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Abstract

Bidirectional DC-DC converters allow power to be transferred in any direction
between two electrical sources. These converters are increasingly employed in a
variety of applications, including battery chargers and dischargers, energy storage
devices, electrical vehicle motor drives, aircraft power systems, telecom power
supplies, and others, due to their ability to reverse the direction of power flow.
One of these basic types of bidirectional DC-DC converters is the SEPIC-ZETA
converter. In this paper, the structure of this converter has been studied when
MOSFET power switches are employed. Also, an electrical thermal analysis,
which is based on the ambient temperature (between 25 °C and 40 °C), has been
employed by using two MOSFET models (UJ3C065080K3S and SCT50N120).
The study shows the effects of utilizing different MOSFET models on power
losses and thermal analysis. According to the simulation results, the junction
temperature of the MOSFET was 151.38 °C in the forwarding mode and for the
first model (UJ3C065080K3S) at T = 40 °C, while the MOSFET junction
temperature was 158.5 °C in the backward mode. In the second model
(SCT50N120) and at the same T = 40°C, the MOSFET junction temperature
exceeds 130.6°C in the forwarding mode. When the converter was operating in

backward mode, its junction temperature was 128.7 °C. The bidirectional SEPIC-
ZETA converter performs better in the second model of the MOSFET
(SCT50N120).

Keywords: Bidirectional DC-DC, thermal, DC-DC converter, SEPIC-ZETA converter, PLECS.
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1. INTRODUCTION

Bidirectional DC-DC Converters (BDCs) have gained researchers’ interest recently, especially in microgrids. BDCs
have emerged as a promising option for a variety of applications, including portable devices, spacecraft power
systems, Uninterruptible Power Supplies (UPS), electric vehicles, fuel cells, and renewable energy systems, in
addition to their traditional applications in energy storage and DC motor drives [1, 2]. BDCs are used in battery
chargers and dischargers to regulate the discharger's output voltage to a specified value when using the battery's
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stored energy. [3]. Non-isolated bidirectional DC-DC converters are less complex to use and more efficient than
isolated converters, so they are preferable when galvanic isolation is not required [4]. Depending on the state of
charge and current direction of the battery, the duty cycle of the converter manages charging and discharging. To
store energy in a battery and link it to the DC microgrid, a non-isolated bidirectional DC-DC converter was designed
and simulated. If Photovoltaic (PV) power is available throughout the day, the DC-DC converter charges the
batteries in buck mode, and when PV power is not available, the battery discharges, allowing the converter to supply
power to the DC load in boost mode [5]. One of the basic types of non-isolated BDCs discussed in this paper is a
bidirectional SEPIC-ZETA DC-DC converter. It could be seen as just a hybrid of the basic SEPIC and ZETA
converters. The suggested converter not only has the capability of bidirectional power flow but also has low
switching and conduction losses. This converter is also suitable for application in distributed power. The
SEPIC/ZETA converter is a low-cost, non-inverting DC-DC converter capable of buck or boost operation [6]. The
remainder of the paper is presented as follows: the following part discusses related works. The bidirectional SEPIC-
ZETA DC-DC converter architecture was discussed in the third part. The fourth section presents an evaluation of
the work using PLECS, and the last section provides a conclusion to this paper.

2. RELATED WORK

A summary of recent developments in the bidirectional DC-DC converters thermal and electrical model is described
as follows:

In [7] a SEPIC/ZETA converter was used to reduce output voltage ripple and eliminate voltage fluctuations during
switching. The voltage control method is a fuzzy logic controller, which is supposed to give a steady output. The
bidirectional SEPIC/ZETA converter has been shown to work well in both SEPIC and ZETA modes. The fuzzy
logic controller operates well when energy is transferred to storage energy and when stored energy is supplied to
the load.

