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Abstract: The article presents the use of the Texas Instruments LM5170EVM-BIDIR bidirectional
DC/DC converter to control power distribution in a hybrid energy storage system based on a
battery–ultracapacitor system. The paper describes typical topologies of connecting a battery with
an ultracapacitor. The results of tests for calibration and identification of converter parameters are
presented. The main innovation of the solution presented in this paper is the appropriate selection of
the nominal voltage of the ultracapacitor so that the converter can be operated only in the constant
current mode, in a cascade connection, excluding the low-efficiency constant voltage mode. This
article demonstrated that such control allows for high efficiency and reduction of losses in the DC/DC
converter, which is necessary in the case of mobile solutions. The amount of losses was determined
depending on the control voltage in the operation modes of the converter: in the Step Up mode by
increasing the voltage from 12 V to 24 V, from 12 V to 36 V, and from 12 V to 48 V and in the Step
Down mode by decreasing the voltage from 48 V to 12 V, from 36 V to 12 V, and from 24 V to 12 V).
For a calibrated converter in a semi-active topology, bench tests were carried out in a cycle with
pulsating load. The tests were carried out using LiFePO4 cells with a voltage of 12 V and Maxwell
ultracapacitors with a package voltage of 48 V. Power distribution in the range of 10% to 90% was
achieved using the myRIO platform, which controlled the operation of the DC/DC converter based
on an external current profile.

Keywords: bidirectional DC/DC converter; semi-active topology; LiFePO4; ultracapacitor

1. Introduction
1.1. Literature Review

Currently, in order to counteract progressive climate change, the European Green
Deal [1] was established, which assumes in 2050 to achieve net-zero greenhouse gas
emissions through the development of, i.a., sustainable and intelligent mobility [1]. It is
assumed that by 2030 there will be at least 30 million electric vehicles in the EU that will be
charged at three million public ultra-fast charging points in the DC CHAdeMO 3.0 (ChaoJi)
standard [2,3], 900 kW power value in accordance with IEC 61851-23:2014 [4]. It is worth
emphasizing that in the EU region, the transport sector is responsible for nearly 25% of
greenhouse gas emissions, of which 71% are road transport [5].

Another key element supporting the achievement of climate neutrality is the sustain-
able development of renewable energy sources (RES). EU countries have agreed on specific
targets regarding total share of RES in final energy consumption mix in the coming years,
achieving 32% by 2030 [6] or up to 45% [7]. These values include renewable energy used
for heating and cooling, transport, and electricity production, among others.

It should be mentioned that the regulations oblige the EU member states to simul-
taneous development of facilities and techniques for electricity storage, mainly for the
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purposes of stabilization of the power system [7], development of prosumer systems [8],
development of alternative fuel infrastructure for vehicles (in particular, those with electric
drive [9], and connection of RES with the main power grid [7].

Considering the above, particular attention should be paid to electricity storage fa-
cilities [10] with high volumetric energy (batteries [11]) and power density (ultracapaci-
tors [12]).

Ultracapacitors and batteries are used in trucks [13] as well as vehicles with purely
electric drives, i.e., components of the drive system of ChariotMotors battery electric
buses [13] and ultracapacitor buses [14]. They are also key elements for Gemamex Motion
Co. Bulgaria Sofia charging stations (power range up to 250 kW [13]).

In a certain group of devices and energy receivers, especially for means of transport,
the load is strongly dynamic/pulsating and variable in time, which was pointed out in [10].
As a result, the peak power of the load is much higher than the average load [15]. In [12], it
was shown that this is a key problem from the point of view of the selection of the energy
source because, on the one hand, the source must provide temporarily high peak load
power, and, on the other hand, it must provide the right amount of energy. The simplest
solution, presented in [12], in this case is the use of a sufficiently large energy storage—a
large storage capacity ensures both the appropriate peak power and sufficient energy
reserve. Unfortunately, such a solution is large, expensive, and heavy, and in the case of
mobile solutions, it is often impossible to use.

As described in [12,16], an alternative is the use of hybrid energy storage (HES). It
usually consists of two components—a high power source, the so-called “high power”,
which is an ultracapacitor, and energy sources, the so-called “high energy”, which is an
electrochemical battery. In this way, the optimized hybrid energy source is much lighter
than a large energy storage while performing the same tasks [17,18].

Another example of the need to use an HES based on a battery and an ultracapacitor
may be starting an internal combustion engine in difficult conditions [19].

Examples of such conditions are low ambient temperature [20], long breaks in engine
operation [12], pulsed load [19], significant battery load at standstill to power on-board elec-
trical devices (including the dashboard [12]), and in the start/stop systems [21] of vehicles.
In the case of the latter for the electrochemical battery technology [22], the high frequency
of system operation—frequent engine starts and short battery charging periods—mean
that the battery discharges faster in such dynamic conditions [23], and its usable capacity
and lifetime decrease [12]. Moreover, the battery parameters significantly deteriorate [24],
i.a., the internal resistance of the battery increases [25] (in particular the electrolyte resis-
tance [26]), the open circuit voltage [27], and the voltage at the terminals decreases [28].
During the start-up of internal combustion engines in such conditions, the mechanical
resistance associated with increased density of engine oil also increases significantly [12],
while the power and energy availability are reduced, which translates into a higher battery
load and reduces its service life [29] and state of health [30–38]. The other disadvantages
of batteries include self-discharge [31] and difficulty in early detection of impending bat-
tery discharge (often the battery is completely discharged suddenly [39] without warning
signs [40]). Elimination of the described battery disadvantages can be achieved by parallel
connection of the battery and ultracapacitor [41]. The properties of ultracapacitors [42]
and electrochemical batteries [43] are complementary. By connecting these components in
parallel, a system that combines the benefits of both of these energy stores can be achieved.
It should be emphasized that a set of parallel connected ultracapacitors and electrochemical
batteries features high energy [44] at the same time, which is caused by the battery. Such a
set also features high power [12], which is caused by the influence of ultracapacitors [44].
Thanks to the use of ultracapacitors, the available power range is also increased, including
at low temperatures [40] and at low charge levels [39].

The use of a parallel connection of the battery and the ultracapacitor makes it possible
to increase the availability of the stored energy [12], even in the case of a voltage drop of the
hybrid system to a value indicating complete discharge of the battery, which corresponds
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to SoC = 0 [45]. It is worth emphasizing that the amount of energy stored at this voltage in
the ultracapacitor still allows starting the internal combustion engine [12]. The presented
situation may occur in the case of vehicles used infrequently, occasionally, or in cold
climates [40]; in particular, official, special vehicles [46]; as well as vehicles with increased
load [47] on the DC electrical system [48], such as city buses [13]. In Poland, city buses [13],
usually at the end of the line [14], must remain stationary with the engine switched
off [49] while there is still a significant energy load inside them through such receivers
as information boards and LCD boards, interior lighting, passenger space heating, or
air conditioning.

When the vehicle is not used for a long time, the self-discharge [12] occurring in both
ultracapacitors and traction batteries plays an important role, according to the subject data,
amounting to several percent per month for a battery [31] and up to 30% per month for an
ultracapacitor [20,50], respectively. This is of particular importance within the drive system
of an electric vehicle [51].

An example is the fifth-generation BMW drive system with bidirectional DC/DC
converter [52], in which the 12 V low-voltage system is responsible for switching on the
400 V high-voltage system. In the event of self-discharge of the low-voltage system, in
extreme cases, when the vehicle is not used for a long time, for a year or more, it is necessary
to recharge the low-voltage side battery and high-voltage side battery pack from an external
charger or from a PV module. It is worth mentioning that the self-discharge process [31]
can be reduced by adding PV modules to the system [53–55].

