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Abstract: The present paper proposes an integrated method for modelling and designing Energy
Storage Systems (ESSs) based on Sodium Metal Halide Batteries (SMHBs). The implementation of
the proposed methodology for designing an SMHB-ESS used for supporting telecommunication DC
microgrids is presented. The motivation concerning this specific case study is the role assumed by bat-
tery technology in improving the reliability and robustness of telecommunication DC microgrids. In
this context, the SMHBs, due to their operative temperature, dynamic power response and robustness
against cell breakdown, represent one of the most suitable technologies, mainly when challenging
environmental conditions occur. The motivation for implementing an integrated design approach
is the non-linear behaviour of SMHBs, which requires a high accuracy in battery modelling and in
managing DC-DC interfacing for full SMHB capacity exploitation. To highlight the advantages of this
novel approach, a comparison between the SMHB- ESS designs considering, as the DC-DC converter,
a buck–boost topology actually implemented in the commercial systems and a Dual-Active-Bridge
(DAB) converter, specifically developed for this kind of battery, was investigated. Considering differ-
ent operating conditions in a specific DC telecommunication microgrid, the designed configurations
of SMHB ESSs were simulated. Finally, a comparison of simulation results is presented and discussed,
highlighting that DABs, despite their greater complexity compared to buck–boost converters, present
advantages in terms of flexibility, dynamic performances and efficiency, increasing the available
SMHB capacity by 10%.

Keywords: DC microgrid; energy storage systems; sodium metal halide battery; DC-DC converters
design and sizing; buck–boost converter; DAB converter

1. Introduction

The worldwide demand for information and communication technologies has reg-
istered exponential growth in the last few years, resulting in an increasing request for
telecommunication infrastructures. Specifically, telecom companies have developed tai-
lored solutions to guarantee a reliable communication system able to cover areas unserved
by power systems and characterised by prohibitive locations and challenging weather
conditions. The solutions actually implemented allow for the supply of telecommuni-
cation equipments both in islanded or grid-connected configurations. In particular, the
classification of telecom power systems highlights that most of them can be included in
the cluster of DC microgrids. In this case, the telecommunication devices are interfaced
with each other, complying with specific DC standards. In this context, the energy storage
systems (ESSs) assume a fundamental role because they assure the stabilisation of DC
microgrids, the reinforcement of power quality in the presence of unpredictable variations
in the demand/supply, and reliability during power system outages. At present, the ESSs
implemented in DC telecommunication microgrids are based on electrochemical batteries.
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Currently, the battery technologies used in these applications are mainly lead–acid and
lithium-ion batteries [1–5]. One of the most promising electrochemical technologies for
ESSs in DC telecommunication microgrids is Sodium Metal Halide Batteries (SMHBs).
They can provide short-time and high-peak-power pulses at any operating state of charge
(SoC) [6,7]. Moreover, they are independent of climatic conditions due to their high inner
operative temperature. Another specific feature is the sodium metal halide cells’ capability
to work under short-circuit conditions. This property allows for bypassing the faulty cell
using itself as a short circuit, preserving the battery string functionality and reliability of
the ESSs. Furthermore, recent studies [8] have shown that, by accurately modelling SMHBs,
it is possible to fully exploit the available capacity concerning previous models [8,9]. In fact,
the non-linear behaviour of SMHBs makes the battery energy management challenging at
SoC values lower than 30% when standard electrical models are used. This is due to the iron
doping of SMHBs, which increases the battery power density and power pulse response
but introduces significant non-linearity for SoC values lower that 40%. For this reason, the
available SMHB capacity in commercial products is limited to safely performing battery
management, fixing the minimum SoC value in a range between 40–20%. The electrical
modelling reported in [8] overcomes this issue by reconstructing iron doping effects and
allowing for an accurate mimicking of SMHBs voltage evolutions for any load condition
until an SoC of 10%. This solution opens new opportunities for increasing the available
capacity in SMHBs and detecting cell faults at any SoC value. The implementation of the
advanced modelling also implies the possibility of increasing the operative battery capacity
or reducing the number of cells per string concerning that commonly installed in SMHBs for
telecommunication applications, keeping the operating ESS capacity unchanged. However,
to fully exploit the SMHB potential in ESSs, particular attention must be addressed to the
DC-DC converter used to interface the SMHB. Specifically, it has to be characterised by
a high flexibility, accuracy in managing battery voltage and current and tailored control
based on the SMHB modelling. Moreover, the management of power flow between ESS
and microgrid requires the battery charging and discharging, imposing the implementation
of a bidirectional DC-DC converter. In this context, a novel design approach aimed at
integrating advanced SMHB modelling to improve the energy performance of SMHB-ESSs
for DC telecom microgrids is proposed. Regarding the electrochemical battery, the devel-
oped modelling and the analysis refer to a commercial SMHB module produced by the
FZSoNick (model 48TL200) for telecommunication applications. The management of the
telecom SMHB refers to the advanced modelling experimentally validated and reported
in [8]. Regarding the DC-DC converter, various topologies for energy storage applications
have been proposed. The buck-boost converter is one of the most popular converters in
ESSs due to its simple structure and high efficiency. Moreover, it can be implemented in
a wide range of powers, resulting in an interleaved configuration.For ESS applications
requiring a high voltage and isolation, the transformer-based converter being a flyback or
push–pull converter can be a suitable solution. However, these converters lead to heavy
and oversized structures with a lower efficiency than buck–boost converters due to the
higher number of middle blocks and components used. The cascaded converters are suit-
able for high-gain approaches, and since there is only one switch per block, the control
process is simple. Although their gains are highly achievable, cascaded converters present
a low efficiency, especially for high serial numbers blocks. The switched-capacitor (SC)
and switched-inductor-based (SI) DC-DC boost converters overcome the above-mentioned
issues. Another type of DC-DC boost converter is the coupled-inductor-based converter.
Although the number of turns in the inductor is an essential parameter for determining
the converter’s voltage gain, the input current levels increase by enhancing the number
of turns, which causes high-level input currents with large ripples that will impact the
long life of the inductor and input capacitor [10,11]. Among these topologies, the authors
have focused their attention on the bidirectional buck–boost converter because it is actually
implemented in the commercial systems, and on a Dual Active Bridge (DAB) because it is
characterised by a simple topological structure, galvanic isolation, a large input–output
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voltage range, a scalable power range, a high conversion efficiency, a high power density
and a dynamic performance. These features make DABs one of the most interesting DC-
DC topologies for managing the power flow between the SMHB and microgrid [12–15].
Defining the bidirectional DC-DC converter topologies under evaluation, an integrated
design methodology suitable for implementing an advanced SMHB model in ESSs for
fully exploiting the SMHB capacity was developed and implemented. In particular, a
configuration of SMHB-ESS characterised by a lower number of cells per string with the
same operative capacity as the commercial one was designed. This solution represents
a significant competitive advantage because it allows for the achievement of the same
performance at a lower cost and represents the application fallout of the proposed activity.
To verify the performance and demonstrate the feasibility of using the proposed SMHB-ESS
in DC telecom applications, a design was developed considering an SMHB whose string
has 16 cells connected in series instead of 18 and a rated battery voltage of 39 V instead of
of 46.5, with an operating capacity range of 90–10% and an output rated voltage of 48 V.
The design specification requires that the converters and the filtering elements allow the
buck–boost operation to operate in continuous conduction mode and the DAB to operate in
Zero Voltage Switching (ZVS) in wide operating conditions. Regarding the control system,
a feed-forward control algorithm based on SMHB modelling was synthesised in order
to perform a comparative analysis between buck–boost and DAB converters that is not
influenced by the specific feedback control techniques implemented. The paper is organ-
ised as follows: the standards for telecom applications is firstly introduced, and then the
typical operation of an SMHB and its modelling is presented. Subsequently, bidirectional
DC-DC converters topologies are analysed. Finally, the topologies and control strategies are
presented by extensive simulation studies in the MATLAB/Simulink and SimPowerSystem
environment, and the results obtained are compared and discussed.

