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Abstract 

Lithium-ion batteries have relatively high energy 

density, and supercapacitors have relatively high 

power density, but a low energy density. Frequent 

charge/discharge and partial discharge operation of 

lithium-ion batteries decrease their lifetime, 

whereas supercapacitors cycle lifetime is much 

bigger. Combination of these two technologies using 

solid-state power electronics devices allows 

prolonging battery lifetime and postponing a need 

for the batteries replacement resulting in lower 

operating costs of an energy storage system. This 

paper represents an approach to a hybrid energy 

storage design and provides a review of the hybrid 

topologies, converter schemes, control strategies 

and optimal energy management algorithms of the 

battery and supercapacitors. 
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1 Introduction 
Among all electrical energy storage 

technologies, lithium-ion technology has the best 

power-to-mass and power-to-volume ration, low self-

discharge rate and lower energy specific installation 

costs. Li-ion batteries have been applied in many areas 

where high energy density is required, such as electric 

vehicles (EVs), mobile devices. Beside this, battery 

energy storage (BESS) is widely used as autonomous 

energy supply systems, with large-scale wind and 

solar power plants, and for other power grid 

applications.  

Nevertheless, there are a few problems with 

Li-ion battery-only systems. One problem is that in 

order to ensure necessary peak power to the electrical 

system a large number of battery packs are required. 

Another problem is that the lifetime of a battery can 

significantly decline due to the fast and frequent 

fluctuations of the current flow resulting to excessive 

heat and increasing the internal resistance of a 

battery.  

In contrast to Li-ion batteries, supercapacitors 

(SC) have a relatively high power density but a low 

energy density. They are rarely used alone in energy 

storage system due to the low energy density.  

In order to prolong the battery life and 

overcome weaknesses of the both named technologies a 

battery-supercapacitor hybrid energy storage system 

(HESS) has been proposed [1] and developed in many 

areas such as EVs [2, 3], EVs charging stations, [4], 

microgrids [5], as well as other applications [6, 7]. Much 

of the research is dedicated to renewable energy 

sources (RES) enabling technology [8, 9]. 

This paper represents an approach to HESS 

design and provides a review of the HESS topologies, 

converter schemes, control strategies and energy 

management algorithms. 

 

2 Topology consideration 
This Section provides an overview of the HESS 

topologies and approach for topology choice. A more 

comprehensive review has been carried in [10]. Fig.1 

shows basic HESS topologies. 

The passive topology (Fig.1, e) is the easiest 

method for implementation in the electric system. In 

this scheme, the battery and SC are directly connected 

in parallel. As both the battery and SC have the same 

voltage, the power flow is shared proportionally to 

their internal resistance. The passive HESS is 

restricted in power flow management. 

In order to overcome this limitation, bi-

directional dc/dc converters are utilized in the active 

HESS. The converters allow the battery and SC 

having different voltages and control the power flow. 

The existing HESS topologies are the following. 

a) SC-only connected through a dc/dc 

converter (Fig. 1, a) 

In this scheme, the battery is connected directly to the 

terminals of the inverter and the SC is connected to a 

bidirectional dc/dc converter. Since the battery is 

connected directly to the dc link, the dc-link voltage 

cannot be varied. The disadvantages of this scheme 

are the high rating of the dc/dc converter and the fact 

that the battery may still sometimes partly supply the 

dynamic currents. 
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Fig.1. HESS topologies 

 

b) Battery-only connected through a dc/dc 

converter (Fig. 1, b) 

The battery is connected to a converter and the 

supercapacitor bank is connected directly to the 

terminal of an inverter. The supercapacitor bank 

performs as a low-pass filter. The battery current can 

be independently limited. As a result, the battery is 

protected and the power flow can be effectively 

controlled. However, in this topology, the working 

range of the SC is limited. 

c) The cascaded connection of Battery/SC 

using dc/dc converters (Fig. 1, c) 

Both the SC and the battery are connected to the 

terminals of the inverter through separate dc/dc 

converters in series. The dc/dc converter between the 

inverter and the SC increases the SC voltage range. 

The main disadvantages of this scheme are the 

requirement for a full-scaled dc/dc converter and 

reduced efficiency because of the two conversion stages 

between the battery and the inverter. 

d) Battery/SC connected through their 

respective dc/dc converters [Fig. 2(d)]:  

The battery and SC are individually connected to 

inverter terminal through their own dc/dc converter. 

This scheme is the most flexible and optimal solution. 

It allows maintaining the voltages of both the SC and 

the battery lower than dc-link voltage and helps to 

solve balancing problems of the battery. The main 

disadvantage of the scheme is that it needs two dc/dc 

converters. The trade-off of the flexibility of control is 

the complexity and additional losses in the system. 

The scheme in Fig. 1, d is a most appropriate scheme 

for power system application due to control flexibility. 

 

3 DC-DC converter topologies 
In any of the above-mentioned topologies, the dc/dc 

converter has to be bi-directional in order to allow 

absorbing and injecting the power from the source. 

These converters utilize controllable semiconductor 

devices with antiparallel diodes providing the bi-

directional capability. Selected non-isolated, isolated 

and interleaved bi-directional dc-dc converter 

topologies relevant to energy storage for microgrids 

will be reviewed in this section. 

a) Bi-directional Buck-Boost DC/DC converter 

Fig. 2 shows a bi-directional buck-boost dc-dc 

converter that can be used for semi-active topology. 

