. 7). In order
to avoid such a situation that all power in the dynamic states
is provided solely by the battery, appropriate level of UCs’
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voltage should be determined as a function of instantaneous
speed. The control algorithm calculates the lower value of the
reference UCs’ voltage that ensures reserve of energy to ac-
celerate to maximum speed. In accordance with equation (1)
this value depends on instantaneous speed. If UCs’ voltage
exceeds lower reference value, discharge is partly abated.

m (V2 — V2
Uref_down = \/Uiin + %7 (1)
mu3nsg
UTef_up = Uglax - C y (2)

where C' — capacity of UCS, Ujyax, Unin — maximal and min-
imal voltage of UCs allowed, m — vehicle mass, v — vehicle
instantaneous speed, 71, 1o — efficiencies of boost and re-
covery modes, vyax — maximum speed. In general, n; and
12 depend on deceleration and acceleration over time curves.
They also should take into account external forces, e.g. air
drag. The simplest approach is to set both of them to 1. One
could also set them according to the worst case scenario. In
our study it was assumed that they are equal to 1 and 0.55 re-
spectively. Relatively low recovery mode efficiency takes into
account friction brakes assistance.
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Fig. 5. Energy flow diagrams at nominal states
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Figure 9 illustrates driving uphill, so power demand in-
creases. In the period between 320 and 330 second, during
acceleration UCs’ voltage has exceeded lower reference value
and the battery instantaneous power is increasing moderate-
ly (state 7 from Fig. 8). This allows to support the battery,
at least partially, till the end of acceleration process. Other-
wise, the UC would be discharged to its allowed minimum
and peak power of 28 kW would have to be provided by
the battery. In this particular case the control depending on
vehicle speed limits power drawn from the battery down to
14 kW.

28f- ! T Tl T T ep
/ / load
24
2O 0 06 O 0 O O —-.
161y i L= Pucan
. i
g iy ® ®
L. ¢ / 4
Qe ; N
o i e iy /,‘ i
8L i i .
250 300 350 400
Speed of vehicle
asf ! ! ]
Ea0- 4
2151 \ il
0F | —_— I
250 300 350 400
U voltage
\ - - T =
R\ Attt = TN L
B R e N Al— Ve |
i . e g === Yetap
250 300 350 == Uretegonn 100
k; factor
1
08 L
08
07
061

[ | j
250 300 350 400
[s]

Fig. 9. Power distribution in driving uphill

Similarly to the previously described states, the upper val-
ue of the reference UCs’ voltage is determined according
to (2), which provides an ability to recover energy from brak-
ing (Fig. 10). Driving downhill reduces power demand from
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the source. A suitable hill steepness allows even to recharge
the main energy storage (Fig. 11). Due to the relatively high
speed and high SOC of UCs, in the period between 450
and 475 second, energy from regenerative braking (related
to downhilling) is primarily captured by the battery. This al-
lows to limit battery instantaneous power during next braking
phase (475 s).
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capacitor
Power
24f7 T T T -
20+ == Ploag
HEO) ® ®0 @ =
1:- _,j/ === Pueap
L y o
z a2 “ s |
0F—= A “ o Sl §gmommooo —
4 7 . -4
LI 7
12 [ Vo]
" i I L 1
440 480 520 560
Speed of vehicle
P T T T =
£ —
£ 15| / -
0] i I t |
440 480 520 560
Ultracapacitors voltage
50! I T T —
[~ P s == =
S 400 Mmimimirimimimimmimimim - I /___A—Ucap
i i i A 7 1. et
440 480 520 560~ Yretgonm
ki factor
e
08 =
08 ;\J
07 :
08| i i 1
240 480 520 560

[s]

Fig. 11. Power distribution in driving downhill

A schematic representation of the control system is shown
in Fig. 12, while more detailed information on control strate-
gy is provided in Fig. 15. There are two inner current control
loops associated with two converters. Maintaining desirable
voltage of intermediate circuit and UCs as well as appropri-
ate power distribution is achieved by proper reference current
value determination. All related to this formulas are given in
Table 1. During kinetic energy recovery, the reference current
value is proportional to the control error of voltage in the
intermediate circuit. Power drawn from the auxiliary energy
storage is determined by the coefficient ky, which value de-
pends on the state of charge for UCs (Fig. 13). In discharge
states, battery reference current is proportional to voltage con-
trol error for common DC link, while UCs reference current
is calculated by means of high-pass filter (HPF) according to
equation (3) and is scaled by ky factor (Fig. 14). Note that
reference values are modified if the threshold U,ct_gown Or
Uyefup 1s exceeded.

