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Abstract: This article provides an overview of the use of supercapacitor energy storage systems
in adjustable AC drives for various purposes. The structures of the power section of combined
(hybrid) power supplies for vehicle electric drives (hybrid electric vehicles and public transport
vehicles) and general-purpose electric drives of an industrial grade (cranes, freight, and passenger
lifts) are given. This review focuses on the problems inherent in conventional solutions adopted
in the implementation of the power section, as well as the effect that can be obtained when using
supercapacitor energy storage systems in controlled electric drives. The topologies of reversible
DC/DC converters for supercapacitor energy storage devices are considered with a comparative
assessment of their advantages and disadvantages, as well as their areas of application. This paper
provides an overview of the structures of automatic control systems for supercapacitor energy storage
devices. The composition and principles of regulating variables, the types of regulators used, and the
criteria for setting regulation systems are analysed.

Keywords: adjustable electric drive; topologies of hybrid power supplies; topology of supercapacitor
energy storages; structures of control systems; efficiency

1. Introduction

The development of the global economy is leading to an increase in energy consump-
tion, which, in the context of a finite supply of energy resources, drives the search for new
energy sources and developing energy-saving technologies in industrial, agricultural, and
transport power plants, where an essential role is assigned to a controlled electric drive.

Electric motors as part of electric drives can have different load diagrams. Many of
their duty cycles can be characterised by a start-up period, operation at a constant speed
and load, a braking period, and a mechanical pause. The energy consumption from the
power supply during these periods of operation differs significantly. In a steady state, the
energy consumption from the power source remains virtually unchanged. In the transient
mode (during starting and braking), there is a sharp change in energy consumption both
upward and downward in relation to energy in steady-state conditions. The kinetic energy
supplied to the motor shaft during braking can be utilised beneficially. Therefore, the
operation of a power source for an individual electric drive is estimated by both the amount
of energy required to provide steady-state operating modes and the amount of power
to provide transient modes. For such electric drives, energy-saving technology can be
implemented through the use of combined power sources [1], consisting of a main energy
source and an auxiliary power source. The energy source provides a steady-state operation,
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and the power source covers the peak energy consumption typical of the transient mode at
start-up, receiving the energy released by the engine during braking. Energy saving can
be achieved by using the stored recuperated energy at the start of the load diagram’s next
cycle. In addition, in such electric drives, resource saving can be achieved by reducing the
power of the main energy source, since peak loads are compensated by the auxiliary power
source. Combined energy sources differ from conventional sources in that they eliminate
the redundancy of the main energy source’s installed capacity, reduce the consumption of
consumed energy (fuel), and increase the main energy source’s service life and the electric
drive’s efficiency.

Combined (hybrid) energy sources are currently being created by supplementing
conventional sources with an energy storage device based on supercapacitors [2,3], which
have a high electrical capacitance density, high electrical energy density, low internal
resistance, and fast rates of charge and discharge. Due to the high density of electrical
capacitance and the short charge and discharge time, supercapacitors, with an appropriate
control system, allow, within a few tenths of a second, to pick up the braking energy and
transfer it to the frequency converter’s DC link to implement the drive start mode.

The purpose of this review is to identify typical trends in the development and
application of controlled asynchronous electric drives that use supercapacitor energy
storage devices to improve energy efficiency. The areas of review are topologies of hybrid
power supplies for vehicle and general industrial electric drives, the topology of the power
unit, and the structure of automatic control systems for supercapacitor energy storage.

It is important to add that the review is focused specifically on the use of supercapaci-
tors in energy storage devices. This is due to the fact that the operation of electric drive
systems, in contrast to transport systems, for example, is characterized by a large number
of starts per hour and, accordingly, the cycle time usually does not exceed 10 min. In these
cases, the use of supercapacitors with high power density seems to be more promising,
since high energy density is not required [3].

2. Topologies of Hybrid Power Supplies for Vehicle Electric Drives

The use of supercapacitor energy storage systems in vehicle electric drives is driven by
concerns surrounding environmental pollution and the surging prices for natural fuel [4,5].
Since the main sources of greenhouse gas emissions are various types of vehicles [6], there
is a trend in the automotive industry to switch from petrol and diesel vehicles to electric
vehicles [7]. Transport-induced pollution is particularly burdensome in urban areas [8].

Road vehicles are among the largest pollutants in the environment and atmospheric
air [8,9]. Electric vehicles are an environmentally friendly mode of transport. In developing
countries, the percentage of electric transportation in cities is more than 15% [10].

2.1. Hybrid Power Supplies for Electric Drives of Electric Vehicles

A hybrid electric vehicle compares favourably with a purely electric vehicle. In a purely
electric vehicle, the only source of energy is a chemical battery, which has a number of
problems due to the relatively limited number of charge and recharge cycles, poor transient
response, and a reduced range. The above problems can be overcome by hybridizing the
battery with auxiliary energy sources, in particular those based on supercapacitors [7,11].

A hybrid electric vehicle is a vehicle that has, in addition to the main source of energy
(for example, an internal combustion engine, battery, fuel cell), auxiliary energy sources
that act as reversible energy storage devices (supercapacitors, batteries, flywheels). The
following features are typical of hybrid energy sources. The main energy source provides
the average power to run the vehicle. For this purpose, sources with a high energy density
(internal combustion engines, chemical batteries and fuel cells) are used. Auxiliary energy
sources are used as a short-term energy store to ensure the vehicle’s dynamic performance.
In this case, the auxiliary source should have a high power density. Supercapacitors have
this property.
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Another feature of hybrid energy sources is that in order to ensure a vehicle’s high
dynamic performance, it is necessary to control the distribution of energy between sources.
To meet this need, auxiliary sources are supplied with controlled semiconductor converters.
With appropriate control of the distribution of the sources’ energy flow, smoothing the
peaks of power consumption from the main energy source is ensured.

Hybrid vehicles are increasingly being used, mainly due to higher fuel efficiency,
environmental benefits, and a longer service life.

In hybrid electric vehicles, various configurations of combined energy sources are
used to provide peak power [11–13]. Given below is a single-line version of the power
section of controlled electric drives for hybrid electric vehicles, in which energy-saving
technologies based on supercapacitor energy storage systems are implemented.

2.1.1. Structures of Hybrid Power Supplies with an Internal Combustion Engine as the
Main Energy Source

In [14,15], an improved version of a combined source with an energy storage device
based on supercapacitors for a vehicle is proposed (Figure 1). The internal combustion
engine (ICE) is the main power source; the electrical system, consisting of the electric
machine (M), stand-alone inverter (DC/AC), batteries (B), and supercapacitor (SC) unit,
constitutes the auxiliary energy source. To increase battery life, the SC unit is used as
a power source. The energy stored in the SC unit and the B batteries is controlled by
bidirectional DC/DC converters. The mechanical energy from ICE and M is channelled to
the transmission (T). From this point onward, arrows show the directions of energy flows.
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Figure 1. Combined vehicle system with ICE as the main energy source.

Hybrid energy sources with several auxiliary power sources are presented in [16,17].
Ref. [16] proposes power flow control algorithms for an all-wheel-drive serial hybrid electric
vehicle with a diesel generator, a battery pack, and a supercapacitor pack (Figure 2). The
diesel generator (ICE/G) is the main source of energy. It provides the average power of a
vehicle. The SC supercapacitor bank satisfies the need for power during acceleration and
deceleration. Battery B is used as intermediate storage for electric vehicle operation. The
presence of three energy sources makes it possible to implement in military applications,
not only high dynamic characteristics but also a stealth function.

In [17], the strategy of controlling a hybrid power source in relation to the electric
drive of combat vehicles is studied. When using a hybrid energy structure (Figure 3) with
appropriate control technology, the hybrid energy source’s efficiency is improved. The
energy management strategy of the B and SC units has extended battery life and improved
system efficiency while delivering fuel savings. It should be noted that the bidirectional
DC/DC converter is only in the battery circuit.
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Figure 3. Combined vehicle system with ICE/G as main power source.