2. Telecommunication Standards

The system under analysis comprises an SMHB coupled to the telecom DC microgrid
through a DC-DC converter. In order to define the design specifications, it is important
to summarise the standards related to telecommunication systems. The reference regula-
tory framework is reported in “ETSI EN 300 132” [16–18]. It is composed of three parts
that define, for specific cases, the electrical requirements of the power supply of telecom
equipment at the interface. Figure 1 reports the block diagram that summarises the appli-
cation voltage rating and the standard correspondent part. The first part deals with the
connection standards in the case of an AC network supply, the second one refers to the
48 V DC network and the third one considers the standards in the case of a supply voltage
of 400 V DC.

Figure 1. General identification of the interfaces in ETSI EN 300 132 standard.
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The focus of this paper is on the part that defines the normal service voltage range and
the abnormal service voltage range for the interface at the 48 VDC as reported in Table 1.

Table 1. Normal and abnormal service voltage interval at the interface “Ax” according to the standard
“ETSI EN 300 132:part 2”.

Admissible voltage range in normal operation Performance criteria

From 40.5 V to 57.0 V No degradation in the service performance
during and after the test

Admissible voltage range in abnormal operation

From 40.5 V to 60.0 V Self-restart to a normal service of the equip-
ment without operator intervention

These requirements shall be verified by the power supply and the ICT equipment at
the interface “Ax”. The testing and measurement techniques are described in CENELEC EN
31000-4-29 [7]. Typically, the classification groups ICT equipment into three main categories:
Ground Base Tower (GBS), Rooftop Tower (RTT) and Rooftop Pole Tower (RTP). Each tower
is composed of both active and passive components. Active components consist of the
Base Transceiver Station (BTS), transmitter and receiving modules, a mobile switching
centre and a multiplexer. Passive components consist of antenna mounting structures,
equipment housings, etc. The energy consumption of a telecommunication tower can vary
considerably depending on various factors, such as indoor or outdoor installation, the
number of receivers and transmitters and auxiliary loads. The technical literature reports
examples of typical loads for telecommunication systems [19–22]. The proposed analysis
considers a DC steady-state power demand of 2 kW.