T8
Tnoad — Tnota) - ———
( Load thold) ros+1
Inoad.pr(s) = for - (Ioaa = finota) >0 (3)
0 for (Iroad — Lthota) <0

where I;5,014 denotes the threshold value for activation of the
filter, and 7 was set to 20 seconds.
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Fig. 12. Control scheme for the hybrid energy storage

Table 1
Reference value calculation
Condition Reference Value (Fig SS U;teg 10)
3ifk1 =1
Lrcfcap = k2 - ILoad.-HPF .
I >0 ref-cap oa 5if k1 =0
Load = Iref»bat = (600 - UDC) : Kpl 11 if kl 1€ (07 1)
1,2if ko =1
I . <0 Lyef.cap = k1 - (600 — Upc) - Kp2 Xt kam 0
foad Iyepbat = (1= k1) - (600 — Upc) - Kp i
6,7 if ko € (0,1)
Ucap < U'ref,down Iref,cap = Iref,cap — (Uref,down — Ucap) . KPS 6,7, 8
Ucap > Uref,up I'ref,cap = I'ref,cap + (UCCLP - U’ref:u,p) - Kps 9,10, 11
v =0,
Iref,cap = (Ucap - Uref,up) - Kps 12

Ucap < Uref,up
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Fig. 15. Block diagram of the control system

4. Simulation model and results

The dynamic characteristics of the battery pack are imple-
mented by means of the Thevenin-based model [22—-24] shown
in Fig. 16. A voltage source corresponds to the open circuit
voltage of the battery. A resistor R connected in series with
a parallel RC branch models an ohmic drop and polarization
effect [22, 23]. A discharge capacity and internal resistance
variations resulting from change in discharge current and tem-
perature are modeled as in [25]. Presented model is extended
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by adding dynamic thermal modeling. This model assumes a
uniform temperature for all cells.

1D
Table

1D-Table1
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Table
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wm H
+ iH | Thermal Chain

' Port1

Fig. 16. Battery model (incl. thermal model)

The ultracapacitor model includes an internal resistance
Rpsr and a voltage controlled source to represent variable
capacitance. The implemented model does not take into ac-
count a transient voltage change in dynamic states, but is still
sufficient to evaluate power losses [25].

A continuous model of the converter was implemented at
this stage of simulation. An IGBT+D power losses were calcu-
lated based on Egs. (4)—(11) and Semikron SKM300GB12T4
module parameters given in [26]. Estimates of power loss-
es for continuous model can be few percent higher due to
calculations based on an average current, thus not taking dis-
continuous conduction mode into account. Results from both
models were compared. Difference between discontinuous and
continuous models in estimation of converter’s average power
losses occurred to be at the negligible level. It is to notice
that simulating e.g. 3000 seconds of converter operation if
implemented as discontinuous model (as in Fig. 20) running
with e.g. 10 kHz modulator, cannot be done in a reasonable
wall-clock time.

A Portl
S I=r=
0 =

Thermal Chain

Integrator

Heat Sink

Fig. 17. Ultracapacitor model (incl. thermal model)

Losses per transistor:

Peondatr = D - (Iyy - Vo + I} - 1), 4)

Esw = Eon + Eofyf, (5)

Powtr = fsw - Esw - (Itr [ Irated) - (Vir/Vratea), — (6)
Py = Peondtr + Psw_tr- (7
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Losses per diode:

Peonaa=(1—D)-(Ig- Vo + 12 -r7), ®)
Pow.a = fsw " Evr - (La/Iratea) - (Va/Viated), — (9)
Py = Peond.d + Psw.d- (10)
Total losses:
Pyt = Py + Py, (11

where D — duty cycle, I;, — transistor current, /5 — diode
current, I,q..q — rated current, V3, — transistor voltage, Vg —
diode voltage, V,.q:cq — rated voltage, Vi — threshold voltage,
E, sy — energy dissipation during turn-off time, F,,, — energy
dissipation during turn-on time, F,.,. — energy dissipation dur-
ing reverse recovery (diode), r — forward slope resistance,
fsw — switching frequency.
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Fig. 18. Active hybrid energy source built for comparison purposes

the driving range drops to ca. 100 km. A range like this is
still acceptable for such a vehicle if the design is aimed at
commuters.