The next example where there is a need to use batteries and supercapacitors to store
electricity are the decks of innovative electric airplanes, presented in [56–60]. Additional
storage devices such as supercapacitors and batteries have been widely sought in the
innovative field of aircraft electrification in recent decades. In [56], a topology similar to
that shown in Section 1.2, parallel active hybrid BES-UC connection was adopted to achieve
a dual objective: to enforce a power-sharing policy between the aircraft’s main generator
and the auxiliary battery and to preserve the condition of the aircraft’s mechanical parts
of the generator by using a supercapacitor to absorb/provide power peaks in the main
power grid. In addition, as shown in this work, the supercapacitor can also work as an
energy storage system, supplying constant power to the grid. In reference [57], similar to
the topology shown in scheme of the DC/DC converter test stand, with measurements in
Step Down mode, the supercapacitor is connected to the power peak absorption/supply
grid by a bidirectional DC/DC converter controlled by a SubOptimal second-order sliding-
mode controller.

However, in the HES there is a new problem of proper power distribution [61] between
the high-power source (ultracapacitor) and the high-energy source (electrochemical battery).

Power distribution is carried out by a suitably controlled DC/DC converter [62,63]. To
protect the batteries against deep discharge [64], a bidirectional DC/DC converter [65] is
required to raise the output voltage of the ultracapacitor to a level safe for the battery [66].

In typical applications, the high power source supplies power directly to the receiver,
and its charge is then replenished over a longer period of time from the high energy source
via the converter [67]. In this way, the high energy source is loaded with a lower current
value, but for a longer time, which has a very positive effect on its durability [68], especially
in the case of Li-ion batteries [69].

As was shown in [70,71], in an HES, the efficiency of not only the high energy and high
power sources but also the component connecting both sources, i.e., the DC/DC converter,
should be considered.

In several works [61,66,68,70–73], it was shown that the DC/DC converter cannot be
too large and oversized, but, at the same time, its power should be sufficiently high to be
able to effectively and relatively quickly balance the charge level of the high power source.
Insufficient power of the DC/DC converter does not allow it to effectively recharge the
high power source within the specified time limit. On the other hand, a converter with too
much power is heavy, expensive, and requires additional cooling, which was pointed out
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in [70]. At the same time, excessive current from an oversized converter may adversely
affect the durability of the high-energy source [44,70]. From this point of view, the selection
of a DC/DC converter is not a trivial task and should be made on the basis of in-depth
analyses of a specific application.

The primary objective of the research presented in this paper is to investigate the
feasibility of using a bi-directional DC/DC converter to manage power distribution in
a hybrid energy storage system that utilizes a battery–ultracapacitor setup for mobile
applications. The proposed solution comprises two components: topology selection and
calibration methodology. The topology selection aims to determine the optimal nominal
voltage of the ultracapacitor to enable the converter to operate solely in the constant
current mode and accommodate the current external profile (ECP). The semi-active cascade
connection described in this solution eliminates the need for the low-efficiency constant
voltage mode, resulting in greater efficiency and reduced losses in the DC/DC converter.
Additionally, the study endeavors to identify the level of losses based on the control voltage
in the converter’s operational modes and conduct bench tests with pulsating loads to
achieve power distribution between 10% and 90%. The DC/DC converter’s operation
should be regulated based on the ECP designated during the calibration phase.

1.2. Contribution of the Paper

In the conducted research presented in this article in Section 2, it was shown that
the efficiency of the converter strongly depends on its load. The efficiency of the DC/DC
converter is higher for power close to the nominal value. At the same time, the efficiency
of the converter is very low for fractional power. Hence, the important conclusion is that
the converter should work as much as possible with the highest power, i.e., in the constant
current (CC) charging mode, which has been demonstrated in this article.

This article is structured as follows. Section 2 presents the procedure for calibrating the
bidirectional DC/DC converter for later use in power distribution control in an HES based
on a battery and an ultracapacitor. This section also presents power loss characteristics
in different control modes. The configuration and description of the test stand with the
DC/DC converter, which was placed between the ultracapacitor and the battery in the semi-
active topology, is also presented (see Figure 1d). Section 3 presents the results of research
on different values of power distribution in an HES based on a battery and an ultracapacitor
in a semi-active topology with a DC/DC converter. Finally, Section 4 provides the synthetic
view of the conclusions.
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Figure 1. (a) Physical model of BES-UC system (topology of parallel passive connection), (b) topology
of semi-active connection with DC/DC converter located directly in front of the battery, (c) topology of
semi-active connection with DC/DC converter located directly in front of ultracapacitor, (d) topology
of semi-active cascade connection with DC/DC converter between the ultracapacitor and the battery.

2. Materials and Methods
2.1. Battery and Ultracapacitor Connection Topologies

This subsection presents the battery–ultracapacitor connection topologies [18,74,75].
As indicated in scientific papers [18,44,48,51,66,70,71], the following connection topologies
of both components are most common: passive, semi-active, and active. Such topologies
are presented in Figure 1.
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The easiest to implement is the parallel connection in the passive topology (Figure 1a),
where the battery and the ultracapacitor are physically connected in parallel with each
other [44]. In such a connection [75], there is no control of the power distribution between
the battery and the ultracapacitor, and the voltage that is set at the terminals of the HES
system is the resultant [18].

As presented in [44,48,61,64], the semi-active topology means that one energy storage
is connected directly to the energy source/receiver, while the other energy storage can
partially participate in the energy expenditure through an adjustable DC/DC converter.

Mostly, in the scientific literature [18,44,61], there are semi-active solutions with one
converter located in front of the ultracapacitor (Figure 1b) or the battery (Figure 1c). When
the converter is placed in front of the ultracapacitor (Figure 1b), the battery is directly
connected to the DC bus. One of the main disadvantages of such a solution is greater
voltage oscillation at the battery terminals due to higher current loads, which directly
affects the life of the cells. During high current loads, electrodynamic forces appear on the
cells, which affect the change of stresses inside the cell and faster degradation of the active
material [76]. In the second case, when the battery is separated from the DC bus by the
DC/DC converter (Figure 1c), it operates in optimal ranges (currents do not exceed the
limit values [44]), while the uninsulated ultracapacitor takes over voltage and frequency
fluctuations in the DC bus [64]. In order to eliminate voltage fluctuations, it is necessary to
use ultracapacitors with higher capacitances in the system, which directly translates into
higher system costs.

This paper presents a semi-active topology where a DC/DC converter is placed
between an ultracapacitor connected directly to the DC line and a battery (see Figure 1d).
The topology shown in Figure 1d was used to carry out the experimental studies in Section 3.

In this topology, the converter should work with the highest power as far as possible,
i.e., in the constant current (CC) charging mode. Operation in the constant voltage (CV)
charging mode by definition limits the value of the charging current and consequently
reduces the efficiency of the converter and increases energy losses. Therefore, the CV mode
should be limited and preferably not used at all. The conducted tests have shown that the
condition for limiting losses and high efficiency of the converter operation is its operation
only in the CC mode, bypassing the CV mode (see Section 2.2). A similar advantage for the
semi-active topology was pointed out in [62,68,77], where the ultracapacitor is connected
directly to the DC bus.

