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Abstract

This paper focuses on research into and simulations of an energy storage system with high efficiency (or high durability),
consisting of an electrochemical battery, which was connected to a ultracapacitor by voltage converters. An active connection
between the battery and the ultracapacitor leads to good load distribution during charging and discharging. By adjusting the
DC/DC converter system to a predefined exemplary load cycle, the ultracapacitor assumes high momentary current demand,
while the remaining range of power demand is covered by the electrochemical battery. This way the ultracapacitor is used
as an efficient energy source, reducing high current consumption from the battery, thus limiting energy losses in the battery
and increasing its durability. This paper presents test bench research regarding the static and dynamic states of battery
and ultracapacitor work. It contains a discussion on the theoretical and analytical relations underpinning and informing the
development of the battery and ultracapacitor models. The paper shows the characteristics of voltage, current, and heat
generation on the battery and ultracapacitor selected on the basis of the adopted cycle of power demand. The hybrid energy
storage system proposed in this work is particularly suited for use in the zero-emissions building sector, associated with

renewable energy sources and other distributed generation devices, and for their stable, durable and efficient operation.
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1. Introduction

In the context of the 2020 climate and energy package [1]
the member states of the European Union are required to
meet certain obligations, for example, increasing the pres-
ence of Renewable Energy Sources (RES) on the energy
market to nearly 20% of overall energy usage [1-3] and in-
creasing the share of biofuels in transportation by 10% (for
Poland, the required percentage is 15.3%), increase in en-
ergy efficiency (by 20%) and decrease of greenhouse gas
emissions (e.g. CO,) to the atmosphere (by at least 20%
compared to 1990 emissions). The European Union climate
and energy policies for 2030 and 2050 are currently being
worked on [4]. In the 2030 perspective [4] new goals are set,
including: improvement in energy effectiveness by 27%, in-
crease of RES share to 27% of energy used in the EU and
decrease of greenhouse gasses emissions by nearly 40%.
The highlighted goals will have a great impact on the devel-
opment of technology, particularly distributed energy gener-
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ation devices [5—16], which will have an impact on the com-
petiveness of the Polish economy. One of the crucial ele-
ments in improving energy efficiency is advancement in en-
ergy storage technology. Various methods of energy storage
appear in scientific literature and in industry [17-21] based
on the type of energy stored, e.g.: in reversible 2" type cells
(electro-chemical) [22-36], flywheels (mechanical), ultraca-
pacitors (electrical) [37—69], magnetic superconductive coils
(electrical) [19—21], pumped storage systems (mechanical)
or in underground rock cavities (mechanical) [17, 18], where
stored air can be re-used for powering machines, or in heat
storage (heat energy) [19—-21]. Energy storage technologies
were described in detail in works [17-21]. In future, simul-
taneous to the liberalization of the energy market and pro-
sumer support [70] a rise in interest in electric vehicles will
be seen [22, 23, 34, 47, 50, 60, 62, 64, 71, 72], which will
make a contribution as an integral part of distributed energy
generation devices [71, 72]. Polish law is currently in need
of reform as there are no regulations governing the mass in-
troduction of such vehicles on the market. Restrictions on
mass introduction arise from vehicle construction issues and
external factors. Featuring among the barriers to progress
are the limited generation and transmission capabilities of
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Figure 1: Impact of “smart charging” on power demand from the Polish
Power System (KSE)—based on KSE data [73]—charging 1 million elec-
tric vehicles

the Polish energy industry [73]. Increased peak power use,
caused by ungoverned charging of electric vehicles may lead
to the overloading of power plants and the power network
and cause outages. These assumptions are supported by
simulations done for Los Angeles [72].

Fig. 1 presents the results of charging 1 million electric ve-
hicles utilizing night energy valley in “smart charging” mode.

For this reason, governed charging of electrochemical en-
ergy storage in electric vehicles is crucial [22, 23, 34, 47, 50,
60, 62, 64, 71, 72]. It is worth pointing out the rationality
of charging with energy from renewable energy sources and
co-generation systems [5—16], particularly from distributed
sources powering the charging stations. Another obstacle to
the spread of electric powered vehicles is the lack of infras-
tructure for fast charging and the resulting restrictions on the
range of travel for electric vehicles, especially on the open
highway. This is a major inconvenience and a psychological
barrier for potential customers.