In [8] the goal of this paper is building a 1.5kW buck converter with a switching frequency of 100kHz and a 350V
DC input. The performance of commercially available GaN devices is compared in terms of packaging, conduction,
and switching losses. At all current parameters, the module achieves above 97 % efficiency. The gate charge method
and PSPICE simulation are used to calculate losses for the eGaN and cascade GaN switches. The performance of
e-GaN is slightly better than that of cascade GaN. A unique heatsink assembly has been developed for thermal
management that provides efficient heat extraction as well as cost savings.

In [9] the authors use newly created loss models to compare the efficiency of three-level, two-level, and interleaved
bidirectional buck/boost converters in a drive cycle. The analysis indicated that a three-level converter has higher
overall efficiency. As a proof of concept, a 1 kW prototype was constructed and produced. The results show that a
three-level converter improves efficiency significantly, especially at switching frequencies higher than 100 kHz.

In [10] this research began by offering a model for calculating the converter's efficiency theoretically. After that,
the impact of temperature, duty cycle, switching frequency, and switching device material on the converter's
efficiency is examined. (1) the effectiveness of the switching frequency of 15 kHz is approximately 2% greater than
that of 25 kHz, according to the analysis of the experimental data. (2) at 25 °C, the MOSFET SiC's efficiency is
comparable to that of the IGBT Si in both buck and boost modes, whereas the efficiency of the IGBT Si is 2%
greater at 25° C than at 85 °C. (3) in buck mode, peak efficiencies fall from 97.6 % to 90.3 % as duty cycles decrease
from 66.7 % to 33.33 %. When the duty cycle is increased from 33.33 % to 75% in boost mode, peak efficiency
falls from 96.9% to 96.5% and then to 92.41%. (4) the proposed model can accurately compute the converter's
efficiency.

In [11] proposed to employ a model-based approach to create modern hybrid and fully powered automobiles with
a bidirectional onboard charger (OBC) device. The research's major purpose and contribution is to incorporate both
electrical and thermal modeling of switching devices in the same simulation environment. The created models are
assessed under various operational settings for validation of practical significance and the reliability of the
established control algorithms under varied operating conditions. A comprehensive robustness study of the
parametric modifications of the model with regard to the nominal case also helps to validate the models and control
loops. The operational limits of the specified devices and components are maintained in all simulations, in terms of
electrical and thermal behavior, their features are listed on data sheets. Predictive health care
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solutions based on recent machine learning and artificial intelligence concepts can be established due to the
creation of a model that is both accurate and efficient in terms of computing.

However, since all of the previously presented designs have good characteristics, the main differences and
contributions of this paper are listed as follows:

1.  While the researchers improved power switch models and investigated thermal losses and efficiency at
various ambient temperatures, no attempt has been made to investigate the impact of this temperature on
the junction temperature of MOSFETSs and diodes, as well as how these ambient temperatures could
damage power switche (MOSFET). Therefore, the effect of the environmental temperature has been
studied in detail.

2. Improving the basic bidirectional DC-DC converters (BDCs) by adding or removing components is
employed to improve performance, efficiency, low output voltage or current ripples,etc.. However, the
majority of researchers use Matlab software for implementation rather than other tools such as PLECS,
which is used for implementation in this paper.

3. PRINCIPALS OPERATION OF BIDIRECTIONAL  SEPIC-ZETA
CONVERTOR

There are two modes of operation for the bidirectional SEPIC-ZETA DC-DC converter that is presented in Figure. 1.
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Figure 1 bidirectional SEPIC-ZETA DC-DC converter

In the first case, if the output of the renewable source is adequate to supply the load, the bidirectional converter is
in charging mode (SEPIC mode), and power flows from the DC bus to the battery, as shown in Figure.2a. If the
source's output voltage is outside the permissible range in the second case, the load is fed from the ESS. The
bidirectional DC-DC converter is in discharging mode (Zeta mode), as shown in Figure. 2b, and power flows from
the battery to the DC bus [12].
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Figure 2a SEPIC mode (charging)