3. Sodium Metal Halide Batteries

Sodium metal halide batteries are second-generation electrochemical batteries made
of available and recyclable elements. Figure 2 shows a schematic representation of a
sodium metal halide cell (SMHC) with the main elements of these batteries. The cathode is
composed of nickel chloride (NiCl2) and sodium aluminate tetrachloride (NaAlCl4), which
promotes the flow of ions through the ceramic layer and a current nickel collector. The
anode is made up of liquid metallic sodium. The ceramic layer of β-alumina guarantees the
electrical insulation between the cathode and the anode, which also allows for the selective
migration of sodium ions Na+ that are the inner battery charge carriers, as can be deduced
from (1).

NiCl2 + 2Na � 2NaCl + Ni @OCVni = 2.58 V (1)

Figure 3 shows a schematic representation of the chemical reactions inside the cell.
During the charging process, sodium chloride reacts with nickel to generate nickel chloride,
whereas, during the discharging phase, the nickel chloride and liquid metallic sodium
react to generate sodium chloride and solid nickel. The reaction front moves away from
the electrolyte when the battery is discharged, and this phenomenon determines the
characteristic increase in the internal resistance for this type of battery. Doping the cathode
with active iron materials increases the SMHC power density. Iron operates in the SMHC
in the same way as nickel, as shown by (2), but at an Open Circuit Voltage OCVf e equal to
2.35 V.

FeCl2 + 2Na � 2NaCl + Fe @OCVf e = 2.35 V (2)

The reaction that affects nickel occurs at an OCVni of 2.58 V, which is higher than the
voltage of the iron reaction (2.35 V). This electrochemical configuration makes the dynamic
modelling of the SMHB a particularly complex task, especially at SoC values lower than
40%, where the SMHB voltage assumes values for which both reactions can be performed
simultaneously [8].
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Figure 2. Schematic representation of sodium metal halide cell.

Figure 3. A schematic description of the SMHC during the discharge phase.

A detailed description of the chemical phenomena occurring in the SMHB at SoC
values lower that 40% is reported in [9,23].

The rated voltage of the SMHC is equal to 2.58 V. Therefore, the series connection
of an appropriate number of cells allows for the achievement of specified values of rated
voltage suitable for the telecommunication DC microgrid. Specifically, the proposed case
study considers a microgrid DC-rated voltage of 48 V according to ETSI EN 300 132—Part
2 standard. Hence, the minimum number of SMHCs composing the SMHB string is 18.

4. Electrical Model of SMHB

As reported in the previous section, the electrical modelling of SMHBs is particularly
complex due to the effects associated with the existence of two different reactions occurring
at the same time. This phenomenon assumes a significant relevance for SoC values lower
than 40% because a higher probability of having the two reactions makes using a linear
electrical model difficult. In particular, if the discharging process requires a power peak,
this can cause a voltage drop that brings the SMHB voltage below the triggering voltage of
both reactions.

In order to model this behaviour during charging and discharging, the standard elec-
trical model might not be sufficient. A Thevénin equivalent circuit, shown in Figure 4, that
reproduces the SMHB voltage evolution accurately was recently proposed and validated [8].
The proposed equivalent electrical circuit comprises a voltage generator, one series resis-
tor and two RC branches. Moreover, to account for the phenomena associated with iron
doping, two equal resistors representing the equivalent inner resistance of iron-based cells
powered by a variable voltage generator are placed in parallel with the Thevénin circuit.
The variable voltage generator depends on the battery voltage and the currents flowing
in the iron resistances. The introduction of two properly managed switches allows for the
accurate mimicking of the phenomena related to the iron reaction.
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A more detailed description of the iron-doped SMHB model and the chemical phe-
nomena occurring in the SMHB is reported in [8].

Figure 4. Advanced electrical model of SMHB including iron-doping effects.