Another problem to overcome is storage of energy, which
has a direct impact on: (i) the possibility of managing the
load on the grid, and (ii) the choice of charging system struc-
ture. Currently, the high price of electric vehicles is largely
caused by the high cost of batteries and long term operating
cost in light of their expected lifetime. The answer to battery
prices will be to increase demand, which can only occur in fa-
vorable political and commercial conditions. In the 2020 time
horizon, the International Energy Agency (IEA) [74, 75] pre-
dicts that the price for a 1 kWh battery should be less than
$150 (currently $268). For batteries with capacity of about
24 kWh (typical for electric vehicle batteries, e.g. Nissan
Leaf [76]), the price will be approximately $3600. It is known
that electro-chemical energy storage systems have limited
power density [19-21] but greater energy density than ultra-
capacitors [20, 21]. This means that electro-chemical bat-
teries cannot accept very high, instantaneous current loads.
In many technical locations [57], such as households, vehi-
cles [22, 23, 34, 47, 50, 60, 62, 64, 71, 72] and work ma-
chines, high instantaneous power demands occur. From this
point of view, ultracapacitors are a better solution, charac-
terized by very high power density while having low energy
density [58].

Hybrid energy storage

(electrochemical battery-

R elde

Figure 2: Physical model of an electrochemical battery [22, 24]

ultracapacitors) is an intermediate solution, combining
the advantages of a battery and an ultracapacitor, with a
DC/DC 2-way converter for power distribution between the
battery and ultracapacitor [40, 56].

The following work presents: model-supported research
of a LiFePQO, battery and electrolytic ultracapacitor in a set
load cycle (static as well as dynamic) for consecutive cycles
of charge/discharge numbering several dozen and several
hundred.

The structure of the following work is as follows: in sec-
tion 2 the analytical basis for hybrid energy storage, including
electrochemical battery and ultracapacitor, is presented. In
section 3 the research stand is described. Section 4 shows
the results of research conducted on the stand. In section 5
simulation results are presented and compared with the re-
sults obtained from the research stand. Section 6 contains a
summary of analysis of the results presented in the work.

2. Analytical background of hybrid energy storage

In the following subsection the analytical dependencies re-
lated to models of a battery and an ultracapacitor are pre-
sented. Also presented is the typical parallel connection of
the two energy storages, with assumptions for simulation and
technical implementation.

2.1. Battery model dependences

This subsection contains a description of an electrochem-
ical battery. A physical diagram of said battery is presented
in Fig. 2.

Based on the analysis of Fig. 2, the internal resistance R;,;
of the battery can be calculated as:

Rint(ipars T @) = Retae(T, Q) + Repyse + PEMF (ipas, T, Q)1 (1)

where: Rei, Reyre—€lectrodes and electrolyte resistance,
respectively, bEMF (ipy, T, Q)1 I_ratio which defines the
relative change of the electromotive force of the polarization
during the flow of the nominal current I,, versus EMF for the
nominal capacity of Q,. In this paper the experimental data
has been employed to determine R;,;:

Rip = (U, - Um+1)/(1m+1 -1,) (2)
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where: U,, > U,,41 and I, > I,,.

The family of U,,, U,,+1 characteristics was determined dur-
ing the experimental research described in [22-25, 28, 29].
Once R;,; was determined, transforming the following equa-
tion (2), it became possible to calculate the EMF, for charg-
ing (+) and discharging (—) respectively:

EMF = Userm F ipat (U = Upi1) [ g1 — 1) (3)

The internal resistance of the battery R;,; was determined
using the iteration-approximation method [23] and subse-
quently it was used in the simulation model in order to ac-
count for the change of the battery’s resistance depending on
the change of its S OC. The properties of the electrochemical
battery were defined using Peukert’s equation, described in
detail in [23].

The following relation was used for the purpose of mathe-
matical modeling of a battery’s effective capacity:

Oaalivars 1, T) = ¢r (T Wipars T)On £ fo ba(Dd (4)

Knowing that the battery’s state of charge is equal to the
ratio of its effective capacity to nominal capacity, one can
write:

SOC = Q507" = wr(TN(ipar: T)Q; O = Q7' [ ipar(t)dt =

=]

W T oy =0 [y bt = 1= 07 [T (1)t

T=Tn

®)
The EMF electromotive force, which depends on the
S OC, can be expressed in the following form:

EMF(SOC) = EMFyiy + AUy, - SOC =

. 6
EMPF iy + (EMFyey ~ EMFyi) - (1= 071 [l ipu(dt) ©)

The values of EMF,,;, and EMF,,,, were determined on
the basis of experiments [22-25, 28, 29].