It is essentially a reorganization of the Cuk converter. The output voltage of a SEPIC/ZETA converter can be greater
or lower in both directions, but the polarity of the DC buses remains the same [1]. T1 is the main switch and T2 is
the synchronous rectifier in SEPIC mode. T1 is the synchronous rectifier in ZETA mode, and T2 is the main switch
[4,13]. To reduce output voltage ripple and voltage stress on switches, inductors L1 and L2 can be coupled. The

n

= Vhatt,

Figure 2b ZETA mode (discharging)

suggested bidirectional SEPIC-ZETA converter's voltage conversion ratio Vo /Vi can be written as [14]:

Vo _ D
Vin 1-D

ey

where (D = Ton /T) is the duty cycle D of switch T1, and Ton and T are the on-state time and switching period of
switch TI, respectively. The current ripple through L1 has a peak-to-peak value of AL; that is listed.

_ Vin
AL, = T, * Ton
1

Furthermore, after the steady-state power balance is achieved so:

Equations (2) and (3) will yield:

Vinln = Volo

I1n _ D

Ip 1-D

(2)

(3)

4)

When T2 is turned on, the inductor current I 1 and the inductor current I, flow simultaneously into T2 to the
output side, yielding the equation below [15].

lo =1 +12)(1—D)

Equations (4) and (5) will result in the following:

1-D
I, = > * I, =1

4. SIMULATION RESULTS

The input power of a DC-DC converter is not always equal to the output power because part of the power is
dissipated as heat [14,16]. The junction temperature and total power absorbed by a transistor may be calculated as:

AT =Ry * Pyiss. — Tg

Paiss = Vas * lgs

Wasit Journal of Engineering Sciences.2022,10 (3)

)

(6)

()

)

pg.78



Nuha A. AL-Obaidi et al.

The overall switching loss for the converter was expressed as

(Esw(on) +Esw(off))*fs
Pswiten = 5 €))

Where fs is switching frequency, Eswen) IS the energy losses during duration of switch-on and Eswrr) IS the energy
losses of in duration of switch-off. The efficiency of bidirectional efficiency could be obtained as:

Py Pross
77 Pin Pin ( )

The simulation will be implemented using the PLECS program stand-alone type [17,18], to study the effect of the
environmental temperature (25 °C, 40 °C) on the MOSFET junction temperature that is used in the bidirectional
SEPIC-ZETA converter. There are two modes of operation for the converter: forward and backward. There are two
types of power switches (UJ3C065080K3S and SCT50N120).

4.1 Bidirectional SEPIC-ZETA converter using (UJ3C065080K3S) model
4.1.1 Forward mode (SEPIC mode)

The simulation parameters for this mode are listed in Table 1.

Table 1 simulation parameters [3]

Parameter T=25°C T=40°C
Vin 48V 48V
C2 40pF 40uF
C3 470 uF 470 uF

L1,L2 133uH 133uH
R 6Q 6Q
Duty ratio 0.63 0.63

Freq. 40KHz 40KHz

Figure (3) depicts the output waveforms for output voltage and input current.
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Figure 3 Input current and Output voltage (forward mode)
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The model datasheet was used to determine the internal component values for power switches [19,20]. The
MOSFET and diode's conduction and switching losses, as well as heat flow meters from a thermal model, are all
taken into account. The conduction and switching losses of the MOSFET and diode, as well as the heat flow meter
readings and the total of these losses, could be seen in Figure.4.
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Figure 4 Thermal losses

As can be seen in Table (2), efficiency declined by 1.1 % as the ambient temperature is raised and losses increased.

Table 2 Simulation results

Simulation Results T=25°C T=40°C
Vout (volt) 77.24V 77.24V
Input current(amp.) 24.5A 24.5A
Efficiency (%) 84.54 83.44
Probed losses (w) 117.85 129.6
Heat flow meter reading (w) 445 44.3
Sum losses(w) 162.36 174

The MOSFET junction temperature and diode junction temperature are displayed in Figures (5), (6) for both ambient

temperature (T =25 °C, T =40 °C).
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Figure 5. MOSFET junction and heatsink temperature
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Diode junction temp.
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Figure 6 Diode junction and heatsink temperature

The temperature readings of the MOSFET, the diode junction, and the heatsink are listed in Tables (3), (4).
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Table 3 Reading of the junction temp. and heatsink temp.