In [18], a diesel–electric drive system for an industrial truck with an energy storage
system based on supercapacitors is considered. The energy source of an asynchronous
electric drive consists of an ICE/G diesel generator with a rectifier at the AC/DC output, a
bidirectional DC/DC converter, an SC supercapacitor module, and a stand-alone DC/AC
voltage inverter that feeds the asynchronous motor M (Figure 4).
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During the drive’s deceleration, the kinetic energy after conversion by the asyn-
chronous motor is returned to the DC link via the inverter. In order to limit the DC link
voltage during braking, regenerative braking energy is transferred to the supercapacitor
module SC via a DC/DC converter. The energy stored in the SC module is fed into the DC
link, thereby feeding the traction inverter when the induction motor needs more power.
Thus, the traction drive’s energy consumption is significantly reduced.
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2.1.2. Structures of Hybrid Power Supplies with a Storage Battery as the Main
Energy Source

Hybrid energy sources with a battery as the main energy source are considered
in [7,11,19–21]. These works can be characterised by the structure of a hybrid energy source,
as shown in Figure 5. The main source of energy is the battery. It covers the drive’s average
load. The SC unit provides, via a bidirectional DC/DC converter, the additional power
needed for motor acceleration and takes power from the motor during deceleration.
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(b) second topology.

In [11,20], designing and modelling a hybrid energy storage system used in light
battery-powered electric vehicles are considered.

Ref. [21] analyses two semi-active configurations of a combined power source, includ-
ing a semi-active supercapacitor module and a semi-active storage battery. The energy of
one of the storage elements is run by a bidirectional DC/DC converter. The control strategy
is based on the division of the power’s dynamic components required by the load. While
the supercapacitor effectively provides the fast-acting dynamic power component during
acceleration and deceleration, extra power is provided by the battery. The first topology
(see Figure 5a) is preferable since it offers advantages in both efficiency and cost.

In [21], an energy storage device with a battery connected to the DC bus through a
DC-DC converter and supercapacitors directly connected to the DC bus is analysed (see
Figure 5b). The control strategy is also based on the division of the power’s dynamic
components required by the load.

The following disadvantages of such a combined energy source can be noted. The
inverter DC link voltage limits the SC unit’s output power. If the voltage in the DC link
is low, the drive cannot provide the required peak power. In this configuration, all of
the battery’s energy should pass through the DC/DC converter and, therefore, its energy
efficiency will be reduced. Another disadvantage of this configuration is that a bank of
high-voltage supercapacitors is required: the cost of the bank is usually quite high.

In [22], a traction drive consisting of a permanent magnet synchronous motor con-
nected via a DC/AC converter to the DC bus (Figure 6) is considered. A feature of this circuit
is the existence of two bidirectional DC/DC converters. The battery DC/DC converter
increases the DC link voltage and provides intelligent battery management.
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2.1.3. Structures of Hybrid Power Supplies with a Fuel Cell as the Main Energy Source

A fuel cell (FC) is an alternative use of green energy in in-vehicle systems. Most often,
a hybrid source with a fuel cell is built as shown in Figure 7 [19,23–26].
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A fuel cell as the main source of energy covers the average load of the drive and has
a non-reversing DC up-converter that maintains a constant voltage according to a given
reference value. An auxiliary SC source provides, through a bidirectional DC/DC converter,
the additional energy necessary for the acceleration of the motor and receives energy from
the motor during deceleration.

Hybrid vehicles equipped with a fuel cell and supercapacitors have the following
advantages [19]:

• The fuel cell provides less current during transient operation;
• The fuel cell’s service life is increased;
• The energy autonomy of a hybrid vehicle is increased.

However, fuel cells have some technical limitations, such as low efficiency at low load
levels, a high cost per watt, and slow dynamics in transient situations. For these reasons,
fuel cells are not used in hybrid power supplies to meet full load power, especially during
start-up and transient periods.

Figure 8 shows a combined system in which a fuel cell is hybridized with a battery and
a supercapacitor. In this topology, each source uses a controlled DC/DC converter [11,27,28].
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2.2. Hybrid Power Supplies for Public Transport Vehicles

Contemporary light rail vehicles and subway systems have high power peaks during
acceleration and can convert energy during braking into electrical energy, feeding it back
into the contact network [29,30]. However, this energy can only be used if there are
other trains with high energy consumption next to the vehicle in braking mode. If this
requirement is not met, then the braking energy will be dissipated predominantly in the
vehicle converter’s braking resistors. It is important to store the braking energy in the train
in order to use it during later acceleration. In addition, the high currents consumed by
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trains during acceleration entail large voltage drops on the line, which adversely affects the
engine start mode. A reduction in energy consumption can be achieved if kinetic energy is
used wherever possible [31]. Some pilot tests were carried out on a prototype commuter
train equipped with an onboard supercapacitor energy storage device [32]. The tests show
energy savings of around 30%. A typical diagram of an electric drive’s power part is shown
in Figure 9. Here the main source of energy is a contact network, usually direct current.
The auxiliary source is a set of supercapacitors with a bidirectional DC/DC converter.
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The results of the theoretical and experimental studies presented in [29–31] show that
the use of energy storage devices based on supercapacitors is a technically effective and
feasible solution for reducing peak power consumption by up to 50% and energy recovery
during braking by up to 30%. The use of supercapacitors makes it possible to reduce
the current in the network by more than 50%, which leads to a reduction in losses and a
decrease in the voltage drop in the contact network.

The use of an onboard [29] or stationary [33] energy storage device on a metro line
makes it possible to ensure the constancy of the network power schedule and reduce energy
losses in elements of the power supply system. In addition, energy storage on board can
ensure a vehicle will be able to move to the next station in the event of a power outage [34].

2.3. Hybrid Power Supplies for Electric Drives of General Industrial Mechanisms

The electric drives of general-purpose, industrial-grade mechanisms, in which a
tangible energy effect can be obtained from the use of supercapacitor energy storage
systems, including the electric drives of cranes, passenger lifts, and freight lifts.

2.3.1. Hybrid Power Supplies for Crane Electric Drives

High operating costs present one of the shortcomings of crane electric drives with
diesel engines [35–37]. This is due to the fact that at low loads, a diesel generator has
low performance efficiency, which leads to high fuel consumption and an increase in the
atmospheric emission of pollutants.

Another disadvantage is the presence of power peaks [38]. With the conventional
power part, the electric drives of the crane’s lifting mechanism can be characterised by
a high peak-to-average power ratio. In addition, they have the need to brake at rated
power. The braking energy is about 30–40% of the consumed energy, which is dissipated
in the braking resistor [35,38]. Finally, contemporary electric drives are sensitive to power
failures [35]. The most common cause is voltage dip. The instantaneous root-mean-square
voltage drop is in the range of 10% to 90% of the rated voltage, and the duration of the dip
can be one minute [39]. Such a power failure can interrupt the electric drive and the process.

The use of hybrid power systems [40] in rubber-tired gantries (RTG) compared to diesel
ones can reduce CO2 emissions by 60–80%, and maintenance costs by about 30% [40]. The
use of supercapacitor energy storage to reduce peak consumption and gas emissions in RTG
crane systems resulted in fuel consumption savings of 35% and CO2 emissions reduction of
40% [41]. The payback period was three years, taking into account the difference in the cost
of the engine generator and the future mass production of supercapacitors. In addition,
the overall weight and volume are reduced by 15% compared to a conventional diesel
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generator, even with an additional DC-DC converter and supercapacitor bank. In addition,
a DC/DC converter regulates the rectifier current and reduces the drive input current’s
total harmonic distortion by up to 30% [35]. The DC bus voltage can stabilise irrespective
of the load and mains voltage fluctuations.

In [38], the advantages are noted as follows:

• The possibility of maintaining a continuous electric power supply to the system
is improved;

• System functionality, including the braking ability, is not related to network reliability;
• The mains peak power can be regulated, and the influence of the drive on the network

is greatly reduced. This is especially important in the case of a weak power supply [37].

Compared to the typical diesel generators used in conventional RTG cranes, a 35%
reduction in fuel consumption has been achieved as a result of pilot testing. During the
tests, the reduction in fuel consumption was 52.2%.

In [42], the economic efficiency of reducing the peak load in ship-to-shore cranes with
an energy storage device based on supercapacitors was studied. A significant reduction in
peak consumption was obtained with the levelling of the load curve.

The use of an energy storage system in [43] made it possible to significantly reduce
the required power of RTG cranes by reducing the power peaks that occur at the beginning
of the lift.

Combined energy sources for cranes with an internal combustion diesel engine as the
main energy source are considered in [36,37,41,44]. These works employ the structure of
the combined energy source shown in Figure 4.

Ref. [36] proposes an energy storage system based on supercapacitors and batteries
to minimise the effect of load changes on a diesel generator by using two bidirectional
DC/DC converters to link SC and B. This solution allows the SC and B processes to be
controlled independently, respecting the limitations of dynamics. The use of SC and B
to support the diesel generator in transient conditions can improve energy performance
during rapid load changes.

