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This paper implements and compares the existing power supply converters
for an energy storage system to determine the best suited for the smart grid
application. A survey of different DC-DC converters is carried out to
analyze the battery's overall performance. The main objective is to identify
this application's most appropriate energy storage device. The advantages of
this technology have high efficiency and reliability, which can connect
various energy sources and reduce conduction losses in the power
converters. Through the converter control, reference currents are imposed to
charge the battery. The battery nominal voltage needs to change to see which
type of converter is the most suitable and robust. Simulation results show
that the operating ranges of boost-buck, buck-boost, and buck-boost
converters with negative output voltage enhance the efficiency of battery
and renewable energy sources and compared the DC converters to know the
functional voltage for the energy storage system. The power converter's

efficiency and control facility will allow us to link the energy storage system
with the power grid. The overall installation is established using
MATLAB/Simulink software.
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1. INTRODUCTION

The techniques for designing and producing power converters are mainly based on the association
and assembly of discrete components. Thus, a converter can be seen as a set of passive and active
components interconnected to perform the desired function for a given specification. Each component must
then be chosen according to the constraints that will be imposed on it by these specifications. This approach,
therefore, requires a specific study for each function to be performed, which will have several consequences
[1]. Each new application corresponds to a new converter, which systematically reviews and redesigns new
conversion structures and proves costly in terms of time and money. Eventually, this can lead to specific
technological developments that also affect the cost of developing power converters solutions [2], [3].
Regulating the conversion functions and the complex coupled electrical, magnetic, thermal, and mechanical
phenomena involved in the operation of a power converter requires an excellent knowledge of power
electronics reserved for specialists in this field only. Moreover, with the current integration process, this point
becomes more critical. The three preceding points induce significant development times and costs, thus
limiting the generalization of a power converter with high conversion efficiency in consumer and industrial
applications [4], [5]. This leads to reducing the penetration of power converters in mass applications, which
would reduce our consumers' energy bills.
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Energy sources in local settings are excluded from use in low or medium power applications,
including micro-grids and industrial areas situated at higher power ranges [6], [7]. These regionally
distributed energy sources present opportunities for enhancing load balancing among various power supply
modules. Their operation relies primarily on the communication channel, resulting in a heightened risk of
failures, reduced load regulation, and intricate implementation, all of which contribute to elevated
manufacturing and maintenance expenses. Nonetheless, the progress of photovoltaic systems has drawn
attention to numerous factors that have a direct impact on the performance of this technology [8], [9]. The
power converters and storage devices (battery) are the disciplines in which we seek to design and analyze
an electrical system ensuring the transfer of power from an energy source to a receiver and guaranteeing the
highest possible energy efficiency while limiting losses as much as possible [9], [10]. The power converter
is a device composed of electronically controlled switches. This commute, i.e., oscillates between an on-
state and an off-state. The frequency of these switching is generally relatively high, of the order of a few
kilo-Hertz, or even a few tens of kilo-Hertz. Such a converter is commonly called a static converter because
it does not include any moving mechanical component. Static converters are used to shape an electrical
wave. They allow, for example, to modify the voltage or current waveform to adapt it to the receiver's
needs. The power dissipated during the transfer has a loss due to the imperfections of its components which
make up using the converters [9].

Many research have been done on a multiple-power converter based on distributed power systems
in other systems to handle multiple input sources. Most system configurations adopted from previous
research rely solely on localized converters with extensive communication capabilities or on a decision
agent mechanism technique, described in [11], [12]. Multi-converter systems designed for communication
and battery applications exhibit exceptional load regulation and robust load-sharing capabilities [13], [14].
However, this particular system is specialized and tailored for specific tasks, rendering it unsuitable for the
all-encompassing performance requirements of smart energy systems. The universal input converter
emerges as an optimal choice for distributed generation and smart grid infrastructures, as it can seamlessly
integrate and process energy sources and storage into a unified global unit. The universal keying technology
topology boasts advantages such as cost-effectiveness, higher power density, and simplified management.

Extensive research conducted over the past decade has yielded a wide array of topologies for
multi-input converters. Broadly, multi-input converters can be categorized into two groups: magnetic
coupling converters (MCC) and electrically coupled converters (ECC). Doncker et al. [15] pioneered the
initial literature on single-output topologies after [16], [17] reached a consensus on an idea that applies to
other topologies and multi-input versions. The tri-port converter employs various power flow control
strategies [5], [18]. Nevertheless, the magnetic energy transfer method is sensitive to circuit parameters and
may lead to potentially inaccurate performance, making current disposal capacity a critical consideration
when interfacing with renewable energy sources like fuel cells.