The consequence of using only the CC mode is the risk of undercharging the high
power source, which was pointed out in [68]. The laboratory tests presented in this article
show that this problem can be solved by appropriate selection of the nominal voltage of the
high power source to the voltage in the DC bus line (see Figure 1d). In a situation where
the nominal voltage of the high power source is sufficiently higher than the voltage in the
DC bus line, then the high power source can be easily recharged with full power only in
the CC mode, bypassing the CV mode. In this way, the DC/DC converter works with the
highest efficiency all the time, which was pointed out in [68,77]. The topology shown in
Figure 1d was used to carry out the experimental studies in Section 3.

Another approach is a parallel active connection topology via bidirectional DC/DC
converters (Figure 2a). In such a system, it is possible to assign active power distribution
using a specific control strategy, e.g., in the areas of the highest battery efficiency in the
SoC range from 0.2 to 0.9 (possible power distribution from 0% to 100% between both
components), as shown in the works [18,70,78]. Two DC/DC converters have been used in
network applications. In this configuration, the converter can be programmed in such a way
that the ultracapacitor reacts to short-term and high voltage spikes with high frequency [75]
while regulating the voltage on the DC/DC bus [44]. The battery can provide energy for
low frequencies with small voltage amplitudes for small values of current loads, e.g., up
to several C, which is described in the works [65,70,75]. In the active cascade connection
topology (Figure 2b), two DC/DC converters are used, which isolate the ultracapacitor and
the battery from the DC bus.
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The converter, which is located in front of the battery, is usually current controlled to
ensure a smooth exchange of energy with the battery [44]. Such control allows for resigna-
tion from the complicated charging process (especially in the case of Li-ion batteries [34,35]),
where various charging conditions should be taken into account in order to fully charge the
cell. Normally, the charging process takes place in two phases: I—constant current CC, and
II—constant voltage CV. In the CV charging phase application of the voltage equalizing
is required, carried out through passive or active balancing, which is time-consuming.
It is particularly important during intermittent operation when connected to renewable
sources, e.g., wind farms or photovoltaic modules, which has been highlighted in the
works [55,77,79]). The second converter, which isolates the ultracapacitor (UC) from the
DC bus, is voltage controlled. Its purpose is to stabilize the voltage in the DC bus and
absorb high frequencies in the network. As a result of the use of two converters, there are
higher power losses in the system associated with multiple energy conversion, which was
pointed out in [64,70].

2.2. DC/DC Converter Calibration

The main purpose of the research was to select the control method and the nominal
voltage of the ultracapacitor module so that the converter could operate in the CC mode
with the highest efficiency. In papers [68,77,79–81], it was emphasized that the losses are
affected not only by the current but also by the voltage difference at the input and output
of the converter. When designing an HES with a DC/DC converter, these characteristics of
power losses should be taken into account to decide when there are benefits from using
the converter (despite the losses) and when it is more effective to cover the entire energy
demand without the use of the converter, as shown in [70,77,80,81]. For this purpose,
low-power prototype systems are built with the demonstrative use of DC/DC converters.

Table 1 shows the parameters of bidirectional DC/DC converters in low-power sys-
tems and prototype systems presented in [77,80–90] as well as the parameters of the Texas
Instruments LM5170EVM-BIDIR DC/DC converter [91] analyzed in this article.

The power of the bidirectional DC/DC converters presented in Table 1 does not
exceed 1 kW, while the efficiency is above 90% both in the Step Up and Step Down modes.
Additionally, for the converter analyzed in this paper, the value of power losses does not
exceed 10%, which has been analyzed in detail and shown in Sections 2.2.1 and 2.2.2.
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Table 1. Technical data comparison of low power bidirectional DC/DC converters presented in papers [80–90] and DC/DC converter presented in this paper [91].

Parameter
DC/DC

Converter in
[80]

DC/DC
Converter in

[81]

DC/DC
Converter in

[82]

DC/DC
Converter in

[83]

DC/DC
Converter in

[84]

DC/DC
Converter in

[85]

DC/DC
Converter in

[86]

DC/DC
Converter in

[87]

DC/DC
Converter in

[88]

DC/DC
Converter in

[89]

DC/DC
Converter in

[90]

This Paper
[91]

The number
of

switches
6 4 2 4 10 4 6 3 6 4 4 4

The number
of diodes 0 - - 0 0 0 0 0 0 3 4 2

The number
of capacitors 4 2 3 6 3 2 3 1 4 3 4 2

Number of
inductors 1 2 2 1 1 1 1 1 1 2 2 1

Input voltage
Vin

24–58 V 24 V 12–20 V 24–48 V 35–50 V 40 V 24–55 V 48 V 48 V 48 V 35 V from 6 V to
75 V

Output
voltage Vout

400 V 200 V 60–70 V 360 V 400 V 400 V 400 V 380 V 384 V 400 V 285 V 12–48 V

Bidirectional yes yes Yes yes yes yes yes yes yes yes yes Yes

Efficiency of
Step Down
mode [%]

95% 94% 94.2% 93% 94% 94% 94% 95% 96% 95% 90% Presented in
this paper

Efficiency of
Step Up

mode [%]
96% 95% 94.2% 94% 94% 94% 96% 94% 96% 95% 90% Presented in

this paper

Boost or
buck

operation
yes yes yes yes yes yes yes yes yes yes yes yes

Rated power
[W] 1000 W 500 W 120 W 250 W 1000 W 300 W 500 W 300 W 250 W 400 W 140 W

Up to 750 W
or 500 W per

channel

Switching
frequency

[kHz]
40 kHz 50 kHz 50 kHz 100–145 kHz 700 kHz 350

kHz–1 MHz 50 kHz 40 kHz 100 kHz 50 kHz 100–180 kHz 30 kHz 50–500 kHz

PWM control
signals normal normal normal normal complex normal normal normal normal complex normal normal
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The aim of the measurements was to determine the operating characteristics and to
define the rules and operating procedures for the Texas Instruments DC/DC converter
module, model LM5170EVM-BIDIR (Figure 3). The calibrated converter was used on a
dedicated laboratory stand which is described in detail in Section 2.2.1, Section 2.2.2, and
Section 2.3.
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Initial identification tests were carried out on a test stand enabling power supply, with
load and measurement of current and voltage values on the high- and low-voltage side of
the DC/DC converter. The test stand was equipped with:

• TTI CPX400DP programmable DC power supply (PSU);
• TTI LD400P programmable DC load (LOAD);
• National Instruments CompactDAQ 9174 recording device, equipped with an analog

input card NI 9206 (cDAQ);
• National Instruments myRIO controller to control the operation of the DC/DC con-

verter;
• Texas Instruments bidirectional DC/DC converter module, model LM5170EVM-

BIDIR;
• PICO TA018 current-voltage converters (current clamps).

Calibration of the DC/DC converter was necessary to determine the characteristics of
its losses (different currents and different input and output voltages). As a consequence,
the control of the converter operation was selected, reducing these losses. During the
calibration of the converter, presented in Sections 2.2.1 and 2.2.2, Maxwell ultracapacitors
were used. The technical data of ultracapacitors and battery are presented in Table 2.

Table 2. Technical data of the LiFePO4 battery and Maxwell ultracapacitor module.