In cases where an alternating current network is used as the main source of energy,
the power circuit of the crane electric drive is simplified (Figure 10) [41–43,45–48].
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2.3.2. Hybrid Power Supplies for Electric Drives of Lifts

The main problems of lift electric drives are as follows [49,50]:

1. The variable-frequency drives of lifts widely use a braking mode with an external
braking resistor. The braking energy entering the DC link is extinguished in the
braking resistor, which is irrational from the point of view of the electric drive’s
energy efficiency [51–55];

2. The existence of peak power, the ratio of which to average power can exceed a tenfold
value [49];

3. The reliability of lifts.

One of the possible ways to solve these problems is by using supercapacitor energy
storage systems [49,53–55]. In lifts, the direction of electricity flows depends on both lifting
and lowering the cabin [49–51,55,56]. When a lift goes up with a full load or down with an
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empty load, the maximum amount of energy is consumed. When a lift moves down with a
full load or up with no load, the maximum amount of energy is generated. In conventional
electric drives, this energy is dissipated in the braking resistor [57]. When an energy storage
device is used, the stored energy in the supercapacitor is used to accelerate the drive. In
this regard, the power, which should come from the network, will decrease, thereby saving
energy [50,58,59]. Combined power supplies for lifts are made according to the diagram
shown in Figure 10 [49,51,53,55,56].

The reliability of lift drives during a power outage can be ensured by introducing a fuel
cell into the power supply system as a backup power source [50], as shown in Figure 11.

Energies 2023, 16, x FOR PEER REVIEW 9 of 29 
 

 

controlled independently, respecting the limitations of dynamics. The use of SC and B to 

support the diesel generator in transient conditions can improve energy performance dur-

ing rapid load changes. 

In cases where an alternating current network is used as the main source of energy, 

the power circuit of the crane electric drive is simplified (Figure 10) [41–43,45–48]. 

 

Figure 10. A combined crane electric drive system with mains supply as the main energy source. 

2.3.2. Hybrid Power Supplies for Electric Drives of Lifts 

The main problems of lift electric drives are as follows [49,50]: 

1. The variable-frequency drives of lifts widely use a braking mode with an external 

braking resistor. The braking energy entering the DC link is extinguished in the brak-

ing resistor, which is irrational from the point of view of the electric drive’s energy 

efficiency [51–55]; 

2. The existence of peak power, the ratio of which to average power can exceed a tenfold 

value [49]; 

3. The reliability of lifts. 

One of the possible ways to solve these problems is by using supercapacitor energy 

storage systems [49,53–55]. In lifts, the direction of electricity flows depends on both lifting 

and lowering the cabin [49–51,55,56]. When a lift goes up with a full load or down with 

an empty load, the maximum amount of energy is consumed. When a lift moves down 

with a full load or up with no load, the maximum amount of energy is generated. In con-

ventional electric drives, this energy is dissipated in the braking resistor [57]. When an 

energy storage device is used, the stored energy in the supercapacitor is used to accelerate 

the drive. In this regard, the power, which should come from the network, will decrease, 

thereby saving energy [50,58,59]. Combined power supplies for lifts are made according 

to the diagram shown in Figure 10 [49,51,53,55,56]. 

The reliability of lift drives during a power outage can be ensured by introducing a 

fuel cell into the power supply system as a backup power source [50], as shown in Figure 

11. 

 

Figure 11. A combined lift electric drive system with a power supply network as the main energy 

source and a backup source FC. 

Smoothing power peaks are considered in [51,57]. It was shown in [52] that the use 

of supercapacitors provides significant energy savings, which can be up to 47.5% 

Figure 11. A combined lift electric drive system with a power supply network as the main energy
source and a backup source FC.

Smoothing power peaks are considered in [51,57]. It was shown in [52] that the use of
supercapacitors provides significant energy savings, which can be up to 47.5% compared to
a drive with a braking resistor. In [53], when modelling a lift electric drive with an energy
storage system, an energy saving of 58.6% was achieved without taking into account the
efficiency of the gear and pulley. Issues relating to improving the energy efficiency of lift
electric drives with supercapacitors are also considered in [51,53,56].

2.4. Discussion

A review of the literature shows that the use of supercapacitor energy storage systems
is promising in controlled electric drives, the operating cycle of which can be characterised
by the existence of starting and braking modes. The energy efficiency of such electric drives
can be improved by using combined power sources consisting of an energy source and a
power source. The energy source covers the power consumed in the drive’s steady-state
operation, and the power source covers the peak energy consumption at start-up; it receives
the energy released by the motor during braking.

In circuit solutions for combined power supplies, the role of a power source is per-
formed by supercapacitors, the charge/discharge of which is controlled by a bidirectional
DC/DC converter.

Combined power sources with a supercapacitor energy storage system differ from
conventional power sources in that they eliminate the redundancy of the installed capacity
of the main energy source (diesel generator, battery, fuel cell): the consumption of input
energy (fuel) is reduced, while the service life of the main source energy and the efficiency
of the electric drive are increased.

The use of energy storage systems based on supercapacitors, in addition to energy
saving, also allows a number of other problems to be solved:

• With appropriate management of the distribution of the energy flow of sources, smoothing
the peaks of power consumption from the main energy source can be ensured;

• Stabilisation of the voltage level of the main source when the drive load changes;
• Lower operating costs;
• Energy quality problems, which arise if the regenerated energy is fed into the local

grid, can be avoided.
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3. Auxiliary Power Topologies
3.1. DC-to-DC Boost Converter Topology

The simplest design used to increase and stabilise the voltage of fuel cells and batteries
in the hybrid sources of electric vehicles [19,23–26,60] and lifts [50] is the circuit shown in
Figure 12. A similar circuit is used in electric drives with storage devices to provide power
in the event of an interruption in the mains voltage [61].

Energies 2023, 16, x FOR PEER REVIEW 10 of 29 
 

 

compared to a drive with a braking resistor. In [53], when modelling a lift electric drive 

with an energy storage system, an energy saving of 58.6% was achieved without taking 

into account the efficiency of the gear and pulley. Issues relating to improving the energy 

efficiency of lift electric drives with supercapacitors are also considered in [51,53,56]. 

2.4. Discussion 

A review of the literature shows that the use of supercapacitor energy storage sys-

tems is promising in controlled electric drives, the operating cycle of which can be char-

acterised by the existence of starting and braking modes. The energy efficiency of such 

electric drives can be improved by using combined power sources consisting of an energy 

source and a power source. The energy source covers the power consumed in the drive’s 

steady-state operation, and the power source covers the peak energy consumption at start-

up; it receives the energy released by the motor during braking. 

In circuit solutions for combined power supplies, the role of a power source is per-

formed by supercapacitors, the charge/discharge of which is controlled by a bidirectional 

DC/DC converter. 

Combined power sources with a supercapacitor energy storage system differ from 

conventional power sources in that they eliminate the redundancy of the installed capac-

ity of the main energy source (diesel generator, battery, fuel cell): the consumption of in-

put energy (fuel) is reduced, while the service life of the main source energy and the effi-

ciency of the electric drive are increased. 

The use of energy storage systems based on supercapacitors, in addition to energy 

saving, also allows a number of other problems to be solved: 

• With appropriate management of the distribution of the energy flow of sources, 

smoothing the peaks of power consumption from the main energy source can be en-

sured; 

• Stabilisation of the voltage level of the main source when the drive load changes; 

• Lower operating costs; 

• Energy quality problems, which arise if the regenerated energy is fed into the local 

grid, can be avoided. 

3. Auxiliary Power Topologies 

3.1. DC-to-DC Boost Converter Topology 

The simplest design used to increase and stabilise the voltage of fuel cells and batter-

ies in the hybrid sources of electric vehicles [19,23–26,60] and lifts [50] is the circuit shown 

in Figure 12. A similar circuit is used in electric drives with storage devices to provide 

power in the event of an interruption in the mains voltage [61]. 

 

Figure 12. DC-to-DC boost converter chart. 

In such a converter, energy accumulation in the inductance L and the transfer of that 

energy to the DC link (C capacitance) of the frequency converter is provided separately in 

time. This process is controlled by a semiconductor switch (SW). The desired voltage 

transfer coefficient is achieved by changing the ratio between the duration of those two 

processes. 

  

Figure 12. DC-to-DC boost converter chart.