Several comparison tests of the non-hybrid lithium bat-
tery source and described hybrid source were carried out.
Three reference driving cycles (Figs. 19-21) were taken into
account: the normalized European driving cycle ECE15 and
two real cycles recorded in the urban area (Warsaw) and in
the uplands suburban areas (Bielsko-Biala, Szczyrk). Profiles
of speed and terrain were recorded using GPS receiver with
sample time less than 2 seconds. A slope in sequence of 0, 1°,
—1° changing every 1 km has been added in ECEI1S5 driving
cycle.
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Fig. 19. Normalized driving cycle ECE15
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Fig. 20. Real cycle recorded in Warsaw

200 400 600 800

Table 2
Model parameters

Battery Ultracap.
Nominal voltage 295V 485V
Min. voltage 257V 310 V
Capacity of a cell 40 Ah 310 F
Number of cells 92 180
Stored energy 12 kWh 0.056 kWh
Heat capacity 1500 J/K 60 J/K
Thermal resistance 1.44 K/IW 10.9 K/'W

Vehicle

Mass 1200 kg
Aerodynamic coefficient — C' 0.37
Powertrain average efficiency 85%
(drive converter and motor)
Rolling friction coefficient 0.012
Max. power of drives 35 kW
Max. acceleration 3 m/s?
Max. deceleration —5 m/s2

Table 2 presents parameters of a hybrid energy storage ap-

plicable in a small electric car dedicated for urban areas. Such
an energy storage provides ca. 140 km of maximal driving
range for the car in nominal conditions if high DoD (depth
of discharge) is assumed. If DoD limit is set to e.g. 70%,

Bull. Pol. Ac.: Tech. 61(2) 2013
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Table 3
Simulation result in case of fresh battery cells

ECEIS Real cycle 1 (urban area) Real cycle 2 (suburban area)
Hybrid Hybrid Hybrid Hybrid Hybrid Hybrid
Battery (fresh (half-used Battery (fresh (half-used Battery (fresh (half-used
UC cells) UC cells) UC cells) UC cells) UC cells) UC cells)
250C Range [km] 151.45 164.45 163.59 141.39 149.92 149.77 143.31 148.62 148.54
Efficiency 95.29% 97.11% 96.89% 95.21% 96.70% 96.54% 94.96% 96.49% 96.36%
10°C Range [km] 136.89 157.35 157.33 134.81 143.9 141.17 126.28 133.61 133.6
Efficiency 94.02% 96.60% 96.37% 93.98% 95.98% 95.84% 93.62% 95.55% 95.41%
0°C Range [km] 117.04 151.13 151.12 119.32 138.95 138.69 119.1 129.37 126.38
Efficiency 92.98% 96.21% 95.98% 92.96% 95.44% 95.28% 92.53% 94.82% 94.66%
_5oC Range [km] —* 148 148 - 136.16 136.15 - 119.85 119
Efficiency - 95.82% 95.59% - 95.07% 94.90% - 94.45% 94.33%

(*) The vehicle cannot follow reference speed due to drop of available power.