14

T=25°C T=40°C
MOSFET junction temp.( °C) 126.2 151.38
Heatsinkl temp.( °C) 126.2 151.38
Table 4 Diode junction and heatsink temperature
T=25°C T=40°C
Diode junction temp.(°C) 76.54 91.34
Heatsink2 temp.(°C) 63.2 78
4.1.2 Backward mode (ZETA mode)
In this mode, the simulation parameters are stated in Table (5).
Table 5 Simulation parameters [3]
Parameter T=25°C T=40°C
Vin 48V 48V
c2 40pF 40pF
L1,L2 133uH 133pH
RL 6Q 6Q)
Duty ratio 0.63 0.63
Freq. 40KHz 40KHz

At time of (15) second, the output waveforms for output voltage and input current are shown in Figure (7).
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Figure 7. Output voltage and input current waveforms(backward mode)
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Figure 8 Thermal losses

Figure 8 shows the MOSFET and diode conduction and switching losses, as well as the heat flow meter values and
the sum of these losses.

Table 6 Simulation results

Simulation results T=25°C T=40°C
Vout (volt) 91.6V 91.6V
Input current (amp.) 40.1A 40.1A
Efficiency (%0) 84.06 82.88
Probed losses(w) 445 442
wattmeter reading(w) 125.2 137.9
Sum losses(w) 169.7 182.2

As can be seen in Table (6), efficiency decreased by 1.18% and losses increased as the ambient temperature
increased.
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Figures (9), (10) shows the MOSFET junction temperature and diode junction temperature for each ambient
temperature (T =25 °C, T =40 °C).
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Figure 9 MOSFET junction and heatsink temperature
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Figure 10 Diode junction and heatsink temperature

The temperatures readings of the MOSFET and diode junction and the heatsink are listed in the Tables (7), (8).

Table 7 MOSFET junction and heatsink temperature readings

T=25°C T=40°C
MOSFET junction temp.( °C) 1325 158.5
Heatsink1 temp. (°C) 1325 158.5
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Table 8 Diode junction and heatsink temperature readings

T=25°C T=40°C
Diode junction temp. (°C) 76.5 91.2
Heatsink2 temp. (°C) 63.2 77.9

4.2 Bidirectional SEPIC-ZETA converter using (SCT50N120) model
4.2.1 Forward mode (SEPIC mode)

The simulation parameters for this mode are listed in Table 9.

Table 9 Simulation parameters [3]

Parameter T=25°C T=40°C
Vin 48V 48V
C2 40pF 40pF
C3 470 pF 470 pF

L1,L2 133uH 133uH
RL 6Q 6Q
Duty ratio 0.63 0.63

Freq. 40KHz 40KHz

Figure (11) depicts the output waveforms for output voltage and input current.
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Figure 11. Input current and output voltage (forward mode)

The conduction and switching losses of the MOSFET and diode, as well as the heat flow meter readings and the
total of these losses, could be seen in Figure (12).
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As can be seen in Table (10), efficiency decreased by 0.05 % as the ambient temperature is raised and losses

decreased.

Table 10 Simulation results

Simulation Results T=25°C T=40°C
Vout (Volt) 79.3V 79.3V
Input current (amp.) 25.5A 25.5A
Efficiency (%) 90.61 90.56
Probed losses (w) 55.4 55.7
Wattmeter reading (w) 47 46.23
Sum losses (w) 102.66 102.3

The MOSFET junction temperature and diode junction temperature are displayed in Figures (13), (14) for

each ambient temperature (T = 25 °C, T = 40 °C).
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Figure 13 MOSFET junction and heatsink temperature
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Diode junction temp.
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Figure 14 Diode junction and heatsink temperature

temperatures readings of the MOSFET and diode junction and the heatsink are listed in the Tables (11), (12).