Alternatively, energy transfer methods not only focus on current regulation but primarily
emphasize power flow control. MCCs offer higher power density and flexible output voltage levels,
facilitated by strong and soft switching techniques. However, MCC circuit devices entail a complex load-
sharing implementation compared to other energy sources and storage elements. On the other hand, ECCs
are straightforward and typically operate with less than 10 kW of power [19]. ECCs are often associated
with non-isolated converter topologies, such as buck, boost, and buck-boost. Their power flow control is
relatively simple, and the peripheral circuitry is generally uncomplicated. ECC systems feature less flexible
output voltage, a modular structure, and lower manufacturing costs, rendering them advantageous in various
applications like automotive and communication systems.

In this context, we explored various implementations of multi-input topologies. Zientarski et al.
[20] grouped diverse sources together to achieve high output voltage and employed a time-domain
switching scheme for these channels with multiple inputs, offering a multiplex or a combination of
multiplexing and simultaneous switching topology based on the boosted cell with stack input voltage. Mira
et al. [21] introduced a step-down topology based on the multi-input ECC code, operating with a time-
multiplexed switching model. Kumar et al. [8] investigated sources with varying input levels and proposed
a topology featuring mix-boost and buck-boost switching cells as a front-end application for microgrid
conversion. The combination of Buck and Boost switching cells is integrated into a single unit to share
power, with a bank of battery sources included for the negative output of the buck-boost switching cells.
Mira et al. [22], the use of mixed switch mode and charge pump topology results in a multi-input ECC with
all subsystems having a common point, enabling bi-directional power flow due to inductive coupling. This
approach provides several benefits, such as the ability to transmit power individually or simultaneously
from PV and wind turbines directly to the grid, the capacity to implement maximum power point tracking
(MPPT) for solar systems and wind power, and an extended variable input voltage range for renewable
energy power systems [23], [24]. Zapata et al. [2] also concurred that similar boost cells could constitute a
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multi-input converter system suitable for immobilizer systems, mobile applications, and switch cells
capable of supplying power to various sources. Canciello et al. [25] approached to operate a buck-boost
converter as a bidirectional regulable power bridge between low and high-voltage buses. As a result, the
battery's charge can be utilized and handle overload situations. A flexible and sustainable power generation
scheme is proposed in [26] using flexible fuzzy goal programming to increase the capacity of renewable
sources and reduce emission levels on Earth. The optimal cost solution and flexibility of power demand are
achieved by switching to renewable energy sources.

The DC-DC converters are presented in most applications of low, medium, and high voltage or
current. Researchers in every sector are launching new research technology aiming to improve and solve
many issues related to power converters to enhance new technology associated with challenges and
requirements which have been brought recently in the power converters applications. Power electronics and
converters always help to solve problems of industrial and residential power losses and support energy
development, opening the gap for new opportunities and improving the quality of power supply. Thus, it is a
reality that power converters and their technologies can be a major considerable research topic in power
system engineering. In this paper, we present the study of the different types of existing converters and
batteries to choose the most suitable for the smart grid system and can solve the problem of intermittency of
the operation of renewable energy sources. We compared the different operating ranges of boost-buck,
buck-boost, and buck-boost with negative output voltage using MATLAB simulation. Then we studied the
DC-DC converters capable of feeding the battery storage. Each converter's control strategy is determined
and chosen for the best topology.

The primary contributions of this paper can be summarized as: i) Devising a control scheme for
switched-mode converters aimed at facilitating rapid energy storage and delivery to batteries while meeting
desired energy levels; ii) Analyzing the operating ranges of boost-buck, buck-boost, and buck-boost (-Vour)
converters to enhance the efficiency of battery and renewable energy sources; and iii) Comparing the DC
converters to know the functional voltage for the energy storage system. The rest of the paper is sorted as: i)
Section 2 studies the converters used in an energy storage system; ii) Section 3 described the operational
technique of different DC converters; iii) Section 4 presents the simulation results of the proposed research
work; iv) Section 5 summarized the functional voltage of the converters for the energy storage system; and v)
Section 6 concludes the paper.