In such a converter, energy accumulation in the inductance L and the transfer of that
energy to the DC link (C capacitance) of the frequency converter is provided separately
in time. This process is controlled by a semiconductor switch (SW). The desired volt-
age transfer coefficient is achieved by changing the ratio between the duration of those
two processes.

3.2. Topologies of DC-DC Buck-Boost Converters with a Single-Phase Conversion Method

In cases where galvanic isolation between the supercapacitor module and the hybrid
power supply’s common DC bus is not required, a simple DC/DC up/down converter is
used. Figure 13 shows a diagram of such a converter. In what follows, we will call it the
typical topology.

Energies 2023, 16, x FOR PEER REVIEW 11 of 29 
 

 

3.2. Topologies of DC-DC Buck-Boost Converters with a Single-Phase Conversion Method 

In cases where galvanic isolation between the supercapacitor module and the hybrid 

power supply’s common DC bus is not required, a simple DC/DC up/down converter is 

used. Figure 13 shows a diagram of such a converter. In what follows, we will call it the 

typical topology. 

 

Figure 13. A boost-down converter with super capacitor module. 

Given certain conditions, current can flow in two directions, from the common bus 

to the supercapacitor module (Csc) and vice versa. Two semiconductor switches (SW1 and 

SW2) are used to control the inverter. The principle of the circuit’s operation has been 

described in many publications, so it is not considered here. 

The key advantages of the typical topology are simple structures, high reliability, 

relatively small dimensions, relatively small power losses due to single energy conver-

sion, and fast response to load changes with an appropriate control system [16,20,62]. Due 

to these advantages, the typical topology of the DC/DC converter with a single-phase con-

version method has become widely used. In particular, it is used in diesel generator sets 

[36], the rail sector [29–32], transport systems [11,16,19,23–26,63,64], cranes of various 

types [45], and lifts [50,53,56,57]. 

The type of DC/DC converters with a single-phase conversion method also includes 

the topology of a three-level converter [20,62,65] for supercapacitor energy storage de-

vices. Figure 14 shows a diagram of a three-level DC/DC converter. 

 

Figure 14. Three-level topology of DC/DC converter. 

The converter consists of four current bidirectional semiconductor switches SW1-

SW4, a filter inductor L in the circuit of the supercapacitor module Csc, and two input filter 

capacitors Cd1 and Cd2. The input filter capacitors are used as a capacitive voltage divider 

for the DC link. Key control signals are generated by two pulse-width modulators. 

Three-level converters have a number of advantages over two-level converters [65]. 

The choke inductance L is 25% of a two-level DC/DC converter at the same current ripple, 

which reduces the choke volume by a factor of four. In this regard, the losses are reduced 

several times. 

Figure 13. A boost-down converter with super capacitor module.

Given certain conditions, current can flow in two directions, from the common bus to
the supercapacitor module (Csc) and vice versa. Two semiconductor switches (SW1 and
SW2) are used to control the inverter. The principle of the circuit’s operation has been
described in many publications, so it is not considered here.

The key advantages of the typical topology are simple structures, high reliability,
relatively small dimensions, relatively small power losses due to single energy conversion,
and fast response to load changes with an appropriate control system [16,20,62]. Due
to these advantages, the typical topology of the DC/DC converter with a single-phase
conversion method has become widely used. In particular, it is used in diesel generator
sets [36], the rail sector [29–32], transport systems [11,16,19,23–26,63,64], cranes of various
types [45], and lifts [50,53,56,57].

The type of DC/DC converters with a single-phase conversion method also includes
the topology of a three-level converter [20,62,65] for supercapacitor energy storage devices.
Figure 14 shows a diagram of a three-level DC/DC converter.

The converter consists of four current bidirectional semiconductor switches SW1-SW4,
a filter inductor L in the circuit of the supercapacitor module Csc, and two input filter
capacitors Cd1 and Cd2. The input filter capacitors are used as a capacitive voltage divider
for the DC link. Key control signals are generated by two pulse-width modulators.
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Three-level converters have a number of advantages over two-level converters [65].
The choke inductance L is 25% of a two-level DC/DC converter at the same current ripple,
which reduces the choke volume by a factor of four. In this regard, the losses are reduced
several times.

Another advantage is the nominal voltage of the switches, which is half that of a
conventional two-level converter. This affects the switching losses. The total switching
losses are 50–75% of those of a two-level converter. Conduction losses can also be lower
depending on the switching technology.

In addition, when using a three-level topology, there is no need to balance the voltages
when connecting capacitors in a series with a passive resistive circuit. Finally, in a three-
layer topology, electromagnetic compatibility is improved.

However, as shown in [27], a typical converter topology does not always guarantee
the energy needed for a hybrid vehicle. In addition, the efficiency of the typical topology
at a power of 216 kW, for example, was below 85%. In this regard, parallel topologies of
DC/DC converters have been proposed [27,66], as shown in Figure 4.

The first version of a DC/DC converter parallel topology (Figure 15a) consists of
two identical supercapacitor modules, two typical DC/DC converters, two capacitors
(Cd1 = Cd2) for filtering the DC bus voltage, two inductors (L1 = L2) for smoothing the
current of supercapacitor modules (Csc1 = Csc2). The dynamics of the current control are
satisfactory. The efficiency is almost the same as for the typical topology. This topology
ensures minimal maintenance costs when one converter or one supercapacitor module fails.
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A disadvantage is the possible unbalancing of the converter modules due to differences
in their internal resistances or control channels.

In order to reduce the size of the smoothing reactor L in the common circuit of the
two supercapacitor modules, a second parallel topology is proposed in [27], as shown
in Figure 15b. The topology of the second version of the converter makes it possible to
solve the problem of the imbalance of supercapacitor modules. The dynamics of the power
supply to the vehicle are improved and the converter control strategy is simplified. This
topology is not very sensitive to imbalance if one of the converter modules fails. The
efficiency of such a converter coincides with the parallel topology of the converter shown
in Figure 15a.

3.3. Topologies of Multiphase Up/Down Converters

Using a single-phase DC conversion method may not be the best solution, as high
input current ripple can shorten the energy storage system’s life. The topologies of mul-
tiphase converters have aroused much interest in recent years [60,62,67–69]. Examples
of the use of multiphase converters can be found in modelling and experimental stud-
ies of hybrid sources for urban transport [31,34,70,71], electric vehicles [18,21,22,60,72],
cranes [41,42,46,47], excavators [73], etc.

The key characteristic of the multiphase conversion method is the organisation of
alternation, i.e., phase shift by 360◦/n, where n is the number of parallel channels (phases)
and 360◦ is the switching period in the control signals of parallel-connected n single-phase
converters. Figure 16 shows the topology of a three-phase DC/DC interleaved converter.
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The multiphase interleaved conversion method provides the following
advantages [18,41,44,60,62,72,74–76]. With it, all single-phase converters operate at the
same switching frequency, but due to the phase shift between them, the ripple of the
total current of the supercapacitors is significantly reduced. Sharing the total current of
a supercapacitor module across multiple phases reduces the overall cost of energy stor-
age. In addition, standard power modules for three-phase loads can be fully utilised in a
three-phase design.

In such converters, both uncoupled and magnetically coupled smoothing chokes can
be installed. The combination of a multiphase topology with a coupled choke design [75]
provides additional benefits. With the same switching frequency, lower choke inductances
can be achieved compared to multiphase converters without inductive coupling. This
is essential to achieve a small size for mobile applications. In contrast to a multiphase
converter with uncoupled chokes, the use of coupled chokes further reduces current ripple.
The power losses and peak current requirements of the switches are reduced. In the
context of the reduced phase current ripple, it becomes easier to ensure that the magnetic
medium of the inductors operates in its linear range, which creates the prerequisites for
the development of controllers for control systems that do not take into account changes
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in the parameters of the converter due to the effects of the saturation of the inductors’
magnetic circuit.

Finally, the benefits of interleaved DC/DC converters include high power capability,
modularity, and improved reliability. The modular approach provides fault tolerance for
the system in case of the failure of one module. The dimensions of the entire converter are
smaller than a single DC/DC converter with a typical topology.

However, interleaved DC/DC converters have disadvantages. Possible non-ideal
channels can cause an imbalance of currents in the converter chokes, which will lead to the
loss of the advantage of suppressing ripple currents. In this regard, it becomes necessary to
control the current of each inductor in order to evenly distribute the input current over all
phases of the converter, which complicates the energy storage device’s control system.