5. Buck–Boost Converter Configuration

The commercial SMHB-ESSs installed in DC telecom microgrids perform the power
flow management using a buck–boost converter shown in Figure 5. This DC-DC converter
allows for bidirectional power flow management, resulting in a variable-structure configu-
ration. Specifically, the management of switches S1 and S2 allows the passage from the buck
to boost configuration. Specifically, keeping the switch S1 permanently off, a boost DC-DC
converter supplied by the battery is achieved. The power delivered by the battery to the
DC microgrid can be appropriately controlled by modulating the switch S2. On the other
hand, keeping the switch S2 permanently off, a buck DC-DC converter supplied by the
DC microgrid is fulfilled, permitting the battery charging through switch S1 modulation.
Indeed, this kind of buck–boost converter in commercial telecom SMHB-ESSs is mainly
used as a battery charger because the forward bias of the diode D1 assures the battery
supply of the DC microgrid during grid outages . This solution implies that the rated
battery voltages must be within the range imposed by telecom standards. For this reason,
monitoring battery voltage is mandatory to prevent the drop caused by discharging and
self-discharge. Toward this aim, the buck converter has to charge the battery, imposing a
controlled voltage evolution on the battery side so that the constant current/voltage mode
can be imposed, according to the Battery Management System (BMS) control rules. In
SMHBs, this configuration has another essential function. If faults on SMHCs occur, the
control of battery string voltage compensates for the voltage drop caused by the short circuit
of faulty cells. In this context, the boost mode is helpful to compensate for the reduction in
the battery voltage, guaranteeing the output voltage according to the telecom standards of
ESSs during discharging and in the presence of SMHC faults. Moreover, considering the
possibility of better exploiting the battery’s capacity by properly controlling the discharging
process, the boost DC-DC converter can be used to decrease the number of cells per string,
consequently reducing the cost. For this reason, the design and analysis reported in the
paper were performed considering a rated battery voltage of 39 V corresponding to a
number of cells per string in an SMHB equal to 16. This means that the number of cells is
reduced by 10%.
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Figure 5. Topology of single-phase bidirectional buck–boost converter.

Design of the Buck–Boost Converter for Proposed SMHB-ESS

The design of inductance L has to guarantee a continuous conducting mode (CCM) in a
wide operative range. Typically, the inductor current of the buck–boost converter goes from
the positive to the negative direction and then swings back. Consequently, the inductor
selection must keep the current positive in operative conditions. Equation (3) shows the
well-known relation among the peak inductor current Ipeak, the minimum inductor current
Imin and the input and output voltage Vin e Vout [24]. This results in:

∆I =
1
2
∗ Vin −Vout

L
∗ Vout

Vin
∗ Ts

Iload =
PoutBB

Vout

Ipeak = Iload + ∆I

Imin = Iload − ∆I

(3)

where ∆I is the inductor current ripple, Iload is the load current, Ts is the switching period
and PoutBB is the buck–boost converter load power. Assuming that the battery voltage is
equal to Vbatt = 39 V and the DC-DC output voltage on the network side ranges between
Vgrid = 40–50 V, during the buck mode operation and Vgrid = 50–57 V during the boost
mode, it is possible, using Equation (3), to evaluate the evolution of the maximum and
minimum current concerning the inductor size. Figures 6 and 7 show the maximum and
minimum currents vs. inductance for the buck and boost mode, respectively, referring to a
power demand equal to 2 kW and a switching frequency of 25 kHz.

Figure 6. Inductor current during buck mode. Ipeak with Vgrid = 50 V (green curve), Ipeak with
Vgrid = 40 V (blue curve), Imin with Vgrid = 50 V (red curve) and Imin with Vgrid = 40 V (cyan curve).
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Figure 7. Inductor current during boost mode. Ipeak with Vgrid = 57 V (green curve), Ipeak with
Vgrid = 50 V (blue curve), Imin with Vgrid = 50 V (cyan curve) and Imin with Vgrid = 57 V (red curve).

It can be observed that the inductance must be greater than 13.1 µH to guarantee
a positive inductor current in the defined operative conditions. The low-voltage side
capacitor was designed considering a low pass filter with a cut-off frequency 40 times
smaller than the switching frequency.

fc =
1

2 ∗ π ∗
√

L ∗ Clow
(4)

Analogously, the high-voltage side capacitor was designed in order to limit the output
voltage ripple in accordance with Equation (5). Assuming Vgrid = 50 V, in the middle of
the range disposed by the standards, and the duty cycle D equal to 0.78, Chigh is equal to
1.75 mF with a voltage ripple of 5 volts.

∆Vgrid =
Vgrid

R
∗ D ∗ Ts

C
(5)

In Table 2, the main parameters of the designed buck–boost converter for the proposed
configuration of the SMHB-ESS are reported.

Table 2. Buck–boost converter parameters of proposed SMHB-based ESS.

Parameter Value Unit

Chigh 1.75 mF

Clow 1.75 mF

L 13.1 µH

Switch Parameters

MOSFET on resistance 6 mΩ

Diode on resistance 3.7 mΩ

MOSFET off conductance 1 1/µΩ

Diode off conductance 10 1/µΩ

6. Dual-Active-Bridge Converter Configuration

The dual-active-bridge converter is composed of two H-Bridges coupled by a medium/
high-frequency transformer as shown in Figure 8. Typically, the modulation signal of
the two H-bridges has a duty cycle equal to 50% in order to generate medium/high-
frequency square wave voltage on the transformer. By appropriately controlling the phase
shift between the voltage at the primary and secondary side, it is possible to control the
bidirectional power flow. In particular, if the voltage at the secondary winding of the
transformer lagged concerning the voltage on the primary side, the power is delivered to
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the battery, whereas, if the voltage at the primary side lagged concerning the secondary
side, the power flows towards the grid (battery discharging).

Figure 8. Topology of bidirectional dual-active-bridge converter.

