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ABSTRACT

Due to its fewer components, the DC-DC three-phase converter has a simpler design and could be less
expensive. However, it can present challenges in terms of precise voltage regulation and current balancing,
due to the limited number of switching phases. On the other hand, the three-phase converter offers more
precise voltage regulation and improved current balance owing to its higher number of phases. Although
this results in increased design complexity and potentially higher cost, it allows for a more uniform
distribution of current load among MOSFETs. The particular needs of the application, acceptable trade-
offs between complexity, cost, and performance, as well as the requirement for precise voltage regulation
and ideal current balancing, can determine which option is the best. This work investigates a three-phase
interlaced DC converter with a parallel MOSFET. A two-way DC-DC converter was used to assess PWM
when charging and discharging a battery. The results demonstrate a great DC voltage gain without a very
high cycle load.

Keywords-interleaved bidirectional DC-DC converter; parallel-connected MOSFET; buck-boost DC-DC
converter; battery storage; SOC

I.  INTRODUCTION

panels into the electrical grid, even though they generate

DC-DC converters must be used in renewable energy
applications to successfully incorporate renewable energy
sources into power systems. Some significant state-of-the-art
parts for DC-DC converters in this industry are listed in [1-2].
Voltage conversion is necessary to integrate photovoltaic solar

constant voltage. DC-DC converters, such as buck or boost
converters, regulate the voltage of solar panels according to the
requirements of the system. To optimize conversion efficiency,
DC-DC converters also employ advanced techniques such as
Maximum Power Point Tracking (MPPT) [3]. DC-DC
converters, like batteries, are also utilized in energy storage
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systems to manage charge, discharge, and voltage conversion.
These converters help optimize battery charging/discharge
efficiency, control voltage, and manage compatibility with the
rest of the system [4-12]. Therefore, DC-DC converters play an
essential role in renewable energy applications by allowing
efficient conversion and control of DC voltage generated by
renewable energy sources, integrating energy storage systems,
and optimizing energy system performance.

Research and development in this area focus on improving
energy efficiency, miniaturizing converters, and integrating
renewable energy sources into power systems. The interlaced
DC-DC converter, often referred to as the cross-switched DC-
DC converter, is one kind of uninsulated converter
implemented to change a DC voltage from one level to another.
Its primary function is to alter the voltage of a DC power
source to satisfy the demands of an electronic system. In
summary, an interlaced DC-DC converter is an electronic
device that efficiently converts continuous voltage from one
level to another, using two synchronized conversion stages to
improve energy efficiency and overall system performance.
Thus, the usage of interlaced DC-DC converters in renewable
energy applications offers certain advantages, namely better
energy efficiency, managing energy source variability,
integration of several renewable sources, accurate voltage
regulation, reduced system size and weight, and increased
reliability. These benefits contribute to a more efficient and
reliable use of renewable energy in a variety of applications.

Advances in technology have led to a greater dependence
on electrical products for daily needs. Achieving sustainable
growth in society and the economy requires striking a balance
between energy use and environmental conservation more than
ever. This study combines a control strategy designed for DC-
DC converters with a short conversion period. Changes made
on the input immediately affect the output sides of converters,
since there is no galvanic isolation between the input and
output sides in a non-isolated converter architecture. The non-
isolated converter topology has fewer components than the
isolated one. However, non-isolated converters have a few
minor issues that require attention, such as excessive duty cycle
ratio, insufficient voltage gain, and additional circuitry for
optimal operation. There are differences between each category
of converter topology advantages and disadvantages. The
application requirements are the basis for the decision. This
study investigated some recently published studies on
interleaved DC-DC converters. Previous studies examined the
applications of conventional DC-DC converters in renewable
energy applications, their limitations, and recent developments.
However, they did not discuss the available control techniques
for the operation of DC-DC converters [13]. An interleaved
DC-DC converter converts a direct voltage from one level to
another while reducing power losses and improving exit
voltage stability.

The terminal voltages of renewable energy sources are
usually low and change over time. Therefore, to offer reliable
electrical energy, it is a standard procedure to interface with the
DC bus using a bidirectional DC-DC converter with a high
conversion ratio. The converter must lower the load current to
ensure smooth power transfer, but this has the unexpected

consequence of restricting power capacity during conversion.
This study also evaluates energy conversion between operating
modes to offer a rapid energy conversion method.