Battery LiFePO4 [92] Ultracapacitor BMOD0058 E016 B02 [93]

Parameter Name Value Parameter Name Value

Nominal voltage 3.3 V Maximum rated voltage 16 V
Minimum voltage 2 V Minimum voltage 0 V
Maximum voltage 3.6 V Absolute maximum voltage 17 V

Capacity 2.5 Ah Capacity 58 F
Internal resistance 6 mΩ Initial equivalent series resistance 22 mΩ

Maximum discharge current 70 A(cont.)/120 A Maximum continuous current 23 A (cont.)/190 A
Dimensions (L × W × H, [mm]) Ø26 × 65 Dimensions (L × W × H, [mm]) 226.5 × 49.5 × 75.9

Cycle life >1000 ~5,000,000
Weight 0.076 kg Weight 0.63 kg
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The acquired signals included voltage values on the low- and high-voltage sides of
the DC/DC converter, current values on the low- and high-voltage sides of the DC/DC
converter, current consumed by the programmable load, and the control voltage of the
DC/DC converter. Waveforms generated directly from TDMS measurement files are
described as follows:

• 12 V Voltage—voltage on the DC/DC converter on the low-voltage side (nominal
12 V);

• 12 V Current—current flowing through the DC/DC converter on the low-voltage side
(nominal 12 V);

• 48 V Voltage—voltage on the DC/DC converter on the high-voltage side (nominal
48 V);

• 48 V Current—current flowing through the DC/DC converter on the high-voltage side
(48 V nominal);

• Total LOAD Current—value of the current consumed by the programmable load;
• DC Control Voltage—control voltage of the DC/DC converter.

The calculated waveforms of current, power and losses as a function of the control
voltage of the DC/DC converter have descriptions consistent with the nominal voltage
values for a given measurement (48 V, 36 V, and 24 V).

2.2.1. Step Down Measurements (Buck Mode)

This subsection describes the measurements of the inverter in Step Down (Buck Mode).
Figure 4 shows a diagram of the DC/DC converter test stand; the measurements were
carried out in the Step Down mode.
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Figure 4. Scheme of the DC/DC converter test stand, with measurements in Step Down mode.

Measurements for the operation of the DC/DC converter in Step Down/Buck Mode
were performed using a programmable load (LOAD) set in constant voltage (CV) mode
holding 12 V on the low-voltage side of the DC/DC converter.

During the preliminary tests, the start-up of the system from the state of a fully
discharged ultracapacitor was taken into account for the development of appropriate proce-
dures for starting the converter and estimating the power consumption of the converter in
the idle state. Figure 5 shows the ultracapacitor voltage of the 12 V side. The voltage equals
0 V. To determine the measurement offset at the beginning of the calibration procedure,
a preliminary measurement without load called “zero measurement” was made. Deter-
mining the offset in this step is particularly important for the current values that change
the sign.
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Figure 5. Waveforms of measured values—zero measurement.

In the next step, the system was started, which is shown in Figure 6. The power supply
to the system was started. The 48 V side of the converter was switched on, i.e., the myRIO
controller power supply and the DC/DC converter microprocessor system power supply
(10 V power left off). The 48 V power supply indicated a current consumption of 0.02 A.
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Figure 6. Waveforms of measured values—Step Down mode activating the 48 V side.

Then, the 10 V power supply of the converter logic was turned on (Figure 7). No
change in power consumption was observed.
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Figure 7. Waveforms of measured values—Step Down mode starting the 10 V logic system.

The converter starts up in Step Up (Boost Mode) by default. Therefore, the myRIO
controller was launched and the operating mode of the converter was changed to Step
Down at the control voltage of 0 V (Figure 8). Current consumption increased to about
0.06 A–0.12 A at 48 V. The voltage on the 12 V side also increased, from 0 V to 4.63 V, then
decreased and stabilized at 4.53 V.



Energies 2023, 16, 3687 12 of 40
Energies 2023, 16, x FOR PEER REVIEW  12  of  40 
 

 

 

Figure 8. Waveforms of measured values—Step Down mode, myRIO launch. 

The system was then started up again. The ultracapacitor of the low-voltage side was 

charged to a nominal voltage of 12 V with the DC/DC converter controlled for a current 

flow of about 0.4 A and then 1.4 A. After charging, a stable state was obtained with a power 

supply of 12.09 V and a current of 1.39 A. The reading was taken from the LOAD panel 

(Figure 9). 

 

 

Figure 9. Waveforms of measured values, Step Down mode, 12 V charging. 

In the next step, the control voltage of the converter was changed to 0 V in order to 

observe the behavior of the system. The voltage on the low-voltage side dropped, the cur-

rent consumption recorded by the clamps on the 12 V side was about 0.01 A, while on the 

48 V side it was 0.02 A. The values were read from the power supply. The measurement 

was completed manually at a low-voltage side and it rendered the reading of 11.65 V (Fig-

ure 10). 

D
C

/D
C

 c
on

to
l v

ol
ta

g
e 

[V
]

Lo
w

 V
ol

ta
g

e 
S

id
e

V
L

o
w

=
1

2
V

V
ol

ta
g

e 
V

L
o

w
 [V

]

H
ig

h 
V

ol
ta

g
e 

S
id

e
V

H
ig

h
=

4
8

V
V

ol
ta

g
e 

V
H

ig
h
 [V

]

To
ta

l L
oa

d 
C

ur
re

nt
 [A

]

Lo
w

 V
ol

ta
g

e 
S

id
e

V
L

o
w

=
1

2
V

C
ur

re
nt

 I L
o

w
 [

A
]

H
ig

h 
V

ol
ta

g
e 

S
id

e
V

H
ig

h
=

4
8

V
C

ur
re

nt
 I

H
ig

h
 [A

]

0 100 200 300
Time [s]

0

0.02

0.04

0.06

DC/DC control voltage 
Step Down: 12V charging

0 100 200 300
Time [s]

4

6

8

10

12

14
Voltage V

Low

Step Down: 12V charging

0 100 200 300
Time [s]

47.5

47.55

47.6

Voltage V
High

Step Down: 12V charging

0 100 200 300
Time [s]

0

0.5

1

1.5
Total Load Current 
Step Down: 12V charging

0 100 200 300
Time [s]

− 2

− 1.5

− 1

− 0.5

0

Current I
Low

Step Down: 12V charging

0 100 200 300
Time [s]

0

0.1

0.2

0.3

0.4

0.5

Current I
High

Step Down: 12V charging

Figure 8. Waveforms of measured values—Step Down mode, myRIO launch.

The system was then started up again. The ultracapacitor of the low-voltage side was
charged to a nominal voltage of 12 V with the DC/DC converter controlled for a current
flow of about 0.4 A and then 1.4 A. After charging, a stable state was obtained with a power
supply of 12.09 V and a current of 1.39 A. The reading was taken from the LOAD panel
(Figure 9).
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Figure 9. Waveforms of measured values, Step Down mode, 12 V charging.

In the next step, the control voltage of the converter was changed to 0 V in order to
observe the behavior of the system. The voltage on the low-voltage side dropped, the
current consumption recorded by the clamps on the 12 V side was about 0.01 A, while on
the 48 V side it was 0.02 A. The values were read from the power supply. The measurement
was completed manually at a low-voltage side and it rendered the reading of 11.65 V
(Figure 10).
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Figure 10. Waveforms of measured values, Step Down mode, 0 V control.

The parameters of the converter were measured by increasing the control voltage of
the DC/DC converter from 0.025 V, in steps of 0.025 V, in order to determine the control
characteristics of the DC/DC converter in the Step Down mode 48–12 V. The control voltage
was increased every 30 s (each time the control voltage was changed, the steady state was
reached). The measurement was completed after reaching the control voltage of 0.5 V
(Figure 11).
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Figure 11. Waveforms of measured values, Step Down mode, control test.

The system was disconnected in order to read the zero shift from the current clamps.
Then, the ultracapacitors of the 12 V side were discharged with a current of 1 A (Figure 12).
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Figure 12. Waveforms of measured values, Step Down mode, disconnection of the system.