The phase-shift modulation strategies are widely implemented to control the power
flow through the DAB converter. Single-Phase Shift (SPS) [25–27], Double-Phase Shift
(DPS) [28–30] and Triple-Phase Shift (TPS) [31,32] are the most used.

In this paper, SPS and and TPS were considered. The single-phase shift regulates
the bidirectional power flow controlling the delay between the voltages at the primary
and secondary side of the converter. In particular, the modulation signals of switches
S1, S2, S3, S4 and of S5, S6, S7, S8 are managed in accordance with (6) in order to obtain the
desired power flow. Specifically, the output power PoutDAB can be expressed as:

PoutDAB =
VprVse

2 n fsw Lk
· D1(1− D1) (6)

where fsw is the switching frequency, Vpr and Vse are the voltage at the primary and
secondary side of the transformer, respectively, Lk is the transformer leakage inductance
and D1 is the phase shift between the modulation signals of bridges connected to the
primary and secondary winding of the transformer, respectively.

Compared to the SPS, the TPS introduces two degrees of freedom. In fact, TFS manages
the phase shifts between the switches S1 and S4 and between the switches S5 and S8. In
this manner, the TPS improves the converter performance by reducing the current stress on
the Lk. Due to three degrees of freedom, there are 12 different operating modes for TPS,
each having its relation between the phase shifts and the transmission power [31]. The
standard waveforms for SPS and TPS are shown in Figure 9A,B, respectively.

Figure 9. Standard waveforms for SPS (A) and TPS (B) modulations.
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6.1. Design of the DAB Converter for Proposed SMHB-ESS

The DAB design procedures reported in the scientific literature aim to define the main
hardware parameters considering the application specifications and the design targets.
Specifically, the implementation constraints define the input and output voltage operative
range and the rated power. On the other hand, the optimisation target addresses the
evaluation of leakage inductance Lk, switching frequency fsw and the operative range of
phase shift D1 to optimise specific DAB performances. Different DAB design approaches
have been proposed, aiming at: increasing the efficiency at full load; extending the ZVS
operation range; optimizing the current stress behaviour [33,34]. In the present paper,
the DAB design was performed by referring to SPS modulation and considering the
optimisation of the current stress as design criteria. Subsequently, the ZVS operation
range at full load, considering the range of variation in the input and output voltages,
was evaluated.

One of the methodologies for identifying the ZVS area is in [35]. It defines the operating
condition in which ZVS occurs, referring to the DAB phase shift and the voltage gain. By
analysing the waveforms shown in Figure 9A, it is possible to note that the conditions that
the converter must respect during the charging phase are those reported in (7).

ILk(t0) = −I0 < 0

ILk(t3) > 0;

fsw = 1/(2T); Vpr = Vin; Vse
′ = Vout/n;

ILk(t2) = I2 =
Vpr

Lk
· D1 · T −

(
Vpr −Vse

′)
2 · Lk

· T > 0;

(7)

where T is the switching period, Vpr and Vse are the voltage at the primary and secondary
side of the transformer, respectively, Lk is the transformer leakage inductance, ILK is
the leakage inductance current and D1 is the phase shift. Analogously, during battery
discharging, the conditions are expressed as (8):

ILk(t0) = I2 > 0

ILk(t3) < 0

fsw = 1/(2T); Vpr = Vin; Vse
′ = Vout/n

ILk(t2) = −I0 = −Vse
′

Lk
· D1 · T −

(
Vpr −Vse

′)
2 · Lk

· T < 0;

(8)

Solving this equation, it is possible to find a relation between the phase shift and the
converter voltage gain defined as M = Vin/nVout and reported in (9):

D1 ≥
(1−M)

2
For M < 1 Charge

D1 ≥
(M− 1)

2M
For M ≥ 1 Discharge

(9)

Equation (9) define the boundary of the ZVS as a function of the phase shift and M but
do not consider other design parameters such as loads, the switching frequency and circuit
parameters. In order to introduce this aspect, it is necessary to evaluate the phase shift
limits under particular load conditions that minimise the reactive component on the output
current. For this purpose, the relation that links the phase shift to the circuit parameters is
introduced in (10), where the term k = TR/2n2Lk takes into account the load conditions.

M =
Vse

nVpr
= D1 · (1− D1) · k (10)



Energies 2023, 16, 2169 11 of 20

Furthermore, the reactive component on the output current can be evaluated by means
of Equation (11) [35]

λ =
(2D1 − 1 + M)2

8d(1− D1)(1 + M)
+

[(2D1 − 1)M + 1]2

8D1(1− D1)(1 + M)M
(11)

where D1 is the phase shift and M is the voltage gain as defined in (10). Figure 10 shows
the ZVS zone with respect to M and D1. Moreover, the loci on plane M-D1 characterised
by a constant value of k (blue curves) and constant value of λ (red curves) are reported.

Figure 10. Operating regions in ZVS conditions.