2.2. Ultracapacitor and hybrid energy storage model de-
scription

In the following subsection the physical model of the ultraca-

pacitor is presented (Fig. 3).

2.3. Model of the hybrid system

Numerous deliberations about ultracapacitors can be
found in the scientific literature [50], in many articles a num-
ber of simplifications are made, e.g. the inductance in the
system is omitted, also omitted are capacitance and resis-
tance of the electrodes, the resistance resulting from self-
discharge is equal to co— these were the simplifications as-
sumed in [22].

In the following subsection the full description of an elec-
trochemical battery-ultracapacitor hybrid energy storage unit
and topology (Fig. 4) is presented, with an analytical descrip-
tion and no simplifications made. Fig. 4a) presents the phys-
ical model of the hybrid energy storage system: the battery-
ultracapacitor. There is a passive connection topology of bat-
tery and ultracapacitor and they are connected to the DC bus

I, ESR L

o>

Figure 3: Physical model of the ultracapacitor, where: u.—ultracapacitor
voltage, i,.—the current of ultracapacitor, L—inductance, ES R—the equiv-
alent series resistance

directly. This topology is the simplest and cheapest, beating
active hybrid energy storage solutions. The advantages of
this topology are: reduction of internal losses and effective
damping of the transient current under impulse load condi-
tions.

Fig. 4b) shows parallel active hybrid energy topology,
where two bidirectional DC/DC converters have been em-
ployed. In this case the hybrid energy storage can operate
across a wider range of State of Charge and the volumetric
efficiency can be improved. There are well known topologies
for grid scaled hybrid energy storage application [77].

In Fig. 4c) the cascaded active hybrid energy storage
topology with two DC/DC bidirectional converters is illus-
trated. The battery is isolated by the DC/DC bidirectional
converter, the current is controlled to provide smooth power
exchange with the battery [77]. This avoids rapid (high cur-
rent value fluctuation) charge/discharge processes of the
battery arising from the intermittency of distributed genera-
tion devices, especially renewable energy sources and ex-
ternal load (eg. household power demand). Moreover,
the bidirectional DC/DC converter isolates the ultracapaci-
tor from the DC bus. The voltage is controlled to regulate
the DC bus voltage when absorbing high frequency power
exchanges [77].

Based on analysis of Figures 3 and 4a) and considering the
1#" Kirchhoff Law, it can be written that:

[= dpar + lye = lpar = 1~ Iye (7)

The change of voltage consecutively for the battery and ul-
tracapacitor can be written as a set of equations:

{ u=EMF — ipyRin

L 8
u=u— L% — i, ESR (8)
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Figure 4: a) Physical model of the hybrid system: battery-ultracapacitor
(passive hybrid energy storage topology), b) parallel active hybrid energy
storage topology, ¢) cascaded active hybrid energy storage topology
Placing (7) into (8) results in:

u=EMF — (i —iy) Ring = tt — iyeRiny = EMF — iRy (9)

Knowing that for the ultracapacitor the relation between cur-
rent i, and voltage u,. can be written as:

du,

Ue .
e = C— we = C 10
i ; or i 7 (10)
Solving equation (8) with equation (10) results in:
. u Ldi, iy
w=Cl—+— —ESR 11
: (z Tra T ) an
or in differential form:
du d%iy. diye
e =C|— +L + ESR 12
: (dt dr? dt ) (12)
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Figure 5: a) Photo of the test stand, b) Schematic diagram of the test stand

Placing dependency (11) into (9) we get:

L d'u(; .uL' b
"y {R,»mC(E 4o G | l—ESR)} = EMF - iR;, (13)
t t dt t

And similarity in differential form, placing dependency (12)
into (9) we get:
du d%iye diye .
u-— {R,-mC(E + L e + ESRW)} = EMF — iRy, (14)

Inserting dependency (10) into equation (14), after sorting
out the variables, the final dependency can be written:

di d%i
- RimCESR% — Rilige — Ring LC—

= EMF —iR;, (15)

Presented dependencies (1)—(15) were used to create the
simulation model, as presented in section 5.