Table 11 Reading of the junction temp. and heatsink temp.

12 14

T=25°C T=40°C
MOSFET junction temp. (°C) 115 130.6
Heatsink1 temp. (°C) 59.2 745
Table 12 Diode junction and heatsink temperature
T=25°C T=40°C
Diode junction temp. (°C) 68.2 82.44
Heatsink2 temp. (°C) 54.1 68.66
4.2.2 Backward mode (ZETA mode)
The simulation parameters are listed in Table (13) in this mode.
Table 13 Simulation parameters [3]
Parameter T=25°C T=40°C
Vin 48V 48V
c2 40pF 40pF
L1,L2 133uH 133uH
R 6Q 6Q
Duty ratio 0.63 0.63
Freq. 40000HZ 40000HZ

Figure (15) shows the output waveforms for output voltage and input current.
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Figure 15 .Output voltage and input current waveforms (backward mode)

Figure (16), shows the heat flow meter readings, the conduction and switching losses of the MOSFET and diode,
as well as the sum of these losses.
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Figure 16 Thermal losses

As seen in Table (14), as the ambient temperature increased, efficiency increased by 0.04% and losses slightly
decreased.
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Table 14 Simulation results

Parameter T=25°C T=40°C
Vout (Volt) 93v 93v
Input current (amp.) 40.7A 40.7A
Efficiency (%) 90.7 90.74
Probed losses (w) 46 45.25
Wattmeter reading (w) 54.2 54.58
Sum losses (w) 100.5 100.1

Figures (17), (18) shows the MOSFET junction temperature and diode junction temperature for each ambient
temperature (T =25 °C, T =40 °C).
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Figure 18 Diode junction and heatsink temperature
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Temperatures readings of the MOSFET and diode junction and the heatsink are listed in the Tables (15), (16).

Table 15 MOSFET junction and heatsink temperature readings

T=25°C T=40°C
MOSFET junction temp. (°C) 113.23 128.7
Heatsink1 temp.( °C) 58.58 73.78

Table 16 Diode junction and heatsink temperature readings

T=25°C T=40°C
Diode junction temp.(°C) 67.33 81.6
Heatsink2 temp.(°C) 535 68

Figure (19) shows a comparison of the MOSFET models, the first model (UJ3C065080K3S) and the second model
(SCT50N120), that will be utilized in the SEPIC-ZETA converter for two modes of operation (SEPIC mode and
ZETA mode), based on the MOSFET junction temperature for two ambient temperatures (25 °C and 40 °C).
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Figure 19 Comparison of MOSFET junction temperature for twvo MOSFET models

Figures (20) present a comparison between the two models of MOSFETS, the first model (UJ3C065080K3S) and
the second model (SCT50N120), that were used for the bidirectional SEPIC-ZETA converter for two modes of
operation (SEPIC mode and ZETA mode), based on the efficiency, probed losses, wattmeter reading, and the sum

of losses.
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Figure 20 Comparison of two models used in bidirectional DC-DC converter (efficiency and losses)

Both figures are used to select a better MOSFET model for better performance of the bidirectional SEPIC-ZETA
converter based on the selected conditions.
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5. CONCLUSIONS

This paper provides acomparison for the performance of the circuit based on two MOSFET models, depending on
the MOSFET junction temperature and power switch model utilized for selecting the suitable MOSFET for the
SEPIC-ZETA converter suitable for Iraqi summer temperatures that could reach 40°C and offering the best
performance. According to simulation results, the junction temperature of the MOSFET was 151.38 in the
forwarding mode and for the first model (UJ3C065080K3S) at T = 40 °C, while the MOSFET junction temperature
was 158.5 °C in the reverse mode. In the second model (SCT50N120) and for the same T = 40°C, the MOSFET
junction temperature exceeds 130.6°C in the forwarding mode. The converter's junction temperature was 128.7 °C
when in backward mode. As can be seen, the bidirectional SEPIC-ZETA converter performs better in the second
model of the MOSFET (SCT50N120).
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