In the case under evaluation, the DAB parameters are the DC-link bus voltage Vin,
battery voltage Vout, transformer turn ratio n, inductance Lk (including transformer leakage
inductance) and switching frequency fsw. Regarding the definition of DC-link bus voltage
Vin, it is characterised by a range of variations defined by telecom standards and by the
voltage drop occurring on the distribution line of the DC microgrid. Hence, a minimum
input voltage value Vmin

in occurs during charging at rated power. Similarly, the maximum
input voltage Vmax

in during the discharging condition at rated power appears. In the same
manner, the battery voltage assumes minimum Vmin

out and maximum Vmax
out values according

to the state of charge and the battery current magnitude. The battery model allows for
an evaluation of the defined number of cells of the voltage range boundaries. Defining
the rated power Pr as an input design parameter, (6) highlights that the DAB design has
to be robust to input and voltage variations, assuring a rated power delivery. Hence, the
relation reported in (12) has to be satisfied [36]. Considering the values of input and output
voltages, the transformer turn ratio n was assumed to equal one. The switching frequency
was set to 25 kHz. Employing these assumptions, the evaluation of DAB inductance
Lk can be achieved by implementing the minimisation of current stress design criteria.
Firstly, an estimation of the optimal phase shift Dopt

1 that achieves the minimum peak
current on the transformer at rated power and minimum input voltage can be performed
referring to (13), where Mmax = Vmax

out / Vmin
in . Consequently, the DAB inductance Lk can be

calculated by using (14). The methodology mentioned above was implemented, referring to
the maximum output and minimum input voltages occurring on the DAB. Specifically, the
Mmax and Mmin assume the values of 1.44 and 0.78, respectively. The application of (13) and
(14) allows for an evaluation of Dopt

1 and of the DAB inductance Lk, achieving values equal
to 0.298 and 3.4 µH, respectively. To evaluate the operating condition at a full load regarding
ZVS, the operative points on the plane M-D1 were determined and are reported in Figure 11
using the procedure previously described. The blue trace represents the working conditions
at a full load for M, varying between its maximum and minimum value. The parameter
k = TR/2n2Lk for a defined DAB design depends on just R, which represents the load
condition. The parameter k assumes a rated power value of 6.8. The results highlight that
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the designed DAB at rated power works in the ZVS condition, minimising the current
stress. The results of the DAB design procedure are summarised in Table 3 .

Vmin
in Vmin

out
2 n fsw Lk

= P̂min ≥ Pr (12)

Dopt
1 =

1−Mmax +
√

M2
max − 1

2
(13)

Lk =
Vmin

in Vmax
out Dopt

1 (1− Dopt
1 )

2 n fsw Pr
(14)

Figure 11. Analysis of DAB converter ZVS range at rated power for the case study.

Table 3. DAB converter parameters.

Parameter Symbol Value Unit

Switching Frequency fsw 25 kHz

Death Time tm 600 nsec

Leakage Inductance Lk 3.42 µH

Snubber Capacitance Csnub 200 nF

Grid Side Parameters

Grid Voltage Vgrid 50 V

Grid Resistance Rgrid 0.1 Ω

Grid Capacitance C1 17.5 mF

Battery Side Parameters

Battery Voltage Voc 39 V

Battery Internal Resistance Rbatt 0.04 Ω

Battery Capacitance C2 17.5 mF

Switch Parameters

MOSFET on resistance Ron 6 mΩ

Diode on resistance Ron 3.7 mΩ

MOSFET off conductance Co f f 1 1/µΩ

Diode off conductance Co f f 10 1/µΩ

6.2. Design of the DAB Transformer

The definition of DAB specification in terms of the leakage inductance, power rating
and switching frequency allows for the design of the DAB transformer. In particular,
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referring to the methodologies reported in technical literature, the design of a medium-
frequency transformer suitable for DAB application can be performed considering the
commercially available e-core and Litz-wire [37,38]. Considering a power rate of 2000 VA
and a Mn-Zn ferrite core material type E , the main parameters of the equivalent circuit
of the DAB transformer were estimated and are reported in Table 4. As expected, the
transformer losses are mainly due to the conduction losses due to the use of a low value of
peak flux density (0.35 T) and magnetic material characterised by specific losses a©25 kHz of
approximately 20 W/kg. The equivalent circuit of the DAB transformer was implemented
in the simulation in order to evaluate the behaviour of the proposed DAB configuration.

Table 4. Equivalent circuit DAB transformer parameters.

Parameter Symbol Value Unit

Output Power ADAB 2000 VA

Operating Frequency fn 25 kHz

Linkage Inductance LM 270 µH

Core Losses Equivalent Resistance RM 1000 Ω

Leakage Inductance Lk 3.4 µH

Copper Losses Equivalent Resistance R0 5.8 mΩ

7. Control Algorithm

In order to manage the power flow between the ESS based on the SMHB and DC
telecom microgrid, current control of the SMHB was implemented. In particular, in order to
allow for a correct comparison between the DC-DC converters under evaluation, a battery
current feed-forward control algorithm based on the SMHB model was used, assuming that,
by using the same feed-forward control, the performances of modulation techniques could
evidence the advantages and disadvantages of the DC-DC converters under investigation.
The block scheme used for both the buck–boost and DAB converter is shown in Figure 12.