3. Test stand description

The measurement chain (Fig. 5a) consists of a PC class
computer running the measurement and control application.
The PC is connected via a USB to NI Compact DAQ 9174
modular data acquisition chassis with the following modules:
NI 9206 analog input +/- 10 V module for voltage measure-
ments, NI 9213 thermocouple module for temperature mea-
surements, NI 9263 analog output +/- 10 V module for con-
trolling the load unit, NI 9401 digital TTL input/output module
for relay control of charge and load circuits. Voltage and tem-
perature measurements are handled directly by the NI 9206
and NI 9213 modules. Current is measured by +/- 25 A cur-
rent to a voltage sensor, connected to NI 9206 module. Mea-
sured voltage is converted back to the current value in the
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measurement application. Ambient temperature and tem-
peratures of the battery connector and battery casing are
measured with type K thermocouples.

Control over the measurement chain is provided by
NI 9236 and NI 9401 modules. The NI 9401 digital TTL
input/output module controls two TTL compatible relays for
switching between the charging circuit and load circuit. The
load circuit connects the battery to a controllable load power
unit. The voltage output of the NI 9263 module sets the
amount of current drawn from the battery. Total load power
is up to 1 kW, with active cooling. The charging circuit con-
nects the battery to a TTi CPX400DP programmable labora-
tory power supply, rated for up to 420 W with max. output
current of 30 A up to 20 V DC. The power supply output can
be controlled by software via TCP/IP (Ethernet)—Fig. 5b).
The experiment was conducted on a 3.3 V, 2.5 Ah LiFePO,
battery and 16.2 V DC ultracapacitor (Maxwell Technologies,
8 cells, each cell voltage equal to 2.7 V, the capacity of the
ultracapacitor C = 58 F). Similar research on hybrid energy
storage (Lead Acid Battery connected with ultracapacitors)
to start a combustion engine was conducted and described
in detail in[78].

The battery charge cycle was set to 3 A and was continued
until a maximum voltage of 3.6 V was reached, after which
the battery was switched to load circuit. The load cycle cho-
sen for the experiment was a repeating draw of 2 A, 4 A and
6 A, each load being of 5 seconds duration. The load cycle
was continued until it achieved a minimum voltage of 1.8 V
(for dynamic cycle) or 2 V (static cycle with2.6 A, 4.3 A, 5.8 A
and 7 A constant current load, respectively).

4. Research results

The following section presents the static and dynamic load
cycle research results for electrochemical LiFePO, battery
and MAXWELL BMODO0058 E016 B02 ultracapacitor.

4.1. LiFePOQ, battery research in static and dynamic cycle

In the following subsection the research conducted on
LiFePO, battery was presented. The battery had the follow-
ing parameters: U = 3.3V, 0 = 2.5 Ah. Static and dynamic
load tests were conducted.

In Fig. 6a research results for static cycle are presented.
Based on an analysis it was concluded that as the load in-
creased (increase of discharge current) so did the tempera-
ture of the battery terminals and casing: For discharge cur-
rent of 7 A the temperature does not exceed 45°C on the
terminals and 32°C on the battery case (heat emission is
proportional to Ri? factor). To estimate the processes related
to heat emission in detail, the thermal resistance model is
applied, as described in detail in [35, 79-83]. The cycle-to-
cycle efficiency of the battery decreases as the discharge
and charge current increases. Greater losses occur related
to active and concentration polarity changes. The decrease
in usable battery capacity (decrease in active area of the
electrodes) is accelerated if the battery is operated in bound-
ary conditions (charging and discharging with currents above

5°C, for example: 1 C—one hour discharge current, eg. for
nominal capacity equal 20 Ah, 1 C equal 20 A, 5 C equal
100 A for this value of the battery capacity).

In Fig. 6b research results are presented for LiFePO4for
the dynamic discharge cycle. The battery was charged with
3 A current up to the voltage of 3.6 V, then it was discharged
by a periodic current load of 3 A—6 A-9 A (each value of
current lasted for 5 seconds). The battery was discharged
until Uyepmmin = 1.8 V voltage was reached.

Based on an analysis of Fig. 6b it was concluded that
LiFePQO, batteries perform well in dynamic load conditions
(discharging with 3.6°C current did not cause the battery pa-
rameters to exceed permissible values, i.e. the temperature
of the battery case did not exceed 34°C, the temperature on
the battery terminals did not exceed 53°C).

4.2. Ultracapacitor research in static and dynamic cycle

The following subsection presents the research conducted
on the MAXWELL BMODO0058 E016 B02 ultracapacitor. The
ultracapacitor had the following parameters: U = 16.2 V DC
(8 cells, each cell voltage equal to 2.7 V). Static and dynamic
load tests were conducted.