2. STUDY OF CONVERTERS USED IN ENERGY STORAGE SYSTEMS

DC converters play a vital role in energy storage systems (ESS) by facilitating efficient power
conversion and bidirectional energy flow between storage devices and the grid. As the demand for renewable
energy integration and grid stability increases, the importance of energy storage systems and their associated
DC converters becomes more significant. Energy storage systems have gained prominence as a crucial
element in modern power systems due to their ability to mitigate renewable energy intermittency, support
grid stabilization, and enhance overall system efficiency. DC converters serve as an interface between energy
storage devices (e.g., batteries, supercapacitors) and the AC grid, allowing for efficient energy conversion
and optimal power management. They are essential for converting the DC output of energy storage devices
into usable AC power for the grid or vice versa. These converters enable bidirectional power flow, allowing
energy to be stored in the system when there is excess generation or to be released to the grid when demand
exceeds supply. A study has been done to compare the existing power supply converters for an energy
storage system to determine the best suited for our application. This technology has many advantages [27],
such as high efficiency and reliability, connecting various energy sources, and reducing conduction losses in
power switches. The main disadvantages of this technology are magnetic losses, eddy current losses, and
losses in passive components. Despite its losses, switched-mode power supplies have an efficiency of
between 65% and 90%, while linear power supplies reach between 35% and 55% [28]. Through the converter
control, reference currents are imposed to charge the battery. We will also change the battery's nominal
voltage to see which type of converter is the most suitable and robust.

3. OPERATIONAL TECHNIQUE OF DIFFERENT DC CONVERTERS
3.1. Operational equations of the boost-buck converter

The DC-DC converter utilized in this system functions as a switching power supply capable of both
stepping up and stepping down the output voltage. This converter is integrated with a Li-ion battery. The
battery model is linked to a DC voltage source through a series resistor. The equivalent circuit and the
configuration of the bidirectional boost-buck converter can be observed in Figure 1. In its operation, the
converter shifts into boost mode for discharging and switches to buck mode when charging the battery.
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Storage System

Figure 1. Equivalent circuit diagram of a battery with bidirectional boost-buck converter

In a boost-buck converter, the control source voltage typically refers to the voltage that controls the
duty cycle of the switch in the converter. This voltage is often derived from a feedback mechanism to
regulate the output voltage. The precise formula for the control source voltage in a boost-buck converter
depends on the control strategy used, such as voltage mode control or current mode control. In this approach,
the precise formula for control voltage V,(t) is introduced in (1).

Ve(t) = Aexp (B [, lodt) + Vo — Ryl — K —2 1)

t
Q-Jy Iodt

Where Vj is the nominal voltage, lo is the nominal current, and K is the bias voltage of the battery. The
following relationship represents the control source of voltage shown in (2).

Ve = Aexp (=B [} Ldt) + V, @)

Where A is the exponential voltage and B is the exponential capacity of the battery, and (3) represents the
variable resistor.

Ry =R=R;+k—2 ©)

t
Q-Jp Iodt

Where R; is the number of resistors and Q is the capacity of the battery. We will now establish the equations
with the fixed resistor R to extract the control law [29] by analyzing in (4)-(34). This converter comprises
switches and diodes, each of which can be on or off. When the switch is on, the voltage Vi is entire across
the inductor. When S;and S; are on:

daly,

Vin =1L dt (4)
1 dl
sz = d_tL ©)
1 dvc
7 (v = Vo) = =0 (6)
dy,
== ™
Then, we get the state model
XA, +UB, =X 8
With:
_ [Vin
v=y] ®
_ [k
X = [vc] (10)

This allows us to establish the following matrix:

Int J Pow Elec & Dri Syst, Vol. 15, No. 2, June 2024: 913-924



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 917

daly,

1
Lol o 1[0 0
P B L3 R R 1 ay
RC

0 c RC
dt

When S1 and S2 are closed, the current flows through the circuit shown in Figure 2.