Figure 12. Converters control scheme.

Regarding the buck–boost converter, the feed-forward algorithm was synthesised,
referring to well-known equations linking the power and phase shift regulators. The
synthesis of the DAB feed-forward control algorithm has required additional effort. The
use of analytic formulation reported in the technical literature has allowed for the definition
of the relation between the battery voltage and phase shift of the modulation signal. For this
reason, a series of simulations were performed to evaluate the effective relations between
the phase shift and voltage to provide the required battery current for the designed DAB .

The simulations, developed in a steady state fixing the phase shift, have allowed for
the determination of a lookup table reporting the correspondence between the battery
current and phase shift in the case of SPS and TPS during charging and discharging. A
curve-fitting procedure was performed to evaluate the function representing the relation
between the output battery current and the phase shift. The result of this procedure is
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reported in (15). The four-order polynomial equation performs a feed-forward control of
the phase shift.

D1 = a1 I4
batt + a2 I3

batt + a3 I2
batt + a4 Ibatt + a5 (15)

Figure 13 shows the phase shift according to the battery current in the case of the
charge phase with TPS and SPS modulation (green curve and cyan curve, respectively)
and, similarly, during the discharge phase with TPS and SPS modulation (red curve and
violet curve, respectively). The circled curves show the look-up table points obtained by
the simulations. The dashed traces report the corresponding relationship considering the
analytical formulations reported in technical literature. In Table 5, the parameters identified
through the curve-fitting procedure are shown.

Figure 13. Phase shift with respect to current set-point using polynomial function (full lines) and
standard equations (doted lines) during both charge and discharge phase.

Table 5. Curve-fitting parameters for polynomial function in feed-forward control.

Parameters TPS Ch TPS Disch SPS Ch SPS Disch

a1 8.449× 10−7 −6.909× 10−8 1.41× 10−7 −4.263× 10−8

a2 −7.264× 10−5 −4.84× 10−6 −1.671× 10−5 −6.159× 10−6

a3 2.007× 10−3 −9.843× 10−5 7.448× 10−4 −3.008× 10−4

a4 −1.188× 10−2 4.622× 10−3 −9.286× 10−3 −1.215× 10−3

a5 0.04195 1.878 0.03511 1.944

Equation (15) connects the phase shift to the current absorbed/supplied by the battery.
The effect of parameter variations associated with battery-ageing effects is not significant in
SMHBs [39]. Hence, the feed-forward function developed can be considered as intrinsically
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robust. In the case of SPS modulation, this parameter represents the phase shift between
the voltage at the primary and secondary side of the transformer (Figure 9A). In the
case of the TPS, this parameter represents the phase shift between the switches S1 and S4
concerning the circuit diagram shown in Figure 8. In this second case, two other phase
shifts remain to be assessed: D2 or the phase shift between the switches S5 and S6 and
D3 or the phase shift between the voltages at the primary and secondary as shown in
Figure 9B. These two parameters can be used to obtain one of the significant advantages
of the TPS modulation, which is the cancellation of the flow-back currents, which leads to
an improved efficiency [40]. In order to obtain the maximum power transfer, the relation
between D1, D2 and D3 is (16):

D3 =


1− D1 D1 <

k
k + 1

D2 = 1 + k(D1 − 1) D1 ≥
k

k + 1

(16)

8. Results and Discussion

In order to compare the effects of the proposed design of buck–boost and DAB con-
verters on the performance of SMHB-ESSs used in the DC telecom microgrid, three models
were implemented in the Matlab/Simulink environment. For the DAB converter, SPS and
the TPS modulation techniques were performed. The control implemented for the energy
management of the interface between the ESS and DC microgrid is the feed-forward control
technique described in the previous paragraph. The first aspect assessed is the correct
operation of the converter. For this purpose, a simulation with a current set-point of 40 A
was performed and is reported in Figure 14. It can be observed that the DAB converter
operates as expected. The simulation results highlight that the cancellation of the flow-back
current on Ise when TPS is implemented cannot be completely achieved, and the same
phenomena assume higher values than expected when SPS is implemented.

Figure 14. Simulated waveforms obtained imposing a charging current set-point of 40 A to the model
shown in Figure 8 using the algorithm SPS (A) and (TPS) (B).

Furthermore, a simulation analysis was carried out to verify the operation of DAB
in ZVS. The simulations were carried out assuming the dynamic phenomena associated
to the V-I characteristic and stray capacitance of switches as negligible. Figure 15 shows
the simulation results regarding DAB switching when the switch S1 is opening and S2 is
closing. In particular, when the gate signal on S1 turns off, the current flows through the
two snubber capacities, Csnub1 and Csnub2, until their charging and discharging processes
end, respectively. Under these voltage conditions, the current passes through the free-
wheeling current diode until the dead time is over, and S2 turns on, allowing for the current
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to flow. It is important to highlight that the second switch is turned on when the voltage
across it is zero, confirming the achievement of ZVS conditions.