The initial voltage of the ultracapacitors before the measurements was 0.21 V. The
ultracapacitors were charged to 12 V. During their charging, a change in the converter
current value from 4 A to 2 A was observed without changing the setting, after exceeding
the voltage of 4 V. The voltage on the high-voltage side was changed from 48 V to 36 V. The
measurement was made from the control voltage of 0.025 V with a step of 0.025 V to the
control voltage of 0.5 V, as shown in Figure 13. The step time was 30 s.
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Figure 13. Waveforms of measured values, Step Down mode, 36 V control test.

Subsequently, the high-side voltage was changed from 36 V to 24 V. The measurement
was carried out from the control voltage of 0.025 V with a step of 0.025 V to the control
voltage of 0.5 V (Figure 14). Step time 30 s.
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Figure 14. Waveforms of measured values, Step Down mode, 24 V control test.

The operation of the DC/DC converter in the Step Down mode for the high-side
voltage for voltage values lower than 24 V was also checked. The behavior of the converter
in the Step Down mode for voltages below 24 V on the high-voltage side was checked. The
voltage was regulated manually on the power supply in steps of about 1 V. The setting was
approx. 4.5 A. The inverter stopped working at 16 V. Returning to 24 V voltage restored the
operation of the converter (Figure 15).
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Figure 15. Waveforms of measured values, Step Down mode, test for voltage values below 24 V.

The test was also repeated with the low side target voltage changed from 12 V to 10 V
(Figure 16). The converter stopped working at a voltage of about 14 V.
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Figure 16. Measured value waveforms, Step Down mode, test for voltage values below 24 V (test
with low side target voltage changed from 12 V to 10 V).

We repeated the test with the low-side voltage changed from 10 V to 14 V. The operation
of the converter was disturbed at a voltage of about 19 V. The converter stopped working
completely at a voltage of about 18 V (Figure 17).
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Figure 17. Measured value waveforms, Step Down mode, test for voltage values below 24 V (test for
low side voltage changed from 10 V to 14 V).

The next step presents the determined characteristics of the current, power, and losses
for controlling the DC/DC converter in the Step Down operating mode with a voltage
reduction from 48 V to 12 V. Figure 18 shows the value of the current flowing through the
low-voltage side.
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of the DC/DC converter’s control voltage.

Figure 20 shows the losses of the converter configured in Step Down mode from 48 V
to 12 V.
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Figure 22 shows the characteristics of the input power and output power—Step Down
operation from 36 V to 12 V.
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The last step presents the determined characteristics of current, power, and losses
for controlling the DC/DC converter in the Step Down operating mode with a voltage
reduction from 24 V to 12 V. Figure 24 shows the value of the current flowing through the
low-voltage side.
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Figure 26 shows the losses of the Step Down converter from 24 V to 12 V.
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Knowledge of the efficiency and operating losses of the converter under various condi-
tions (Figures 18–26) is important when designing the target control algorithm. Parameter
values were selected in such a way that the value of R2 was as large as possible.

Based on characteristics presented in Figures 18, 21 and 24, the final values used in
linear equation for calculating the control voltage output in controller software in Step
Down mode was

Output VStep Down = (Desired I + 0.844)/40.288,

2.2.2. Step Up Measurements (Boost Mode)

In the further configuration, the system was set for tests in the Step Up mode from
12 V to 48 V (Figure 27). After starting the converter in the Step Up mode and controlling
0 V, the power consumption from the 12 V side would be about 0.01 A (below the power
supply indication). Load was set to constant voltage (CV) mode with target setpoint of
48 V. Three Maxwell 16.2 V capacitors are connected in series on the high-voltage side. A
slight charge of the capacitors was noted, from 0.21 to 0.32 V at the 0 V setting (Figure 28).
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Figure 28. Waveforms of measured values—zero measurement.

The system was disconnected and the current clamps were reset again. We performed
10 V logic inclusion followed by 12 V power (Figure 29).
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Figure 29. Waveforms of measured values and second zero measurement.

Then the high-voltage side was charged to 48 V with a current setting between 4 A
and 5 A. There was no response from the system (Figure 30). The measurement of voltages
from the internal circuit of the converter showed 0 on the high- and low-voltage sides.
Logic was reset 2 times.
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Figure 30. Waveforms of measured values and Step Up mode (logic reset).

Next, the ultracapacitors of the high-voltage side were manually charged to 12 V
and the system was connected. An attempt was made to charge the 48 V side using the
converter. After switching on (without setting—Figure 31), the current consumption from
the 12 V power supply is approx. 0.08 A. Initial current consumption from the 12 V line was
6.5 A. The converter setting was 0.125 V. After charging, the setting was removed. Current
consumption from the 12 V line without setting was approx. 0.34 A. The voltage of the 48 V
line dropped. The system was disconnected and the current clamps on the high-voltage
side were reset. A consumption of approx. 0.5 A from the high-voltage side was recorded,
without setting and with the 12 V power supply switched off. With the 12 V power supply
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restored, consumption from the 12 V line was approx. 0.35, and consumption from the 48 V
line was approx. 0.44 A.
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Figure 31. Waveforms of measured values, Step Up mode, 48 V charge.

In the next step, the operating characteristics of the converter in the Step Up mode
were tested from the control voltage of 0.025 V with a step of 0.025 V to 0.475 V (maximum
range of the power supply 12 V, max 20 A); see Figure 32. The step time was 30 s and
started with a charged system and a stabilized system.
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Figure 32. Waveforms of measured values, Step Up mode, 48 V control test.

Then the load voltage setting was changed from 48 V to 36 V (Figure 33). The operating
characteristics of the converter in the Step Up mode from the control voltage of 0.025 V
with a step of 0.025 V to 0.475 V (maximum range of the power supply 12 V, max 20 A) were
tested. The step time was 30 s and started with a charged system and a stabilized system.



Energies 2023, 16, 3687 24 of 40

Energies 2023, 16, x FOR PEER REVIEW  24  of  40 
 

 

range of  the power supply 12 V, max 20 A); see Figure 32. The step  time was 30 s and 

started with a charged system and a stabilized system. 

 

Figure 32. Waveforms of measured values, Step Up mode, 48 V control test. 

Then the load voltage setting was changed from 48 V to 36 V (Figure 33). The operat-

ing characteristics of the converter in the Step Up mode from the control voltage of 0.025 

V with a step of 0.025 V to 0.475 V (maximum range of the power supply 12 V, max 20 A) 

were tested. The step time was 30 s and started with a charged system and a stabilized 

system. 

 

Figure 33. Waveforms of measured values, Step Up mode, 36 V control test. 

Subsequently, the load voltage setting was changed from 36 V to 24 V (Figure 34). 

The operating characteristics of the converter in the Step Up mode from the control volt-

age of 0.025 V with a step of 0.025 V to 0.475 V (maximum range of the power supply 12 

V, max 20 A) were tested. The step time was 30 s and started with a charged system and a 

stabilized system. 