II. THE BIDIRECTIONAL DC-DC INTERLEAVED
CONVERTER OF PARALLEL CONNECTED MOSFET

The elevating converter is one converter type that is most
frequently used to charge or discharge batteries due to its wide
conversion range and user-friendliness [14-15]. This kind of
converter allows the battery voltage levels to be adjusted to the
DC bus voltage levels by maintaining a steady voltage and
controlling the disruptions caused by connecting and
disconnecting loads and energy sources. However, the battery
receives a ripple in the switch's current, which leads to power
losses and battery deterioration. When utilizing N phases made
up of semiconductors and filter components, the output power
can even get close to tenths of kilowatts. Reduced filter
element dimensions arise from the operating frequency,
becoming an integer multiple of the switching frequency. A
straightforward solution for the application covered in this
study is the typical interleaved bidirectional DC-DC converter.
Figure 1 depicts a three-phase topology, with V1 and V2
standing for the DC link and the SC, respectively. Moreover, I1
and 12 are the corresponding currents across the SC and the DC
link, whereas P; = V;xI,;, and the same applies to the second
phase power.

Bidirectional converter
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Fig. 1. Interleaved bidirectional DC-DC converter.

This study describes a qualitative and quantitative
examination of the interleaved bidirectional DC-DC converter,
which has four switches in each arm divided into lower-group
and upper-group switches [16-19]. Figure 2 illustrates the
three-phase interleaved bidirectional DC-DC converter
employing n parallel-connected MOSFETs. Eight power
switches (S(;_) and S;prime...cprime)) and three inductors make up
the power circuit (L1, L2, L3). The parasitic resistances, such
as inductor resistances (RL1, RL2, RL3) and switch
resistances, are considered to derive the non-ideal DC voltage
gain (RS1). When the suggested converter runs in step-up
mode (boost), where DH is the duty cycle of the gate signals
S1-S6, energy passes from the battery to the DC bus side. The
step-down mode (buck) transfers energy from the DC bus to
the battery side, with DL being the duty cycle of the gate
signals Sy, ime-Seprime- The main waveforms for the duty cycle
range belonging to [0, 0.25] follow.
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A. Boost Mode: First Stage [ty-t;]

S]’ S4prime’ S3primea S6 are turned on, and S]primm SZprime’ SSprimm
Seprime> 53, S4, S5 are turned off. Inductors L; and L; start storing
energy from the battery through S; and S at this point, and its
current, I;;(#), L;(¢) increases linearly until #;. Since the voltages
Vpar and vy - vpe are applied to L;, L,, and L;, respectively,
current /;,(¢) continues to fall linearly and the stored energy in
L, is given to the load through S3,im. and Syime. The total of
I;,(?) and I;,(¢) equals the battery current I,,(?)). Equations (1)-
(3) can be used to calculate the instantaneous currents.

Ipa t—t
I1 () = I4 (o) + (vbat - %(Ru + Rsl)) -% n

R54prime'1bat _
8

t—t
Ve ) L2 @

Rpald
I12(t) = I, (o) + (UDC + L23bat +

I3(t) = I13(to) + <Ubat - Il;_at(Rw + Rse)) . (tz:O) 3

Sdprime S3prime
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=

g

Equivalent circuits of boost mode using three-phase interleaved

S1
Fig. 2.
converter.

B. Boost Mode: Second Stage [t;-t,]

S1, 82, 83, 4, Ss, and Sg are turned off, and S;pimes S2primes
S3primes S4primes S5primes and S6prime are turned on. Through S]prime’
SZprimev Sj’prime’ S4primev S5prime’ and Séprime’ both conductors now
send energy to the load. Then, both conductors receive the
voltage v, - vpc. As a result, the instantaneous voltage
equations for L;, L,, and L; are shown in (4)-(6), and the
current across all inductors falls linearly.

R RSZ .

V11(t) = Vpar — Vpc — Ibat(% + %) 4
R Rs .

V2(t) = Vpar — Vpe — Ibat(% + %) Q)
R Rs .

V13(t) = Vpar — Vpe — Ipat (% + %) (6)

Buck mode features eight steps in one switching time and
two operation regions, just like the boost mode. The circuit is
symmetric, so just the fourth period is examined. The main
waveforms for the duty cycle range that belongs to [0, 0.25]
follow.