Figure 15. Switching phase of first leg in ZVS conditions when the switch S1 is opening and S2 is
closing using the algorithm SPS (A) and (TPS) (B).

The validation of the consistency of the voltage and current performance of DC-DC
converters under investigation allows for an analysis of the ESSs when it is interfaced to
the DC telecom microgrid. With the aim of assessing the performances under different
operating conditions, simulations were developed referring to the DC microgrid demand
evolution, which is reported as follows. Specifically, the battery starts in standby conditions
(Ire f = 0) with its SoC value equal to 30%. The DC telecom microgrid is characterised by a
demand of approximately 2 kW, supplied by the main grid. At t = 0.03 s, an outage of the
main network was simulated. The ESS reacts and supplies the DC microgrid, imposing
a reference current (Ire f = −40 A) towards the load. Subsequently, the power grid is
restored at (t = 1 s). The ESS acts so that the battery passes from discharging conditions to
a charging one with a reference current of (Ire f = 40 A). Figure 16 shows the comparison of
battery current responses when the proposed DAB, using TPS and SPS, and the buck–boost
converters are used as the interface between the SMHB and DC microgrid.

Figure 16. Battery current evolution during charge phase for DAB with TPS (blue curve), DAB with
SPS (green curve) and buck–boost converter (violet curve). Red curve represents the current set-point

The battery current evolution during discharging and charging properly respond to
the current set-point (red curve) for all of the converter topologies proposed, confirming
that the feed-forward control based on SMHB modelling provides correct voltage control
on the battery for its current management. Furthermore, the response times to the set
point variation are very short: equal to 2.5 ms and 5 ms for the DAB and the buck–boost,
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respectively. Therefore, a more accurate voltage control is expected in the presence of an
additional feed-back control algorithm.

Finally, simulations were executed in order to evaluate the conduction and switching
losses on diodes and transistors. In order to make the power losses studies comparable,
all of the converters were equipped with the same MOSFET and anti-parallel diode. In
particular, the model “IPP039N10N5” produced by “Infineon” was used.

In Table 6, the results about the switching and conduction losses are reported. The
DAB converter represents the best choice compared to the buck–boost converter. It is also
important to highlight that this improvement is due to the zero switching losses since this
converter operates in ZVS conditions. In Table 7, the features of the DC-DC converter under
analysis are reported for a complete performance comparison.

Table 6. Buck–boost and DAB converters conduction and switching losses at different current
set-points.

Current Set-Point Buck–Boost SPS TPS

40 A 53.34 W 48 W 48 W

20 A 48.57 W 17.6 W 14.24 W

−20 A 53.47 W 16 W 14.64 W

−40 A 81.53 W 48.16 W 45.52 W

Table 7. DC-DC converters feature comparison.

Topology Number Sw-L-C-D V Gain Voltage Stress ZVS Efficiency

Classic Buck–Boost 1-1-1-1 D
1− D

Vin + V0 yes 97.3%

DAB 8-1-1-8 RL
n fswLk

φ(1− 2φ) Vbus yes 98%

The difference between the SPS and the TPS is not very high in terms of converter
losses.Therefore, in order to evaluate which modulation represents the optimal choice for
this application, it may be useful to consider another important aspect, such as the current
stress. In this case, the peak of the current on the inductor in the two cases is practically
equal (Figure 14), but, considering the TPS, the waveforms show slower dynamic variations
in the inductor current than those obtained from the SPS, leading to a reduction in the
current stress on the transformer.

9. Conclusions

This paper uses an integrated method for modelling, controlling and designing Energy
Storage Systems (ESSs) based on Sodium Metal Halide Batteries (SMHBs) characterised
by a rated voltage lower than that of the supported telecom DC microgrid that has been
proposed and verified through simulation tests. Specifically, the proposed design procedure
was applied to two different DC-DC converters topologies. The considered topologies are
the buck–boost converter and the DAB converter. In order to assess the advantages that
are obtainable by using advanced modelling in energy storage system based on sodium
metal halide technology, a performance analysis was developed considering a reduced
number of cells per battery string such that the rated battery voltage assumes a value
of 39 V. The performances were evaluated considering a simple feed-forward control
scheme for the buck–boost and DAB converter. Two modulation techniques, SPS and TPS,
were adopted for the DAB converter. Simulation results demonstrate the feasibility of
downsizing the number of string cells of the SMHB, extending the operative state of charge
by implementing a battery management system based on advanced battery modelling. In
particular, the proper operation of the converters, which manage the power flows between
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the SMHB and the 48 V DC telecommunications grid, allows for the achievement of required
performances in all of the possible operating conditions. Higher dynamic performances
(with short response times (5 ms)) are verified in the case of the DAB converter. Better
performances are registered also in terms of converter losses in the case of the DAB when
the TPS is employed. This suggests that the DAB converter is a suitable candidate for DC
telecom microgrids supported by sodium metal halide batteries.
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