3.4. Topologies of Up/Down DC-to-DC Converters with Voltage Level Adaptation
via a Transformer

If necessary, the galvanic isolation between the supercapacitor module and the common
DC bus of the hybrid source, as well as matching the voltage level between them, the DC/DC
converters with a high-frequency electromagnetic transformer are used [49,60,77–79].

In view of a large number of circuit solutions, we restrict ourselves to two examples [49,77].
One of the possible solutions [77] is shown in Figure 17, where the high-voltage side of the
transformer (T) is coupled to the common DC bus via a four-quadrant bridge (SW1–SW4
switches) operating in resonant mode. On the low-voltage side, there is the same bridge
(SW5–SW8 switches) and an additional converter (SW9–SW10 switches) for changing the
voltage at the terminals of the Csc supercapacitor module during charging and discharging.

Energies 2023, 16, x FOR PEER REVIEW 14 of 29 
 

 

DC/DC converters with a high-frequency electromagnetic transformer are used [49,60,77–

79]. 

In view of a large number of circuit solutions, we restrict ourselves to two examples 

[49,77]. One of the possible solutions [77] is shown in Figure 17, where the high-voltage 

side of the transformer (T) is coupled to the common DC bus via a four-quadrant bridge 

(SW1–SW4 switches) operating in resonant mode. On the low-voltage side, there is the 

same bridge (SW5–SW8 switches) and an additional converter (SW9–SW10 switches) for 

changing the voltage at the terminals of the Csc supercapacitor module during charging 

and discharging. 

The disadvantage of such a converter is threefold energy conversion, which reduces 

the overall efficiency of the converter [49], and design complexity due to the use of the 

resonance effect to reduce switching losses. 

 

Figure 17. Full bridge resonant DC/DC converter topologies. 

An alternative solution with higher efficiency is the soft-switched converter topology 

shown in Figure 18. The circuit uses two static converters. A voltage inverter (SW1–SW4 

switches) run in the main frequency switching mode is installed on the high side of the 

transformer T. On the low side of the transformer T, a natural switching current inverter 

in a reverse topology with two anti-parallel bridges (SW5–SW8 and SW9–SW12 switches, 

VD1–VD4 and VD5–VD8 diodes, respectively) is used. The storage circuit consists of a 

series connection of a smoothing choke (L2) and a supercapacitor module Csc. This solution 

offers good flexibility to optimally select the voltage level of the supercapacitor module 

and the ability to reduce the number of components in the equalisation circuitry for series-

connected supercapacitors. 

 

Figure 17. Full bridge resonant DC/DC converter topologies.

The disadvantage of such a converter is threefold energy conversion, which reduces
the overall efficiency of the converter [49], and design complexity due to the use of the
resonance effect to reduce switching losses.

An alternative solution with higher efficiency is the soft-switched converter topology
shown in Figure 18. The circuit uses two static converters. A voltage inverter (SW1–SW4
switches) run in the main frequency switching mode is installed on the high side of the
transformer T. On the low side of the transformer T, a natural switching current inverter
in a reverse topology with two anti-parallel bridges (SW5–SW8 and SW9–SW12 switches,
VD1–VD4 and VD5–VD8 diodes, respectively) is used. The storage circuit consists of
a series connection of a smoothing choke (L2) and a supercapacitor module Csc. This
solution offers good flexibility to optimally select the voltage level of the supercapacitor
module and the ability to reduce the number of components in the equalisation circuitry
for series-connected supercapacitors.
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3.5. Discussion

In low-voltage hybrid power sources for asynchronous controlled electric drives like
supercapacitor energy storage devices, two topologies of DC/DC converters are widely
used: a typical topology with a single-phase conversion method and topologies with a
multiphase conversion method with a phase shift of 360◦/n.

In high-voltage hybrid energy sources, a high-frequency transformer is a necessary
element of galvanic isolation in supercapacitor energy storage circuits. This makes it easier
to match the levels of the input and output voltages when they differ greatly by installing a
transformer. The use of resonant inverters reduces the loss of active power at the intervals
of turning on and off the switches.

The main design criteria are the minimisation of dimensions and power losses and the
reliability of supercapacitor energy storage devices.

4. Structures of Control Systems for Auxiliary Power Sources with Supercapacitors

In regulated electric drives, auxiliary power sources are supplied with automatic con-
trol systems (ACS), which address such key challenges [80–82] as maintaining the voltage
at the input of a stand-alone voltage inverter with a given accuracy to eliminate voltage
surge during braking and maintaining the charge/charge current within the specified limits
of discharge and voltage at the supercapacitor module’s terminals. This review of ACS
for auxiliary power sources will identify the general composition and principles of the
regulation of variables, the types of regulators, and the criteria for setting control systems.

As the analysis of the literature on this topic shows, single-
circuit [11,18–20,23,27,36,41,64,71,72,83,84], double-circuit [16,22,34,53,70,73,85,86], and
three-circuit [81,82,86] control systems are most commonly used.

4.1. Composition and Principles of Regulation of Variable Single-Circuit Automatic
Control Systems

When using a typical DC/DC converter topology (see Figure 2), the controlled variable
of single-circuit ACS is the current of the supercapacitor module (isc). It is common to
all such structures to use the input current (iin ′ ) of the voltage inverter supplying the
asynchronous motor as initial information; additional information is used for calculating
the reference current (isc*) of the supercapacitor module. Figure 19 shows a generalised
diagram of a single-loop current ACS isc, where CC is a current controller, PB is a pre-
emption block, F1 and F2 are filters, and RCF is reference current forming. The designations
of the variables in the circuit correspond to Figure 2.
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The non-linear properties of the DC/DC converter as a controlled element determine
the introduction of perturbation pre-emption into single-circuit ACS, one of which is the
DC bus voltage (ubus). For this purpose, the ACS structure has a PB lead block, which
increases the current control system’s accuracy. However, if the CR controller is a relay
type, the lead block is excluded due to the invariance of relay ACS to disturbances. In
single-circuit automatic control systems, the usefulness of installing filters according to
the task and in the current feedback channel is substantiated. In this case, the number of
degrees of freedom increases, and high-frequency noise is also suppressed.

Differences in the single-circuit ACS current isc are in the algorithms for the creation
of the reference current isc

*, the structure of the controller, and the criteria for setting the
control system.

In [19,23,27,36,64], the reference current isc
* is calculated from the input current usc of

the voltage inverter, taking into account additional information about the DC bus voltage
ubus and the supercapacitor voltage usc. The need for these voltages can be explained by
the inequality of the iin and isc currents. The coupling coefficient between these currents is
obtained from the power balance equation at the input and output of the DC/DC converter
in the absence of losses. In addition, for the distribution of energy between the main and
auxiliary sources in the transient modes of the electric drive, the task for the current ACS is
calculated, taking into account the release of the high-frequency current component iin.

As far as the structure of the current controller is concerned, a polynomial controller is
used here, the setting criterion of which is the minimum of the static error in interference
suppression. A polynomial controller is an alternative to a conventional proportional-plus-
integral controller. It provides a faster response and effectively suppresses interference
compared to a conventional proportional-plus-integral controller [87].

The algorithm for calculating the reference current also provides for limiting the
voltage of the supercapacitors at the level of the highest and lowest values in order to
avoid wear to the supercapacitors. The proposed limiting strategy is implemented by
adding constant offsets to the reference current’s dynamic component. The algorithm for
calculating the reference current of supercapacitors is described by the equations [36]:

i∗sc = i∗sc.d + i∗sc.o; (1)

i∗sc.d ≈
ud
usc

i∗in; (2)

i∗in = iin − F(iin), (3)

where isc.d
* is a dynamic component of the reference current; isc.o

* is the permanent current
offset provided by the supercapacitor voltage limiting algorithm; iin* is a high-frequency
component of the inverter load current; and F is a filter operator that extracts the mid-
frequency component of the load current.
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In [27], the reference current isc
* in boost mode is also created based on the power

balance between the supercapacitor module and the DC bus, taking into account the power
losses in the DC/DC converter through its efficiency:

i∗sc =
udc

η usc
i∗dc, (4)

where idc
* is the desired value of the external current of the DC/DC converter; udc is the

external voltage equal to DC bus voltage; and η is efficiency of the DC/DC converter in
boost mode. In buck mode, when the supercapacitors are being charged, the reference
current isc

* is set as constant.
Thus, in the algorithm for generating the reference current, instead of the load current,

the external current of the DC/DC converter is taken, which, with a high-quality ACS, is
equal to the iin current to within the tracking error.