This converter is able to step up or step down the 

voltage and provide power flow in both directions. 

During the charging mode, the converter operates as a 

buck converter and charges the battery from the dc 

bus. During the discharging mode, the converter 

operates as a boost converter to transfer power from 

the battery to the dc bus. Appropriate control 

algorithms have to determine charging and 

discharging modes as well as buck and boost operating 

modes of the converter. 

 
Fig. 2. Bi-directional buck-boost converter for semi-active 

topology 

 

b) Bi-directional buck-boost converter for 

active hybrid topology 

A typical set up to implement an active hybrid 

storage system, including two separate bi-directional 

buck/boost converters is depicted in Fig. 3. Both the 

battery and the supercapacitor are connected to the 

low voltage side of the converters. Control schemes 

need to be employed to choose the appropriate storage 

unit depending on the type of disturbance or 

unbalance that needs to be mitigated. 

 
Fig.3. Bi-directional buck-boost converter for active hybrid 

topology 

 

c) Multi-phase interleaved dc/dc converter 

A three-phase interleaved bi-directional dc-dc 
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converter is depicted in Fig. 4. The current is divided 

between the three phases, reducing the current 

stresses as well as inductor and capacitor sizes. Thus, 

the power density increases. An appropriate phase 

difference between the three phases results in the 

minimal total inductor current. Soft-switching 

techniques are applied for further reduction of the 

switching losses and increase of the converter 

efficiency. 

 
Fig.4. Bi-directional three-phase interleaved dc-dc converter 

 

4 Energy management strategies 
The parallel connection of more than one energy 

source results in coordination problems. The energy 

management system (EMS) plays an essential role in 

order to minimize the size and the ratings of the HESS 

parts and to obtain an optimal operation. It is 

responsible for creating power references for the low-

level controllers of the converters.  

One of the methods to distribute the power 

among the storage devices is the linear filtering (Fig. 

5). The power references can be calculated using 

filters, splitting the power among the storage devices  

 

depending on their response times. The low-frequency 

power part is assigned to the battery, and the rest is 

absorbed/supplied by the SC.  

 
Fig. 5. EMS based on a low-pass filter 

 

Although the linear filtering is not sufficient to 

optimally distribute the power, it can be used as a first 

power distribution algorithm. These references will 

then be adjusted using more complex algorithms 

depending on multiple variables and factors. 

 

5 Control strategies 
The appropriate control strategy is necessary for 

detection of the mode of operation, controlling the 

direction and amount of power transfer to and from 

the storage unit, and seamless transition between 

modes, ensuring stability and power quality. This is 

especially important in the islanded mode of operation. 

The control algorithm of dc/dc converters is 

shown in Fig. 6. 

 
Fig.6. The control algorithm of the dc-dc converters 

 

The SC side dc/dc converter control consists of 

two control loops. The outer voltage loop keeps 

constant the dc bus voltage and the inner loop controls 

the SC current. The control of the battery has one loop 

to control the current of the battery. The power 

through the inverter is filtered and the low-frequency 

part is used as a part of the reference signal. Another 

part is generated by a PI controller in order to 

maintain the average current of the SC. The Pulse 

Width Modulation (PWM) technique is used to 

generate the switching signals for solid-state switches. 

The control algorithm of the two-level inverter 

is shown in Fig. 7. 

As the HESS must be capable of working in 

grid-connected and isolated mode, the control 

algorithm is adapted to each operation mode. When 

the microgrid is operating isolated, the inverter fixes 

the AC side voltage and frequency. When it is 

connected to the grid the active and reactive power 

injected to the grid are controlled. 

When the microgrid is connected to the main 

grid the Phase-Locked Loop (PLL) locks the phase of 

the main grid and this reference is used by the 

inverter to inject or absorb power in the grid. In this 

operation mode, the inner current controllers are the 

same as of another mode, and the current references 

are directly generated from the active and reactive 

power references. The transition between both control 

modes is smoothed restarting the PIs of the grid-

disconnected mode with the last value of the grid-

connected mode as the initial value.  
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Fig. 7. The control algorithm of the three-phase inverter 

 

6 Conclusion 
This paper represented an approach to a Hybrid 

Energy Storage design. The active hybrid topology is 

considered by the authors as the best choice due to 

control flexibility and the battery and SC utilization. 

Power converters schemes have been reviewed. Bi-

directional buck-boost converter for active hybrid 

topology can be applied to provide the best 

controllability of the sources. In order to reduce 

current ripples, the bi-directional three-phase 

interleaved dc-dc converter topology can be utilized. 

Due to the high energy density of Li-ion battery and 

high power density of supercapacitor, they are suitable 

for the treatment of the low-frequency power and high-

frequency power respectively. The low-pass filter is 

adopted in this paper to decompose the low-frequency 

power and high-frequency power of loads for the 

battery and the supercapacitor. The performance 

obtained by this method is prolonging the service life 

of the battery. The control algorithms for dc/dc 

converters and dc/ac converters have been reviewed. 

The important requirement of HESS for the grid 

application is that the inverter is controlled by the 

unified control method, thus the islanding and grid-

connected operation can be seamlessly switched. 
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