C. Buck Mode: First Stage [ty-t;]

S.?’ S4’ S]primev and SSprime are turned on, S.?primev S4primev S]v SZ’
Soprimes Seprime> S5 , and Sg are turned off. As energy from the vp¢

is stored through the inductor L;, its current [Ip;(f) grows
linearly until #;. The voltage vpc - vy, and v, is delivered to L;,
L,, and L3, and the current I;,(¢) continues to fall linearly. As a
result, the stored energy in L, is transferred to the load through
S; and S,;. Equations (7)-(9) can be used to calculate the
instantaneous currents and voltages of L;, L, and L;.

I1 () = I4 (o) +

(VDC — Upat — IDC(RLl - RSlprime)) . (Eto)

Ly

)

Io(t) = I,(to) — <Ubat + Upae = Inc)- (RLZ RZE))'

(t—to)
e ®)
I3(8) = I3(to) +
_ _ _ @t g
(VDC Vpar — Ipc(Rp3 Rssprime) ) s &)

D. Buck Mode: Second Stage [t;-t;]

Sj’a S4’ S]’ SZa SS’ and Sé are turned on, Sj’primm S4prime’ SZprimea
Siprime> Ssprime» AN Sgprime are turned off, as shown in Figure 3.
Through S3, Si1, S2, and S4, both conductors now deliver
energy to the load. Then, both conductors receive the voltage
-Vpa- As a result, the instantaneous current/voltage equations
for LI, L2, and L3 are shown in (10)-(12), and the current
through all inductors falls linearly.

Rp1 R -
Ip () = 14 (ty) — (Vbat + Ipae (% + ﬁ) ) pumch] (10)

8 11
R R t—t

I2(t) = I,(ty) — (Ubat + Ipat (% + %) ) % (11
R R t—t

I13(t) = I153(t,) — (Ubat + Ipae (% + %) ) % (12)

Vbc

/1 »
ILs
v et e %
S6 S5 s4

S3

Fig. 3.
converter.

Equivalent circuits of buck mode using the three-phase interleaved

II. TECHNIQUE AND CONTROL STRATEGY

Only the functions of the variables that need to be
controlled are employed in the system transfer functions that
may be obtained from this state space. The control structure
illustrated in Figure 4 is used to regulate the bus voltage and
lower the battery's current ripple [19], where it is evident that
measuring the three system status variables is required. Two PI
controllers are used to control the charging and discharging of
batteries: one generates reference current based on the mode of
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operation (charging or discharging), and the other regulates the
battery's current.

This case study includes two modes of operation:

e  When the DC bus is connected and the battery's full voltage
is reached at the control objective set point of the first PI
closed loop, the charging mode switches to automated.

e Discharging mode: this mode is automatically triggered
when the DC bus is disconnected, and the first PI closed
loop's control purpose is to maintain a steady load voltage
throughout the discharging process.

» S1

Av » S2

. . > S3
=i ] {19 fa] {2

Vba Ibat > Sa

Fig. 4. Control system for the three-phase DC-DC converter.

IV. EXPERIMENTAL RESULTS

The measurements were performed using a battery-linked
DC source to validate the functionality of PWM. The tests were
configured with a fixed DC bus voltage vpc = 48 V, a battery
voltage v, = 24 V, f;; = 10kHz, and a nominal power of 500
W, as displayed in Table I. The simulation results are shown
for the case of two-phase and three-phase DC-DC converters.

TABLE L. PARAMETERS OF THE EXPERIMENTAL SYSTEM
Parameter Specification
Inductor 57.6 10°H
Battery capacitor 50 Ah
Capacitor 1000 mF

A resistive charge of 4.4 Q is connected as part of this
operation, which simulates the converter during boost
(discharge mode) on the low voltage side 24 V, 50 Ah battery,
which is thought to be powered by the 48 V DC bus voltage.
Comparably, the DC bus replacement resistive charge is
connected to a 24 V, 50 Ah battery that is in charge of
operation. The system is then simulated for buck operation
mode, where the 24 V battery acts as a charge. Figures 5 and 6
demonstrate the comparison by the variation of the different
battery initiation %SOC. A correct charging voltage is essential
to prevent the battery from overloading or under-charging,
which could damage the battery or reduce its capacity.