Another feature of ACS is that, according to the reference current, a lag filter is
installed, providing, with appropriate matching of its time constant with the parameters
of the proportional-plus-integral controller, the damping coefficient of the response of the
closed automatic control system equal to 0.707, which corresponds to the Butterworth
criterion for a second-order filter.

It is noted in [88] that in light transport systems, the reference current of a supercapac-
itor module depends on the adopted energy strategy. For example, in applying onboard
supercapacitor storage, the reference current for charging and discharging the supercapaci-
tors is calculated from a train’s kinetic energy by knowing its actual speed. However, the
algorithm for calculating the reference current is not disclosed.

In [83], a supercapacitor energy storage device as a source of peak power for hybrid
electric vehicles is designed and simulated. The high-level controller generates the isc

*

current required by the supercapacitor module using the measurement of the load current
iin of the inverter and the supercapacitor module voltage level usc, which corresponds to the
state of charge corresponding to peak power. In this case, the load current is divided into
the main and peak parts of the load current. The purpose of the ACS is to transfer the first
part of the load current to the main power source and extract the peak current component
from the auxiliary power source. During vehicle acceleration, both the main power source
and the peak power unit provide the necessary power for the electric drive. An increase in
current consumption from the main power source will be mitigated by supplying current
from the supercapacitors through the boost converter.

In [11], the reference current for the ACS is generated based on the voltage of the
battery used as the main power source, the load current iin, the speed of the vehicle, and
the state of charge of the supercapacitors.

Sliding mode controllers are also used in single-circuit current ACS. Noteworthy is
the active power filtering method developed in [89] to reduce battery current ripples in
hybrid electric vehicles in order to extend service life. The DC bus current is decomposed
into low-frequency and high-frequency components using an improved real-time fast
Fourier transform. The DC/DC converter of the auxiliary power source processes the high-
frequency and part of the low-frequency components during the drive transient. In this
case, high-frequency current surges and battery ripples are eliminated to a certain extent.
Consequently, battery life will increase. Thus, in consuming the peak power of the electric
drive, for example, when accelerating or lifting the vehicle, the supercapacitor module also
becomes an energy supplier. In this case, the low-frequency components of the DC bus
current should be reasonably distributed between the supercapacitor energy storage and
the battery as the main energy source, taking into account their respective power density.
As in previous works, the current of the supercapacitor module is considered an adjustable
variable. In this case, the output signal of the reference current on the high-voltage side
of the DC/DC converter is converted into a reference current on the low-voltage side in
observance of the law of conservation of power and the calculated efficiency. The sliding
control method is also used in [90]. Where the supercapacitors are connected similarly to
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Figure 4. The energy storage system is used to smooth the peak loads of the generator in
the electric aircraft network.

A bidirectional DC-DC converter using chattering-free fixed-boundary-layer sliding
mode (FBLSM) control is used to control the DC/DC converter. It is important to note that
the FBLSM control strategy is applied in this study to improve the tracking accuracy of the
isc

* current and the robustness of the ACS of the supercapacitor storage.
If the auxiliary power source is a multiphase topology DC/DC interleaved converter,

there are additional differences in the controlled variable. In [18], a method for controlling
the current of a three-phase DC/DC converter with alternation is proposed. In the devel-
oped approach, only one phase current and two differential currents are directly controlled,
that is, the total current of the supercapacitor module is controlled indirectly. Both the DC
link voltage and the supercapacitor module voltage need to be measured for monitoring
and preemptive control. A proportional-plus-integral controller is installed in the ACS.

Ref. [84] presents a single-circuit version of the ACS of a supercapacitor energy storage
device as applied to highly dynamic industrial electric drives. In the single-circuit automatic
control system, instead of the controlled variable current of the supercapacitor module,
the external current idc of the DC/DC converter is adopted. Then there is no need to
recalculate the load current, in which an error is introduced that is unacceptable from the
point of view of stabilising the DC bus voltage in industrial electric drives. It was found
that a single-circuit automatic control system has an increased sensitivity to errors in the
supercapacitor charging mode, which leads to a decrease in the accuracy of stabilising
the DC bus voltage during the braking of the electric drive. Another feature is that the
current controller is synthesised according to a technique that involves tuning a closed
loop to a modular or symmetrical optimum (tuning to a modular optimum is equivalent
to tuning according to the Butterworth criterion). In this case, the structure of the current
controller differs from the structure of a proportional-plus-integral controller: at the output
of a linear corrective link, a signal is generated in the form of a sum of proportional, integral,
and integral quadrature components. After the introduction of the compensating signal
ubus, the corrected signal is fed to the input of the first-order low-pass filter, which limits
the bandwidth of the ACS current and filters high-frequency noise. The introduction of
pre-emptive control ensures constant gain in a closed current loop idc when changing the
mode of the DC/DC up/down converter.

An essential element of a single-circuit automatic control system is the introduction of
the voltage limiting unit usc at the terminals of the supercapacitor module at the pre-charge
stage and during the further operation of the electric drive. In addition, a limitation of the
charge/discharge current of supercapacitors is introduced.

4.2. Composition and Principles of Regulation of Variable Two-Circuit Automatic Control Systems

In two-circuit ACS, the internal circuit is the current regulation circuit of the isc super-
capacitor module or the external current idc DC/DC converter. The external circuit is the
voltage regulation circuit ubus of the DC bus. A generalised diagram of the two-circuit ACS
is shown in Figure 20, where CC is the current controller, VC is the voltage controller, PB1
and PB2 are pre-emption blocks, and F1 and F2 are filters.

A signal corresponding to the reference desired voltage (ubus
*) of the DC bus is applied

to the outer circuit input. The output of the voltage controller creates the reference value
isc

* for the internal current circuit, that is, the cascade topology of the ACS is used. The
advantages of two-circuit automatic control systems include the possibility of more effective
suppression of disturbances and qualitative limitation of the controlled variables by limiting
the reference signals isc

* and ubus
* of the controlled variables.



Energies 2023, 16, 3287 18 of 27

Energies 2023, 16, x FOR PEER REVIEW 18 of 29 
 

 

monitoring and preemptive control. A proportional-plus-integral controller is installed in 

the ACS. 

Ref. [84] presents a single-circuit version of the ACS of a supercapacitor energy stor-

age device as applied to highly dynamic industrial electric drives. In the single-circuit 

automatic control system, instead of the controlled variable current of the supercapacitor 

module, the external current idc of the DC/DC converter is adopted. Then there is no need 

to recalculate the load current, in which an error is introduced that is unacceptable from 

the point of view of stabilising the DC bus voltage in industrial electric drives. It was 

found that a single-circuit automatic control system has an increased sensitivity to errors 

in the supercapacitor charging mode, which leads to a decrease in the accuracy of stabi-

lising the DC bus voltage during the braking of the electric drive. Another feature is that 

the current controller is synthesised according to a technique that involves tuning a closed 

loop to a modular or symmetrical optimum (tuning to a modular optimum is equivalent 

to tuning according to the Butterworth criterion). In this case, the structure of the current 

controller differs from the structure of a proportional-plus-integral controller: at the out-

put of a linear corrective link, a signal is generated in the form of a sum of proportional, 

integral, and integral quadrature components. After the introduction of the compensating 

signal ubus, the corrected signal is fed to the input of the first-order low-pass filter, which 

limits the bandwidth of the ACS current and filters high-frequency noise. The introduc-

tion of pre-emptive control ensures constant gain in a closed current loop idc when chang-

ing the mode of the DC/DC up/down converter. 

An essential element of a single-circuit automatic control system is the introduction 

of the voltage limiting unit usc at the terminals of the supercapacitor module at the pre-

charge stage and during the further operation of the electric drive. In addition, a limitation 

of the charge/discharge current of supercapacitors is introduced. 

4.2. Composition and Principles of Regulation of Variable Two-Circuit Automatic Control 

Systems 

In two-circuit ACS, the internal circuit is the current regulation circuit of the isc su-

percapacitor module or the external current idc DC/DC converter. The external circuit is 

the voltage regulation circuit ubus of the DC bus. A generalised diagram of the two-circuit 

ACS is shown in Figure 20, where CC is the current controller, VC is the voltage controller, 

PB1 and PB2 are pre-emption blocks, and F1 and F2 are filters. 

 

Figure 20. Generalised two-circuit ACS of supercapacitor energy storage. 