D
C

/D
C

 c
on

to
l v

ol
ta

g
e 

[V
]

Lo
w

 V
ol

ta
g

e 
S

id
e

V
L

o
w

=
1

2
V

V
ol

ta
g

e 
V

L
o

w
 [V

]

H
ig

h 
V

ol
ta

g
e 

S
id

e
V

H
ig

h
=

4
8

V
V

ol
ta

g
e 

V
H

ig
h
 [V

]

To
ta

l L
oa

d 
C

ur
re

nt
 [A

]

Lo
w

 V
ol

ta
g

e 
S

id
e

V
L

o
w

=
1

2
V

C
ur

re
nt

 I L
o

w
 [A

]

H
ig

h 
V

ol
ta

g
e 

S
id

e
V

H
ig

h
=

4
8

V
C

ur
re

nt
 I H

ig
h
 [A

]

D
C

/D
C

 c
on

to
l v

ol
ta

g
e 

[V
]

Lo
w

 V
ol

ta
g

e 
S

id
e

V
L

o
w

=
1

2
V

V
ol

ta
g

e 
V

L
o

w
 [V

]

H
ig

h 
V

ol
ta

g
e 

S
id

e
V

H
ig

h
=

4
8

V
V

ol
ta

g
e 

V
H

ig
h
 [V

]

To
ta

l L
oa

d 
C

ur
re

nt
 [A

]

Lo
w

 V
ol

ta
g

e 
S

id
e

V
L

o
w

=
1

2
V

C
ur

re
nt

 I L
o

w
 [

A
]

H
ig

h 
V

ol
ta

g
e 

S
id

e
V

H
ig

h
=

4
8

V
C

ur
re

nt
 I

H
ig

h
 [

A
]

Figure 33. Waveforms of measured values, Step Up mode, 36 V control test.

Subsequently, the load voltage setting was changed from 36 V to 24 V (Figure 34). The
operating characteristics of the converter in the Step Up mode from the control voltage
of 0.025 V with a step of 0.025 V to 0.475 V (maximum range of the power supply 12 V,
max 20 A) were tested. The step time was 30 s and started with a charged system and a
stabilized system.
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Figure 34. Waveforms of measured values, Step Up mode, 24 V control test.

The next step presents the determined characteristics of the current, power, and
losses for controlling the DC/DC converter in the Step Up operating mode with a voltage
reduction from 12 V to 48 V. Figure 35 shows the value of the current flowing through the
low-voltage side.
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Figure 35. Plot of the load current and the current drawn from the low-voltage side as a function of
the control voltage of the DC/DC converter.

Figure 36 shows the input power and output power for Step Up operation from 12 V
to 48 V.
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Figure 37 presents the losses of the converter configured in Step Up mode from 12 V
to 48 V.
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Then presented are the determined characteristics of the current, power, and losses for
controlling the DC/DC converter in the Step Up operating mode with a voltage reduction
from 12 V to 36 V. Figure 38 shows the value of the current flowing through the low-
voltage side.
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Figure 39 presents the input power and output power for Step Up operation from 12 V
to 36 V.
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Figure 40 shows the losses of the converter configured in Step Up mode from 12 V to
36 V.
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Figure 40. Plot of power losses as a function of the control voltage of the DC/DC converter.

The last step presents the determined characteristics of the current, power, and losses
for controlling the DC/DC converter in the Step Up operating mode with a voltage re-
duction from 12 V to 24 V. Figure 41 shows the value of the current flowing through the
low-voltage side.
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Figure 42 presents the input power and output power for Step Up operation from 12 V
to 24 V.
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of the control voltage of the DC/DC converter.

Figure 43 shows the losses of the converter configured in Step Up mode from 12 V to
24 V.

Based on characteristics presented in Figures 35, 38 and 41, the final values used in
linear equation for calculating the control voltage output in controller software in Step Up
mode were:

Output VStep Up = (Desired I + 0.25)/41.817,

The calibrated DC/DC converter was used to carry out bench tests of the battery and
ultracapacitor, which is presented in Section 2.3.
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2.3. Test Bench

The test stand enables control of the power distribution between the battery and the
ultracapacitor, the technical data of which are presented in Table 2. The Texas Instrument
LM5170EVM-BIDIR 12 V/48 V converter was used for the system, the calibration of which
is discussed in Section 2.2. For the purposes of the conducted research, four LiFePO4 type
cells [92] (nominal voltage 13.2 V, in 4s1p configuration) were connected in series to the
low-voltage side, while a package of three ultracapacitors BMOD0058 E016 B02 [93] with a
capacity of 58 F and a voltage of 16 V each was connected to the high-voltage side (total
voltage of the ultracapacitor package at full charge was ~48 V). Figure 44 shows a picture of
a system in which the battery and the ultracapacitor have been connected together in a semi-
active topology. The photo also shows the monitoring and control application prepared in
LabVIEW. The test stand enables recording the parameters of the HES and programming
the loading and loading cycles of the storage. The charging and load current values are
controlled by connecting to the Ethernet network with the TTI LD400 programmable power
supply. The system enables the recording of the following values: voltage (battery and
ultracapacitor), current (battery, ultracapacitor and total current loading the system). In
addition, the temperatures at the terminals, the housing and the ambient temperature
are recorded using thermocouples of J type. The use of the NI LabVIEW programming
environment and the CompactDAQ measurement interface allows for a quick adjustment
and expansion of the number of station registration channels for specific measurement tasks.
Measurement data are saved in the form of TDMS files convertible to formats acceptable
by Excel or Matlab software.

The bidirectional converter (Figure 3) makes it possible to connect sources with dif-
ferent voltage values. The use of an external controller in the open loop to control the
operation of the converter enables greater flexibility in connecting sources. The operation
of the converter was controlled by means of a directional signal (work in Step Up or Step
Down mode) and an analog voltage signal setting the value of the current sent in a given
direction. The converter also has the option of digital PWM signal control.

The National Instruments myRIO programmable controller was used to control the
operation of the converter. The myRIO controller is equipped with FPGA and real-time
(RT) circuits, programmable in the LabVIEW environment.

The presented converter control system is based on proportional controller in the open
loop with additional conditions limiting the minimum set current (the converter is inactive
until the calculated set current exceeds 0.5 A). In addition, the system has a minimum and
maximum voltage limitation of the low-voltage side (LiFePO4 battery side), limiting the
set current in order to protect the battery against deep discharge and overcharging. The
value of the set current flowing through the converter is calculated in proportion to the
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difference between the measured voltage on the high-voltage side (ultracapacitor side) and
the specified threshold voltage of the ultracapacitor.
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The DC/DC converter control system is completely independent of the system and
measurement and control software of the energy storage test stand.

The programmable FPGA of the myRIO controller enables the implementation of
various standard types of control (e.g., PID controller) as well as other, more complex
control algorithms using, among others, the extended Kalman filter. The control can be
performed using registered voltages or by measuring the current flow (after connecting the
additional current sensors to myRIO).

The developed stand was used to carry out tests at different power distribution values,
as presented in Section 3.1.

3. Results
3.1. Experimental Research of Battery–Ultracapacitor System in a Semi-Active Topology with a
DC/DC Converter

This subsection presents bench tests for the battery–ultracapacitor system, in a semi-
active, cascade topology with a DC/DC converter configured in 12 V/32 V mode.

The innovation presented in the article is the appropriate selection of the nominal
voltage UC, appropriately higher than the voltage of the DC bus (see Figure 1d), so that the
converter works only in the high-efficiency CC mode with full power, bypassing the CV
mode in which the power is deficient, and efficiency decreases.

In order to limit the reduction of losses, the nominal input and output voltages from
the converter were selected so that the difference was not too large, as it usually translates
into a decrease in efficiency, which was shown in works [82–90].

The power distribution was determined on the basis of the current value set from the
electronic load (discharging current) and from the power supply (charging current). The
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myRIO controller controlling the operation of the DC/DC converter monitored the current
flowing in and out of the cell.

The control between the input of the DC/DC converter and myRIO was carried out by
means of two signals (signal 1 digital TTL—0–5 V responsible for selecting the operating
state of the converter Step Up/Step Down, signal 2 analog voltage where the voltage was
proportional to the current consumed/transmitted by the converters), which is presented
in the schematic diagram in Figure 45.
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Figure 45. Scheme of power distribution control implemented using the myRIO platform.