Based on an analysis of Fig. 7a it was concluded that the
ultracapacitor operates at high efficiency when charged and
discharged with 18 A currents (time of a charge/discharge
cycle equal to the consecutive cycle). Furthermore, the
ultracapacitor operates at high efficiency even under dy-
namic load (charging with 12 A current, discharge with
6 A-12 A-18 A currents, each value lasting 5 seconds)
(Fig. 7b). The temperature on the terminals did not exceed
35°C and the operation of the ultracapacitor was stable.

5. Simulation model based on experimental research of
hybrid energy storage system

5.1. Experimental research versus simulation model verifi-
cation

The following subsection presents: Research and sim-
ulation results for given load cycle for the MAXWELL
BMODO0058 E016 B02 ultracapacitor (analysis for single cell
with nominal voltage 2.7 V, Fig. 8a and LIFEPQO, battery, with
parameters: Q = 2.5 Ah, nominal voltage 3.3 V (Fig. 8b). For
both ultracapacitor and the battery the relative error did not
exceed 0.1%, which can be considered as satisfactory.

After performing the identification of the model, the simula-
tion for LiFePQ, battery-ultracapacitor hybrid energy storage
was performed as per subsection 5.2.

5.2. Simulation results of hybrid energy storage

The following subsection presents the simulation re-
sults for parallel configuration of LiFePO, battery and the
MAXWELL BMODO0058 E016 B02 ultracapacitor (analysis
for single cell, nominal voltage 2.7 V).

In Fig. 9a the values of current distribution for battery, ca-
pacitor and a hybrid system of the two are presented. Fig. 9b
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presents the voltage change in the hybrid system after con-
necting the battery and ultracapacitor in parallel, resulting in
equalization of voltage. It is worth mentioning that, in par-
allel configuration, the temporary current loads are handled
by the ultracapacitor (Fig. 9a) while the battery is discharged
with lesser current, not exceeding 4 C.

6. Summary and Conclusion

This paper presents research on LiFePO, battery and ul-
tracapacitor performance under static and dynamic load. An-
alytical descriptions of both energy storage systems are pre-
sented and they were used to create a simulation model of
a hybrid energy storage system consisting of a LiFePQO, bat-
tery and an ultracapacitor. The models of the battery and
ultracapacitor were identified. By comparing the simulation
results with test stand research it was concluded that relative
error between the simulation and test bench results did not
exceed 0.1%, which can be considered satisfactory. More-
over, the presented model is useful for identifying off-line se-
lected ultracapacitor parameters in the time and frequency
domain [84], especially in electric vehicle and microgrid ap-
plications.

Based on the research conducted it was concluded that
the main advantages of a hybrid energy storage system in
the case of mobile application include: Limitation of current,
smoothing out of voltage changes, high density of energy
(oattery effect) as well as high density of power (ultraca-
pacitor effect).The main disadvantages of the system in mo-
bile applications include: Higher cost of the system, greater
weight (important for electric vehicle applications) and the
need for constant monitoring of voltage by a BMS system.

For stationary applications, the main advantages are: The
possibility of using the energy storage system to start up
large cogeneration systems based on gas engines (espe-
cially at temporary events, where cogeneration systems are
moved from place to place), microturbines, flexible coopera-
tion with wind turbines and other renewable energy sources.
Hybrid energy storage systems can be especially beneficial
in zero-emission architecture projects and offgrid installation
(due to the daily energy requirement cycles in households,
especially prosumers equipped with microinstallations). The
disadvantages are similar to mobile applications, with the ex-
ception of weight, which is usually less important in systems
of this type.

It is worth highlighting that a hybrid energy storage system
has a longer expected lifetime. In the case of an ultracapac-
itor: above one million charge/discharge cycles; in the case
of a LiFePOy4 battery: 5 to 10,000 cycles.

The authors of the article are currently developing new
computational methods for hybrid energy storage systems
utilizing fractional order derivatives, which are particularly im-
portant in describing processes where diffusion occurs and
dominates.

Moreover, as a result of their research the authors con-
clude that models currently employed, i.e. using recursive

neural networks [36], should be refined and include changes
of lifespan of hybrid energy storages during simulation. This
approach offers new insight in terms of making precise pre-
dictions of expected lifetime and long time operation of hy-
brid energy storage systems, as well as when estimating the
profitability of investment projects based on hybrid energy
storage systems.
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