A signal corresponding to the reference desired voltage (ubus*) of the DC bus is applied 

to the outer circuit input. The output of the voltage controller creates the reference value 

isc* for the internal current circuit, that is, the cascade topology of the ACS is used. The 

advantages of two-circuit automatic control systems include the possibility of more effec-

tive suppression of disturbances and qualitative limitation of the controlled variables by 

limiting the reference signals isc* and ubus* of the controlled variables. 

Figure 20. Generalised two-circuit ACS of supercapacitor energy storage.

Dual-circuit automatic control systems have been applied in hybrid power systems
for traction applications [34,70,88,91–93], lifts [53,56], excavators [73], industrial drives [80],
and hybrid electric vehicles [87].

The main differences between two-circuit automatic control systems of auxiliary
sources based on supercapacitors are as follows.

In [56], a lift electric drive is described. The supercapacitor energy storage ACS has
two proportional-plus-integral controllers in a cascade topology to control the voltage ubus
and current isc. The proposed control chart has a set of two fuzzy logic controllers for
adjusting the DC bus reference voltage to take into account the change in the AC mains
voltage in combination with the lift’s operating mode. Keeping a record of changes in the
supply voltage can be explained as follows. In a traditional dual-circuit ATS, the applied
reference voltage in the DC link is constant. If the AC mains voltage is constantly at a
nominal value, the energy storage device’s expected performance can usually be achieved.
However, if there is a change in the AC mains voltage, and although the energy store can
absorb braking energy or supply energy to the motor, the energy store’s performance may
be degraded. From this, it is concluded that it is necessary to take into account the change
in the AC mains voltage in order to achieve optimal performance for an energy storage
device based on supercapacitors. In particular, the maximum absorption of braking energy
can be achieved, and the necessary energy can also be provided when accelerating the
engine from supercapacitors. Thus, energy consumption from the network is reduced and,
consequently, the efficiency of the lift electric drive is improved.

The fuzzy logic controller regulates the reference voltage in the DC link depending on
the drive’s load mode. In addition, on-line correction of the parameters of the proportional-
integral DC link voltage controller according to the load conditions is provided to improve
the performance of the supercapacitor power source.

In [53], two controllers with fuzzy logic are proposed to achieve the following goals of
controlling a supercapacitor energy storage:

• Charge/discharge of supercapacitors during engine braking/acceleration;
• Prohibition of charging supercapacitors if the voltage is higher than the maximum

value, and prohibition of discharging supercapacitors if the voltage falls below the
minimum value;

• Limiting the discharge/charge current of supercapacitors at the level of the highest
allowable current;

• Stabilisation of the DC link voltage.

In [80], predictive control for a supercapacitor energy storage device is proposed,
which has been tested in the field of automatic cargo storage.

The problems of managing stored energy are thus:

• Monitoring the voltage on the DC bus to avoid excessive voltage surge when the drive
is decelerating;
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• Use of the energy recovered during the braking phase to reduce the energy given off
by the network and increase the electric drive’s overall efficiency.

An auxiliary AC/DC converter is used to determine the DC link voltage reference.
Its function is to control the change in the mains voltage in order to avoid introducing
incorrect reference values ubus

*.
The determination of the supercapacitor reference current isc

* is based on an analysis
of the instantaneous power required by the capacitors in the DC link. The energy to be
exchanged between supercapacitors and DC link smoothing capacitors can be calculated
as follows:

E =
1
2

C[(u∗in)
2 − (uin)

2], (5)

where C is the capacitance of DC link capacitors.
After assessing the change in the DC voltage, the average value of the supercapacitor

current is determined, which provides the above energy for the period T:

im =
C(u∗in − uin)

T
, (6)

where T is the required length of energy recovery time. Determination of the current value
of the current im and time T depends on the sampling time Ts of the control unit, the system
parameters, and the operating mode.

Next, we explain the idea of predictive control with the example of calculating the
reference current in the boost mode of a DC/DC converter. With the supercapacitor current
prediction performed according to an analytical expression, the steepness of the current at
the discharge stage is estimated:

Sd =
usc − uin

L
, (7)

where L is the smoothing choke inductance in the supercapacitor circuit.
After determining the relationship:

r =
uin − usc

usc
=

T − Ts

Ts
, (8)

at a fixed value of Ts, the reference current of the supercapacitors is calculated to transfer
the energy necessary to restore the voltage of the DC link capacitor:

i∗sc = in+1 = in + SdT =
2imr + SdTs

2
+ SdT, (9)

For testing isc
*, a relay controller with hysteresis is recommended.

The results achieved with modelling and experiments show the feasibility of the
proposed predictive control system. There is good tracking of DC bus reference voltage in
both boost and buck modes while the overall system efficiency is improved.

Stabilisation of the DC bus voltage ubus becomes especially important when the main
source has a high impedance (for example, a fuel cell as the main power source) and the
load requires a hard bus voltage [93]. It is noted that the voltage and current controllers
should compensate for the influence of disturbances: when regulating the current, it is
necessary to compensate for the voltage at the terminals of the supercapacitor module, and
the voltage circuit should eliminate errors caused by the load current (to compensate for the
influence of voltage usc and load current iin between current and voltage controllers in the
structure (Figure 9), PB1 and PB2 feed-forward units are installed, respectively). Therefore,
proportional-plus-integral controllers are used to obtain static errors equal to zero. There
is a difference in the circuit adjustment criteria. The current controller should follow a
constantly changing reference with a slowly changing disturbance. While the function of a
voltage controller is usually reduced to maintaining a constant voltage and compensating
for a rapidly changing load current. Therefore, the poles of the two circuits are different. In
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this regard, it is recommended that the current loop be tuned for optimal damping of the
response. Good interference suppression can be achieved by placing the poles, resulting in
a symmetrical plot of the voltage open-loop logarithmic frequency response.

Ref. [85] presents a power supply system for hybrid electric vehicles. A fuel cell with
an appropriate control system is used as the main energy source. The auxiliary power
source is a supercapacitor energy storage.

To control the energy exchange between the DC bus and the main and auxiliary
sources, three modes of operation are distinguished:

• Charging mode, in which the main source supplies energy to the auxiliary source and
the load;

• Discharge mode, in which both the main and auxiliary sources supply energy to
the load;

• Recovery mode, in which the load supplies energy to the energy storage device.

The auxiliary power source is equipped with a dual-circuit automatic control system.
The relay current controller isc is installed in the internal circuit. A reference value for the
internal loop is generated by the DC bus voltage regulation loop, which uses the capacitive
energy of the DC bus as a state variable and the power of the supercapacitors to calculate
the reference current for the supercapacitor current regulation loop.

The external control loop has a proportional-plus-integral controller of the capacitive
energy ebus of the DC bus. A function called “ebus/ubus“ is used to match the reference value
and feedback value of the capacitive energy controller with the reference value e*bus and
the feedback control value ebus.

The reference current iin* is calculated by dividing the signal from the output of the
capacitive energy controller by the voltage usc of the supercapacitors and is limited to keep
the voltage usc within the interval [usc.min, usc.max]. In other words, a usc voltage-dependent
reference current limit iin* is used.

Ref. [87] describes a two-phase alternating up/down converter coupled with a super-
capacitor for stabilising automotive power networks. For rapid regulation of the DC bus
voltage, a cascade control topology with an internal current loop isc and an external voltage
loop ubus is also chosen here.

Based on the analysis of the averaged model of a DC/DC converter with a supercapac-
itor module connected through a smoothing choke, the article discusses compensating for
non-linearities inherent in an energy storage device as a controlled element. Disturbances
caused by voltages on the DC bus and supercapacitors are compensated for (PB1 unit in
Figure 9) because they can be measured. At the same time, the perturbation caused by the
change in the gain during the transition from the decrease mode to the increase mode is
compensated approximately. A feature of the ACS current is that it takes into account the
dead time during the transition of the DC/DC converter from the increase mode to the
decrease mode and vice versa. The current feedback channel is equipped with a filter to
suppress harmonics with the switching frequency since the control is based on an average
model. When synthesising the current controller, the dead time and the filter constant are
summed. The total time constant characterises the properties of the link that enters the
current loop. Based on the dynamic properties of this link, a proportional-plus-integral
current controller is obtained.

Another feature is that, in view of the chosen two-phase topology of the DC/DC con-
verter, a strategy for independent regulation of the current of each phase by an individual
controller is proposed. The inputs of the current circuits receive the same reference values
of the phase currents isc

* from the output of the voltage controller. Depending on the mode
of the DC/DC converter, the voltage controller can have a different structure, namely a
proportional-integral in the increase mode and a proportional one in the decrease mode.