Table 4
Simulation results in case of half-used battery cells

ECE15 Real cycle 1 (urban area) Real cycle 2 (suburban area)

Hybrid Hybrid Hybrid Hybrid Hybrid Hybrid

Battery (half-used (fresh Battery (half-used (fresh Battery (half-used (fresh

UC cells) UC cells) UC cells) UC cells) UC cells) UC cells)

250C Range [km] 132.65 145.92 146.97 124.84 134.40 134.45 119.23 126.02 126.05
Efficiency  94.75% 96.69% 96.91% 94.66% 96.12% 96.42% 94.37% 95.87% 96.03%

10°C Range [km] 113.92 138.66 138.93 114.33 126.16 126.19 114.07 119.08 119.09
Efficiency  93.28% 96.09% 96.30% 93.26% 95.38% 95.55% 92.90% 94.95% 95.12%

0°C Range [km] - 132.38 135.52 - 119.13 119.14 - 113.34 113.5
Efficiency - 95.62% 95.83% - 94.74% 94.91% - 94.16% 94.32%

_5oC Range [km] - 129.25 129.26 - 99.51% 99.73 - 111.42 111.45
Efficiency - 95.18% 95.41% - 94.18% 94.44% - 93.66% 93.84%

Results for four different ambient temperatures in the case
of the fresh battery cells are presented in Table 3. The cell
temperature increases due to self-heating during long drives
even more than by 10°C. Hybridization effect on improving
the performance of the vehicle is revealed by increased ef-
ficiency and range. An extended range of the vehicle with
the hybrid source results not only from higher efficiency but
also from smaller decrease in the capacity, because of small-
er battery discharge currents. In the low temperature range
deterioration of a battery power performance is so serious
that the vehicle is not able to drive in accordance with the
aforementioned driving cycles. This problem is solved by the
hybrid source, where most of the power pulse is provided by
the UCs. When vehicle is powered by the hybrid source, for
urban cycles at the temperature of —5°C decrease in range
is at the level of 10%. Even in the nominal conditions, i.e.
in ECELS5 cycle at 25°C, range is still 13km higher than for
the battery source. A range reduction at 0°C is at the level
of 22% for non-hybrid only battery-based propulsion whereas
for the hybrid source it is only 8%. The results for half-used
UCs show that the aging process of UCs does not significant-
ly affect the performance. When replacing the batteries with
new ones after few years of operation, there is no need to
replace the UCs.

When battery is partially used up supporting by UCs is
more substantial (Table 4). The increase of battery internal re-
sistance (20%) causes significant deterioration in performance
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and available power. Simulation results clearly show that in
this case hybridization is not only technically justified, but is
essential to maintain the expected dynamics of a vehicle at
low temperatures.

5. Conclusions

The benefits of the energy storage hybridization have been
investigated quantitatively. Four examined case studies for the
city BEV clearly show that supporting a high-energy storage
with a high-power one in transient states noticeably enhances
vehicle performance. Battery wear-down is caused by cycling
and ageing. Most lithium-based chemistries are quite robust to
shallow cycling. However, the shallow cycling with currents
much above 0.5 C-rate during acceleration and regenerative
deceleration has much lower efficiency than in case of ultra-
capacitors. The overall energy consumption per distance unit
goes up if not supported with the high-power storage, and this
in turn increases number of deep cycles needed to travel the
same distance (e.g. per year). Additionally, some chemistries
cannot deliver enough specific power if temperature drops be-
low a certain level, which is typical e.g. for the central Europe
climate. This means that the battery pack requires heating if
operated without auxiliary high-power storage. If this heat is
produced using energy stored in the battery, the range of a ve-
hicle decreases and the number of cycles per year increases.
It has been shown that ultracapacitors can significantly ex-
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tend the temperature range in which such a hybrid source can
deliver required power without additional battery heating sys-
tem and regardless to ageing processes. The auxiliary storage
does not present substantial packaging problems in the design
of the vehicle. For studied case, mass of the LiFePO4 cells
is 140 kg and volume is 90 dm? [27]. The auxiliary storage
adds less than 10% of batteries mass to the powertrain and
its volume is ca. 14 dm? [28]. Despite the higher initial costs,
a hybrid energy source may be profitable through extending
lifetime and vehicle range as well as through preserving pow-
er capability under all conditions. After extensive simulation
tests performed in Matlab/Simulink/Plecs environment it was
decided that in the case of LiFePO4 chemistry it is technically
and economically justified to hybridize this storage with the
help of ultracapacitors also in the case of a city car. The quan-
titative efficiency results complemented with cost, gravimetric
and volumetric analysis convinced us to hybridize the ener-
gy storage for the ECO-Car we have been designing recently.
Currently an experimental mobile mockup is being built.
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