Storage System

Figure 2. Diagram of the boost-buck converter when the switch is blocked

When S is blocked and D on:

Vin = Vet L dt (12)

1 1 dl

zVin_ zvczd_tL (13)

1 dy,

1 1 dy,

Vo —ve) +21, =—¢ (15)
Then we get the state model:

This allows us to establish the following matrix:

20
A IS
dVC VO 0 i vC
RC

The following equality is used to determine the mean of the state model in (18):

1

L

1 @an

RC

alr O

XA+UB=X (18)
As well:
A=d.Ai+ 1—-d)A,andB =d.B; + (1—-d)B, (19)

Where d is the duty cycle of the converter. We use the two matrices previously determined to obtain A and B
in (20):

0 - 0 0
A=QA-d)|, T|+d|, L (20)
¢ ke R

and:
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£ oo
B=ﬂ—d)8_i+d8 1 (21)
RC RC
Therefore, we obtain:
[0 -0
A=|,45 1 (22)
L C RC
and:
o
B=|t | (23)
0 -
| RC
This can be written as:
dal
Vin— (A=), = d_tL (24)
1 1-d 1 dy,
EVO‘FTIL_ EVC ZCE (25)
We will only focus on current regulations in (26) so we will use the dynamic current equation.
dal
Vin— 1=y, = —= (26)

dt

To maintain current regulation, a proportional-integral (PI) controller is employed. The new input,
denoted as u and representing the regulator's output, is defined in (27).

-
u=1L " (27)
By employing the Laplace transform, the following expression is derived in (28).

Consider G as the open-loop current transfer function, defined in (29).
G=,=1" (29)

The controller will produce the boost command based on the signal representing the difference between the
setpoint I rer and the inductor current 1. The transfer function of the controller is expressed in (30).

&=%+K (30)

The transfer function in the closed-loop system of the controller linked with the PV system is defined in (31).

, K;+KpS K;+KpS
PV __ L _ L 31
II*JV %+52+5m wl-2+52+25wi{ ( )

L

In this context, lpy stands for the current error, while I"py represents the reference current for the PV system.
This process facilitates the identification of the coefficients K, and Ki:

Kp = 2Lw;é — R, (32)
and:

The control law is analyzed in (34) and (35).
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L=y, —(1-dv.=u (34)

dt

u-Vin

d= +1 (35)

Ve

The PWM modulation method is employed for producing trigger pulses to manage the converter
switch. The control schematic of the boost-buck converter is depicted in Figure 3. Through the utilization of
the controlled voltage source Vin, the boost-buck converter is controlled by comparing the real-time current
with the reference current, which can assume values of 10 A, -10 A, -20 A, and 20 A. The battery undergoes
discharging when the reference current is negative and charging when the reference current is positive. Four
simulations were carried out with this converter. For each simulation, the nominal voltage of the Li-ion
battery used in the MATLAB software, with the modified value Vpa = 250 V, Vpat = 350 V, Vpar = 500 V, and
Vbat = 650 V. The input voltage Vin is fixed at 500 V. The components of the boost-buck converter have the
value of L =10 mH and C = 4500 pF.

Converter
—>
Ly u RS 4 Switch S1
Ve PWM
_>{>0_> Converter
Switch S2
I m

Figure 3. The control scheme of the boost-buck converter

3.2. Operational equations of the buck-boost converter

The DC-DC converter in use serves as a bidirectional switching power supply, capable of both
stepping down and stepping up the output voltage as needed. This converter is paired with a Li-ion battery,
with the battery model connected to a DC voltage source via a series resistor. Figure 4 provides a visual
representation of the equivalent circuit and the configuration of the bidirectional buck-boost converter. In its
operational modes, the converter charges the battery in buck mode and discharges it in boost mode.

The method employed here is PWM modulation, which generates the trigger pulses to manage the
converter switch. Figure 5 illustrates the control diagram of the buck-boost converter. Utilizing the controlled
voltage source Vin, the buck-boost converter is adjusted by comparing the real-time current with the reference
current, which can assume values of 10 A, -10 A, -20 A, and 20 A.