Ref. [73] presents a concept for improving the dynamism, efficiency, productivity, and
fuel consumption of hydraulic mining shovels with a high-power supercapacitor energy
storage system. The energy storage system is used to increase engine power at peak loads
and to store regenerative energy. The energy storage device with a three-phase alternating
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DC/DC converter has a two-loop control system with an internal phase current loop. A
feature of the outer loop is that the current reference for it is generated by a multi-purpose
algorithm that controls the rate of change of power and voltage on the DC bus.

In [88], the methodology for designing a supercapacitor energy storage for light trans-
port systems is considered. This provides for the use of a dual-loop ACS, in which the
external current control loop idc DC/DC converter is internal instead of the supercapacitor
module’s current. Both controllers are proportional-integral structures. Disturbance antici-
pation is introduced in the internal control loop, which compensates for the influence of
the voltage usc at the terminals of the supercapacitor module and the external voltage udc.

4.3. Composition and Principles of Regulation of Variable Three-Loop Automatic Control Systems

With a three-circuit version of the ACS, a supercapacitor voltage circuit is introduced
between the supercapacitor current and DC bus voltage circuits. This is the most versatile
version of the ACS structure of an auxiliary power source based on supercapacitors, which
makes it possible to implement both basic and additional tasks. The latter includes ensuring
the operation of the electric drive in the event of a voltage failure of the main energy source
(ride-through mode).

Figure 21 shows the control circuit for the auxiliary power source [81,82]. There is an
internal current controller CC and three external voltage controllers, such as a supercapaci-
tor voltage controller (VC) and two DC bus voltage controllers (VC1 and VC2). The internal
current controller (CC) regulates the ultracapacitor current isc. The intermediate controller
(VC) regulates the voltage of the supercapacitors usc. This controller generates the reference
current of the isc

* supercapacitors. The DC bus voltage ubus is controlled by two external
voltage controllers (VC1 and VC2). VC1 regulates the DC bus voltage when the drive is
operating in brake and supercapacitor modes, and VC2 regulates the DC bus voltage when
the system is in the ride-through mode. The reference voltage usc

* of the supercapacitors is
created as the sum of the signals from the outputs of the VC1 and VC2 controllers.
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The control algorithm is described in [81,82], taking into account three operating
modes that are important from the point of view of control:

• Mains power mode;
• Braking and driving modes from the supercapacitors;
• Ride-through mode.

The control tasks in such a system are as follows. The first task is to stabilise the DC bus
voltage. The reference voltage is the maximum voltage ubus.max

* = ubus.max when the drive
is running in deceleration mode (as well as in energy recovery mode) and the minimum
voltage ubus.min

* = ubus.min when the mains are interrupted. The second control task is to
regulate the state of charge of the supercapacitors depending on the application conditions.

As a result of the synthesis, classical proportional-plus-integral voltage controllers
were obtained. The proportional and integral gains of the supercapacitor voltage controller
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are calculated with the binomial criterion (z = 1), and the DC bus voltage controller with
the Butterworth criterion (z = 0.707), where z is the attenuation factor. The structure of the
current controller is not presented in [81,82].

Ref. [86] carried out mathematical modelling of a three-loop control system built
according to the principles of cascade control with the anticipation of disturbances. The
internal current circuit isc of the supercapacitors is subordinated to the voltage circuit usc of
the supercapacitors. In turn, the voltage circuit of the supercapacitors is subordinated to
the voltage circuit ubus of the DC bus. To prevent disturbances, which increase the speed of
the control system, compensating signals are introduced.

To suppress high-frequency noise, low-pass filters are installed in the reference and
feedback channels of the isc current controller. The current controller has a structure similar
to that of the controller in a single-loop automatic control system described in [84]. The
supercapacitor voltage controller is proportional, while the DC bus voltage controller is
integral. Synthesis of controllers for a three-loop automatic control system was carried out
according to a standard method for synthesizing controllers of one-dimensional systems of
subordinate control with the tuning of the loops to a modular (technical) optimum [94]. In
this case, all circuits have a standard response to a typical stepwise reference signal.

This control system provides for the limitation of controlled variables and a certain
charge sequence for the DC link capacitor of the frequency converter and the supercapaci-
tors of the energy storage.

4.4. Discussion

The most common options for automatic control systems for supercapacitor energy
storage devices are single-loop and double-loop control systems. They allow for solving
the problems of stabilising the DC bus voltage and maintaining the current and voltage
within the specified limits when charging/discharging supercapacitors.

A disadvantage of single-loop automatic control systems is the need to calculate the
reference current setting for supercapacitors, at which an error may be introduced depend-
ing on the assumptions made. An alternative solution is to use an external current DC/DC
converter as a controlled variable. However, there are few publications on this variant.

Another disadvantage of a single-loop automatic control system is that it is difficult to
limit the controlled variables. In the works cited, this issue is not adequately covered.

Double-circuit automatic control systems are free from the disadvantages of single-
circuit control systems. They are relatively simple and provide acceptable process quality
performance in a static mode and over time.

Three-circuit automatic control systems are less common. However, with an appropri-
ate structure, they allow for solving a wider range of problems with a qualitative limitation
of the controlled variables. Their disadvantage is the complexity of the control algorithms
and the complexity of the settings.

A key objective in the development of automatic control systems for supercapacitor
energy storage is to ensure the desired quality indicators of control systems. In this
regard, it should be noted that at present there is no generally accepted approach to the
synthesis of controllers and the choice of criteria for setting up automatic control systems
for supercapacitor energy storage devices. The use of different approaches to the synthesis
of controllers and the choice of setting criteria is evidence of this. The reviewed papers
reflect the issues of using different types of controllers: proportional and proportional-
integral, polynomial, relay, sliding mode, fuzzy logic, and controllers with prediction and
adaptation algorithms.

In conclusion, in this review of ACS for energy storage devices, the emphasis is on
the analysis of works, the results of which are of practical importance in the modern
development of technical means for implementing control algorithms. The review does
not contain works devoted to methods for optimising the modes of supercapacitor energy
storage devices using, for example, genetic algorithms and artificial neural networks [60].
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5. Conclusions

This article presents a comprehensive overview of the use of supercapacitor energy
storage systems in adjustable AC drives for various purposes with an emphasis on the
implementation of engineering solutions based on state-of-the-art technical aids.

The topologies of the power section of combined power supplies for transport and
industrial electric drives are given.

Focus is placed on conventional decisions taken in the implementation of the power
part. The effect achieved when supercapacitor energy storage systems are used in controlled
electric drives is recorded.

The topologies of reversible DC/DC converters for supercapacitor energy storage de-
vices are considered with a comparative assessment of their advantages and disadvantages,
as well as their areas of application. To evaluate DC/DC converters, both private (power
losses, ripples in currents, etc.) and generalised (fail-safety, electromagnetic compatibility,
etc.) quality indicators are involved.

A review of the structures of ACS for supercapacitor energy storage devices is carried
out. The composition and principles of regulation of variables, the types of controllers used,
and the criteria for setting control systems are identified.

This review made it possible to identify typical trends and problems. Of the circuit
designs for DC/DC up/down converters, the most widely used are the typical topology
and multiphase interleaved converters. For industrial electric drives with three-phase
motors, there is a tendency to use three-phase DC/DC converters in order to unify the
power section. The problem here is the possible phase current imbalance.

In the field of ACS, there are many options, which indicates the absence of a model
solution. Despite the use of both single-circuit and multi-circuit ACS, dual-circuit con-
trol systems are preferable. With the comparative complexity of the structure of double-
circuit ACS, they more effectively solve key control objectives, such as stabilising the DC
bus voltage and limiting the current and voltage of the supercapacitor module during
charge/discharge.

When analysing problems related to synthesising controllers and choosing setting
criteria, various approaches were identified. Despite the complexity of the supercapacitor
energy storage as an object of control, in most cases, conventional proportional-plus-integral
controllers are used with the damping factor adjusted to the Butterworth filter. In some
works, the synthesis of controllers is of a heuristic nature. There are virtually no studies on
identifying the parameters of the power section of supercapacitor energy storage devices,
automatic controller settings, and digital control features.

This review can be useful in such applications as the development of hybrid power
supplies for controlled electric drives in transport systems and general industrial mecha-
nisms. The review can also be used in teaching and learning activities to train specialists in
a corresponding field.
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