81 ——S0C (%) Three phases

——SOC (%) Tow phases

Discharging

0 5 I‘I.) l‘; 20 2‘5 30
Time (s)
Fig. 5. State of charge of Li-ion batteries during charging and draining for
an 80 percent SOC initiative.

On the other hand, the three-phase converter allows a more
uniform distribution of current and reduces fluctuations. Using
the latter can also reduce current harmonics and improve the
quality and quantity of energy delivered to the battery. Thus, it
offers better performance, energy efficiency, and high SOC to
maintain the performance specifications. However, it should be
noted that the choice of the three-phase interlaced converter
depends on the specific system requirements and design
constraints.

- P
26 =
255
B
F a5k 4
>
us|- 1
ut 1
Il Il 1 1 1 Il Il Il
0 05 1 15 2 25 3 35 4 45 5
Time (s)
Fig. 6. Three-phase converter battery voltage.

It is crucial to examine some factors to compare the
outcomes and functionality of the DC-DC converter interlaced
with a parallel MOSFET in two and three phases. Similar
benefits are provided by the two layouts, including fewer
switching losses and current disturbances due to the
distribution of load among the transistors. Nevertheless, these
two strategies also differ greatly in important ways:

e The main difference lies in the number of phases used, as
this difference can affect the current distribution and
stability of the system.

e The number of phases can influence the distribution of
current load between the MOSFET in parallel. In the case
of the three-phase converter, this number is divided by
three. This load distribution can have an impact on
conduction losses and system efficiency.

e The number of phases can also influence battery state
control. Different initial battery SOC values can affect
system dynamics, regulation accuracy, and stability.

To obtain a more profound comprehension of the
distinctions between these two scenarios, particular simulations
and analyses must be carried out. Three phases provide a more
evenly current distribution in the inductors of a three-phase
interlaced DC-DC converter. A third of the total current flows
through each phase, minimizing imbalances and oscillations
amongst the inductors. In addition, proper balancing of the
inductor currents helps to reduce the current ripples in the
system. Current ripples can cause unwanted electromagnetic
disturbances, additional energy losses, and degradation of the
overall performance of the converter. It is important to note
that balancing inductor currents also depends on the system
design, component selection, and control strategy used. Proper
design and accurate current regulation can help to improve the
equilibration of inductor currents.
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The three-phase converter can be marginally more efficient
than the two-phase converter due to the ameliorated current
distribution. More energy is transmitted to the battery to charge
the SOC when the efficiency is higher, since less energy is lost
as heat, which may cause the three-phase converter's battery
SOC to increase. This leads to the second point, which is the
response time: The three-phase converter can also offer a faster
response time due to its three-phase switching configuration.
The three-phase converter can react more quickly to load
changes or battery SOC variations with three switching phases.
This allows for more accurate control of the charge and
discharge current, which can reduce the time required to reach
a SOC target. Consequently, the three-phase converter can
charge or discharge the battery faster, resulting in higher
battery SOC values in a given time frame.

The employment of three sets of MOSFETs in parallel
improves the load and power distribution among the phases in
a three-phase interlaced DC-DC converter. Therefore, the
system's current distribution improves, and switching losses are
reduced. Additionally, the overall conversion efficiency of the
three-phase converter might be higher. A more effective
converter may extract energy from the power source and
transmit it to the battery more effectively during charging or
discharging. This indicates that the three-phase converter can
charge the battery with less energy loss for the same amount of
power supplied by the power source. By reducing energy
losses, the three-phase converter can charge the battery more
effectively, resulting in a higher SOC. This means that for the
same amount of energy provided by the power source, the
three-phase converter can store a greater amount of energy in
the battery, leading to a higher SOC. It should be noted that
additional variables, such as the MOSFETs threshold voltage,
the battery control setup, the battery's internal resistance, etc.,
may also affect SOC. So, when analyzing three-phase
converters, it is crucial to consider all of these details.

V. CONCLUSION

This study presented a new modulation (IPWM) on an
interleaved bidirectional three-phase DC-DC converter
topology to achieve greater efficiency and excellent current
distribution between the switches. The inductor current ripple
frequency was twice as high as the switching frequency, the
battery current ripple frequency was four times higher than the
switching frequency, and current ripple cancelation happened
at 25% of the duty cycle. In summary, this study demonstrated
that the proposed novel modulation of the bidirectional DC-DC
converter could be used for both low- and high-power
densities.
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