Utilization of UC should be aimed at reducing the stress on BES. The further the SoC
of BES deviates from the efficient middle range (20–80% SoC), the more the usage of UC
should be increased. Given the characteristics of the DC/DC converter, the UC utilization
at low currents should be limited due to decreased efficiency, which was also noted in the
work [77]. Furthermore, utilization of UC in specific exploitation conditions should also be
considered, i.e., intentional charging the UC to its full, if high electric load is expected next
(for example, a vehicle coming to a stop, then starting).

The tests were carried out with power distribution from 10% to 90%. Figure 46
shows selected graphs of voltage and current values for the power distribution: 20%
(BES)/80%(UC)—Figure 46a, 50%(BES)/50% (UC)—Figure 46b, and 80%(BES)/20% (UC)—
Figure 46c. As expected, more voltage oscillations are seen with increasing battery load,
9.3–14.9 V (e.g., for 80%BES/20%UC—Figure 46c). From the point of view of durability
of LiFePO4 cells, the ultracapacitor should act as a buffer at pulsating current loads [94].
In this configuration, the 20%BES/80%UC split is preferable. In Figure 46a, the pulse
current for the battery does not exceed 5.5 A, and the voltage oscillations are low, from
12.4 V to 14 V. Battery life can be extended with this configuration, which has been shown
in the work [95]. The studies were carried out for an approximately constant SoC value
(SoC = 0.5). In addition, the maximum voltage values (for a single cell not more than 3.6 V,
for a package in the 4s1p configuration not more than 15 V) and the minimum voltage (for
a single cell not less than 2 V, for a package in the 4s1p configuration not less than 8 V)
were set.
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Figure 46. Plots of voltage and current values for the power distribution: (a) 20%BES/80%UC,
(b) 50%BES/50%UC, (c) 80%BES/20%UC, mode 12 V/36 V.

The system configured in this way offers large amounts of energy in the voltage range
from 12 V (battery) to 36 V (supplied by an ultracapacitor).

3.2. Results Regarding Current Values in Future Research

In the CC charging mode currently discussed in Sections 2.1–2.3 and 3.1, where an
ultracapacitor module is connected directly to the DC bus in a semi-active connection with
the DC/DC converter and the battery (Figure 1d), the processes related to the change of
battery temperature and changes in state of health that affect the internal resistance of the
battery are not taken into account. Accounting for these processes requires corrections to
the CC mode control. In order to reduce losses within the entire system and maintain a
sufficiently high efficiency of the DC/DC converter, an appropriate algorithm should be
used that takes into account the above degradation processes. Conventional models based
on equivalent schemes [30,31], learning methods [35,36], and adaptive methods [96] will
be used to develop an appropriate algorithm.

The experimental data obtained in this work will be used in the future in the process
of identifying the parameters of models based on equivalent resistance-capacitance (RC)
schemes [97–99] which describe the dynamics of the cell.
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Based on the change in parameters describing the change in battery dynamics [32] (i.e.,
activation polarization, concentration polarization, change in internal resistance, the change
in temperature, and the total heat flux released [100]) as well as the change in charge over
time and the change in state of health (SoH), the status will be estimated [35]. With the use
of resistive-capacitive (RC) and inductive elements, the parameters of the ultracapacitor
will be identified based on the equivalent diagram of the ultracapacitor. In [41], the authors
demonstrated that RC models are useful for modeling ultracapacitors and HES based
on battery and ultracapacitors. In the process of identifying the parameters to find the
minimum of the objective function, which is the minimization of the mean square error
values (MSE), as presented in [101], constituting the difference between the experimental
data and the vector of unknown parameters from the equivalent scheme, the following
algorithms will be used: Levenberg–Marquardt [102,103], Kalman filter [96,102,103] and
algorithms using neural networks [101,104,105]. Among the adaptive methods, special at-
tention should be paid to the non-linear, extended Kalman filter (EKF), used as an observer
for state estimation [96]). As far as the neural networks are concerned, particular focus
should be directed to recursive neural networks (RNN), i.e., nonlinear autoregressive exoge-
nous/nonlinear autoregressive moving average with exogenous (NARX/NARMAX) [101],
long short-term memory (LSTM) [106], and convolutional neural networks (CNN) [35,36]
for SoH estimation).

On the basis of experimental data, in addition to the correction of the CC charging
mode for the DC/DC converter in an HES for the model described by the equations of
state, as presented in [96], operating parameters will also be estimated, such as open-circuit
voltage (OCV), internal resistance, as well as state of charge (SoC) and state of health
(SoH). The state vector will be estimated and updated online on a regular basis from a
multidimensional system of state equations, based on the knowledge of the current input
values, including the value of the total load current and outputs, charging current in CC
mode, terminal and housing temperature of the cell, voltage, and model of the tested
system (the model approach based on the equivalent scheme, the so-called RC, from the
group of conventional models will be used for this purpose). In the case of parametric
models, models based on recurrent neural networks (e.g., NARMAX/NARX, LSTM) will
be used. Prediction of degradation changes will come from the fusion of data from the
identified parameters of analytical and parametric models for different SoC charge levels,
using a non-linear, extended Kalman filter (EKF); similar data fusion for predictive control
was carried out in works [34–36,38,97,98]. The advantage of using the extended Kalman
filter is that the average error value of the measured values and those calculated on the
basis of the model should be zero. In future studies, the average error value will be used as
the input of the adaptive procedure, correcting the model parameters in order to minimize
this error. Thanks to this procedure, the up-to-date information on the current values of
model parameters will also be available (identification of model parameters, online), which
in the next steps will be used to determine the non-linear characteristics of the model
parameters identified in real time on the basis of the previously adopted equivalent scheme,
which was presented in [101,107]. The extended Kalman filter will be implemented in the
measurement and control circuits as an algorithm in the application for monitoring and
controlling the DC/DC converter, prepared in the LabVIEW environment, in a cascade,
semi-active topology (Figure 1d).

It is worth noting that research is currently being conducted around the world on
the fusion of data from various models for HES. The work [108] presents the use of
analytical models together with genetic algorithms for modeling and controlling the power
distribution in the battery–ultracapacitor system through a bidirectional DC/DC converter
in a semi-active connection in a dynamic cycle, e.g., Worldwide Harmonized Light Vehicle
Test Procedure (WLTP). Further, in [94] the use of fractional order derivatives for estimation
of parameters in an HES based on a battery and an ultracapacitor represented in the
equivalent circuit as constant-phase elements (CPE) based on the Nyquist spectroscopic
impedance characteristic was presented. A metaheuristic swarm algorithm—particle
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swarm optimization (PSO)—was used to identify the parameters of the equations of state.
For the verification and analysis of the obtained results, e.g., mean squared error (MSE) and
root mean square error (RMSE) indices, similar to the assumptions in this project with the
difference that in this proposal, the decision was taken to normalize RMSE with respect to 1,
i.e., normalized root mean square error (NRMSE). Previous studies presented in [101] have
shown that this indicator is more representative for the purposes of conducting analyses.
The work [95] presents the operational tests of 124 LFP electrochemical cells, which were
aimed at determining the possibility of predicting the change of state of health (SoH) up
to 2300 cycles. Similar tests in the Votsch climatic chamber are planned to be performed,
with one difference, which is that a group of several LFP batteries and ultracapacitors are
to be used in future tests. Paper [109] presents the optimization of power distribution
control in a semi-active battery-ultracapacitor system with the hardware implementation
for the NI myRIO-1900 controller with PWM signal control of the converter. It should be
added that a similar approach to the construction of the control architecture and hardware
implementation was assumed in this article, with the difference that the control of the
bidirectional DC/DC converter in the CC mode will be based on the CAN/Ethernet
network. The National Instruments myRIO programmable controller, equipped with
FPGA and real-time (RT) circuits and programmable in the LabVIEW environment will
be used to control the operation of the converter. The programmable FPGA of the myRIO
controller will enable efficient implementation of the extended Kalman filter. The control
will take place using registered voltages and by measuring the current flow (after connecting
additional current sensors to the myRIO controller). The proposed structures of non-linear
models will be transformed into structural models of state variables, applicable in control
systems and algorithms (including predictive control, as presented in [96,107]) with a
DC/DC converter in combination with semi-active charging for correction of the CC mode,
which is considered in this article.