Charging occurs when the reference current is positive, while discharging takes place when the
reference current is negative. Four simulations were carried out with this converter. For each simulation, the
nominal voltage of the Li-ion battery used in the MATLAB software, with the modified value Vpa = 250 V,
Vpat = 350 V, Vpar = 500 V, and Vpar = 650 V. The input voltage Vi, is fixed at 500 V. The components of the
buck-boost converter have the value of L = 10 mH and C = 4500 pF. The control law of the buck-boost
converter using (35) is given in (36).

d=1-"in (36)

Ve

Storage System

Rl m{“ ! | / 7 d __,, Converter
| ret ’ -u +Vm S it h SZ
J_ ¥ _l_ | | L H 1 = > Wil witc!
Vi S5 ¢ l'(: Vol Y > oy Converter
T : i L M r Switch S1
Figure 4. Circuit diagram of Figure 5. The control scheme of
the buck-boost converter the buck-boost converter

3.3. Operational equations of the buck-boost converter with negative output voltage

Figure 6 depicts the general topology of the buck-boost converter with a negative output voltage.
The control law in (36), which was previously analyzed for the buck-boost converter, is applied in this
configuration. This control strategy ensures efficient regulation of the converter's output in the presence of a
negative voltage requirement.
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Vm“{ 5 s RET o ——

Figure 6. Circuit diagram of the buck-boost converter with negative output voltage
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4.  SIMULATION RESULTS
4.1. Simulation results using the boost-buck converter

The simulation results indicate that the boost-buck converter is unable to charge or discharge the
battery when the nominal battery voltage is set at 250 V and 350 V, as depicted in Figures 7(a) and 7(b).
However, the converter exhibits the capability to charge or discharge the battery effectively at a nominal
battery voltage of 500 V and 650 V, as illustrated in Figures 7(c) and 7(d). The total simulation is run for 0.7 s.
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Figure 7. Battery states of charge with boost-buck converter for (a) 250 V, (b) 350 V, (c) 500 V, and (d) 650 V

4.2. Simulation results using the buck-boost converter

The simulation results demonstrate that the buck-boost converter is capable of charging or discharging
the battery when the nominal battery voltage is set at 250 V and 350 V, as depicted in Figures 8(a) and 8(b).
Conversely, the converter exhibits an inability to charge or discharge the battery at a nominal battery voltage of
500 V and 650 V, as shown in Figures 8(c) and 8(d). The total simulation is run for 0.7 s.

4.3. Simulation results using the buck-boost converter with negative output voltage

The simulation results show that the buck-boost converter with negative output voltage has the
capability to charge or discharge the battery at all the nominal battery voltages of 250 V, 350 V, 500 V, and
650 V shown in Figures 9(a) to 9(d). The battery current has been changed to observe the system-on-chip
(SOC) conditions. The total simulation is run for 0.7 s.
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Figure 9. Battery states of charge with modified buck-boost converter for (a) 250 V, (b) 350 V, (c) 500 V,
and (d) 650 V
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5. RESULTANT FUNCTIONAL VOLTAGE OF THE CONVERTERS

We summarize the converters used to know which voltage is functional for the energy storage
system. Table 1 shows, the buck-boost converter with negative output voltage only can operate regardless of
the value of the nominal battery voltage. Besides, all the converters are capable of bidirectional power flow.

Table 1. Summary of converters usable in an energy storage system

Converters Vhat >Vin Vbat =Vin Vhat <Vin Bidirectional

Boost-buck Capable Capable Incapable Capable

Buck-boost Incapable Incapable Capable Capable
Buck-boost (-Vou) Capable Capable Capable Capable

6. CONCLUSION

The study of the different types of existing converters and batteries are carried out to choose the
most suitable in term of performance for the smart grid application system. We analyzed the different
operating ranges of boost-buck, buck-boost, and buck-boost with negative output voltage using MATLAB
simulation. Then we studied the DC-DC converters capable of feeding the energy storage system. Each
converter's control strategy is determined and chosen for the best topology. These converters help the
batteries store a desired amount of energy and then return it to a grid at the desired speed. It is beneficial to
store power from solar panels or wind turbines without wastage. The adaptability of a switched-mode power
converter is appropriate for charging or discharging a battery. Also, the simplicity of the control techniques
of converters gives significant efficiency. It seems efficient to use a bidirectional converter for the smart grid
application to charge or discharge the battery without any constraints. Buck-boost converter with negative
output voltage can operate regardless of the value of the nominal battery voltage. For the future scope of this
research, boost-buck, buck-boost, and buck-boost (-Vou) converters could be implemented in the smart grid
application to charge and discharge the vehicle's storage (battery) system as it is capable of bidirectional
power flow to supply or absorb the power from the electrical network. To achieve a power network devoid of
disturbances, it is possible to create filters that are specifically designed to offset the reactive power and
harmonic currents produced by the power electronics converter.
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