4. Conclusions
4.1. Conclusions from the Calibration of the DC/DC Converter

Conclusions on the efficiency of the DC/DC converter:

• In the Step Down operating mode, the control voltage of the converter translates
directly into the value of the current transferred to the low-voltage side. The value of
the voltage on the high-voltage side has no effect on the value of the current transferred
to the low-voltage side.

• In the Step Up operating mode, the control voltage of the converter also translates
directly into the current value on the low-voltage side (consumed current). The value
of the voltage on the high-voltage side does not affect the value of the current drawn
on the low-voltage side.

• Step Down losses decrease exponentially as the DC/DC converter set-up voltage
increases. The value of losses slightly increases with the increase of the voltage
difference between the sides of the converter.

• Inverter losses in Step Up mode are more than twice as high as in Step Down mode.
• Idle power consumption is less than 0.5 A.

Conclusions on the operation of the DC/DC converter:

• Step Down mode—it is possible to start the converter when the voltage on the low-
voltage side is zero; it is recommended that the voltage on the low-voltage side is not
lower than 4 V.

• In Step Down mode, the voltage difference between the low and high-voltage sides
must be at least 4 V.

• Step Up mode—it is not possible to start the system when the high side voltage is zero;
a voltage equal to at least the low side voltage is required to start the system.
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• The current consumption of the converter in the idle state, both from the low- and
high-voltage side, was observed to be as low as 0.5 A. In the case of energy storage
measurements in relaxation, it is recommended to completely disconnect the converter
from the circuit.

4.2. Conclusions from the Experimental Research of Battery–Ultracapacitor System in a
Semi-Active Topology with a DC/DC Converter

The paper highlights the essential advantages of BES-UC system with DC/DC con-
verter, such as:

• Higher volumetric power density of the HES in comparison to the battery compo-
nent only.

• Possibility of smooth power distribution from 0% to 100% between the battery and the
ultracapacitor.

• Successful limitation of unfavorable battery operating states for pulsed currents ex-
ceeding 2.5 C and, as a result, extending the life of the cell, reducing the costs associated
with replacing the entire package, e.g., in electric vehicles [10,110,111].

• Increasing the range of energy use (possible supply of energy to the system when
the battery is completely discharged, the only limitation is the range of input/output
voltages of the DC/DC converter).

• Reduction of ultracapacitor self-discharge (the rate of self-discharge is about 80% per
year [50]). For batteries, self-discharge does not exceed 30% per year [31]. The self-
discharge value for the battery and ultracapacitor considered in this paper is presented
below, in Figure 47. Self-discharge measurements were performed twice a month for
18 consecutive months.
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106. Chmielewski, A.; Możaryn, J.; Piórkowski, P.; Dybała, J. Comparison of hybrid recurrent neural networks and dual polarization
models of valve regulated lead acid battery. Int. J. Energy Res. 2021, 45, 2560–2580. [CrossRef]

https://doi.org/10.3390/batteries8110240
https://doi.org/10.3390/en15134583
https://doi.org/10.1016/j.egyr.2021.12.068
https://doi.org/10.1109/TIA.2020.3024165
https://doi.org/10.1109/JESTPE.2019.2953117
https://doi.org/10.1109/TPEL.2020.3045986
https://doi.org/10.1109/TIE.2020.3013792
https://doi.org/10.1109/TPEL.2021.3077584
https://doi.org/10.1109/JESTPE.2017.2731816
https://www.ti.com/tool/LM5170EVM-BIDIR
https://www.bto.pl/pdf/04579/MD100113-01-ANR26650M1B.pdf
https://maxwell.com/wp-content/uploads/2021/08/3003212.2_Datasheet_BMOD0058-E016-C02.pdf
https://maxwell.com/wp-content/uploads/2021/08/3003212.2_Datasheet_BMOD0058-E016-C02.pdf
https://doi.org/10.1016/j.jpowsour.2019.227543
https://doi.org/10.1016/j.etran.2022.100158
https://doi.org/10.3390/en4040582
https://doi.org/10.1016/j.energy.2017.10.043
https://doi.org/10.1016/j.est.2022.105992
https://doi.org/10.1016/j.ijhydene.2015.07.079
https://doi.org/10.3390/en11113160
https://doi.org/10.1016/j.ijhydene.2017.07.219
https://doi.org/10.1016/j.apenergy.2014.09.026
https://doi.org/10.1016/j.etran.2021.100144
https://doi.org/10.1002/er.5947


Energies 2023, 16, 3687 40 of 40

107. Sun, J.; Tang, C.; Li, X.; Wang, T.; Jiang, T.; Tang, Y.; Chen, S.; Qiu, S.; Zhu, C. A remaining charging electric quantity based pack
available capacity optimization method considering aging inconsistency. eTransportation 2022, 11, 100149. [CrossRef]

108. Chang, L.; Yujie, W.; Li, W.; Zonghai, C. Load–Adaptive Real–Time Energy Management Strategy for Battery/ Ultracapacitor
Hybrid Energy Storage System Using Dynamic Programming Optimization. J. Power Sources 2019, 438, 227024.

109. Lu, X.; Chen, Y.; Fu, M.; Wang, H. Multi–Objective Optimization–Based Real–Time Control Strategy for Battery/Ultracapacitor
Hybrid Energy Management Systems. IEEE Access 2019, 7, 11640–11650. [CrossRef]

110. Piao, N.; Gao, X.; Yang, H.; Guo, Z.; Hu, G.; Cheng, H.-M.; Li, F. Challenges and development of lithium-ion batteries for low
temperature environments. eTransportation 2022, 11, 100145. [CrossRef]

111. Li, X.; Yuan, C.; Wang, Z.; He, J.; Yu, S. Lithium battery state-of-health estimation and remaining useful lifetime prediction based
on non-parametric aging model and particle filter algorithm. eTransportation 2022, 11, 100156. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.etran.2021.100149
https://doi.org/10.1109/ACCESS.2019.2891884
https://doi.org/10.1016/j.etran.2021.100145
https://doi.org/10.1016/j.etran.2022.100156

	Introduction 
	Literature Review 
	Contribution of the Paper 

	Materials and Methods 
	Battery and Ultracapacitor Connection Topologies 
	DC/DC Converter Calibration 
	Step Down Measurements (Buck Mode) 
	Step Up Measurements (Boost Mode) 

	Test Bench 

	Results 
	Experimental Research of Battery–Ultracapacitor System in a Semi-Active Topology with a DC/DC Converter 
	Results Regarding Current Values in Future Research 

	Conclusions 
	Conclusions from the Calibration of the DC/DC Converter 
	Conclusions from the Experimental Research of Battery–Ultracapacitor System in a Semi-Active Topology with a DC/DC Converter 

	References

