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Summary

This article presents the scalable and accurate modelling technique of a Wideband Gap-based (WBGQG)
bidirectional DC/DC converter to achieve high efficiency while satisfying a set of design constraints. Using
Si and SiC-based switches, the converter is scaled for different power ratings (10kW~50kW). Moreover, to
scale the passive components of the DC/DC converter empirical design approach is developed for inductor
while the systematic approach is used for capacitor selection. The accuracy (~95% accurate) of the inductor
design approach is verified by the Finite Element Method (FEM) COMSOL software and accurate loss model
is validated using the MATLAB tool Simulink®. The proposed study reduces 60% of core losses in
comparing with a conventional silicon core, reduces 2.5% of output voltage ripples while maximum

efficiency is obtained up to 98.5% at 30kW load using CAS120M12BM2 SiC MOSFET module.

Keywords: Scalability, DC/DC converter, WBG-semiconductors, efficiency, Electric drivetrains.

1 Introduction

Bidirectional DC/DC converters have several advantages, with features such as minimal input current
ripples and output voltage ripples, compact size, and bidirectional power flow with a straightforward dual
loop control technique [1]. In this article, the bidirectional DC/DC converter topology is designed for
scalability and accurate modelling, which consists of three active bridges, as shown in Fig 1. In electric
drivetrain during traction operation, the bidirectional DC/DC converter works in boost mode and battery
provides power to the electric motor. During deceleration operation, the converter works in buck mode and
battery recaptures the regenerative-braking power. Currently, the bidirectional converter has become popular
for vehicular drivetrains, photovoltaic microgrids, power distribution systems and charger applications [2]—

[].

In this article, the detailed scalable modelling approach of the bidirectional DC/DC converter is
demonstrated, which uses different switching technologies (Si and SiC) at different power levels. To upscale
the power level of the DC/DC converter, the voltage and current are easily scaled by selecting the proper
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switching rate. A detail database has been prepared for semiconductor modules (Si and SiC) and based on
the specifications, the proper device needs to be selected for the power circuit of the bidirectional converter.

However, the primary challenge in the DC/DC converter is to scale the passive components such as
inductors and capacitor [6]. For the inductors, the empirical approach is used to estimate the relationship
between the inductor airgap and number of turns, the inductor value and the inductor current, while a fast
design technique is used to evaluate the total inductor weight according to the inductor current ripples. For
the capacitor scaling, the equivalent series resistance (ESR) is used to scale the DC link capacitor. The
capacitor design is based on the effect of ESR over frequency range and temperature (°C).

This article also presents accurate modelling approach for the bidirectional DC/DC converter. The
accuracy is compared with the Finite Element Method (FEM). Finally, the converter losses are estimated as
a function of voltage, current and energy losses from the switch datasheet based on analytic approaches with
high accuracy and for calculating inductor losses and conduction losses, core geometry and ESR are taken
into consideration.
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Figure 1. Bi-directional DC/DC converter model.

2 Device Modelling

2.1 MOSFET structure and modelling techniques

The Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is composed of a MOS field, which
gives the idea about its construction and a FET field, which speaks about its working principle. The MOSFET
gained importance with respect to the bipolar junction transistor thanks to its unipolar behavior and the
voltage-controlled gate characteristics. There are three classical semiconductor modelling techniques that can
be used to model the MOSFET’s static and dynamic behaviors as shown in Figure 2.

Physical models are represented by the composition of the internal silicon-based layers of the
semiconductors. They are very accurate, but we need precise information about the internal structure of the
device. Manufacturers usually do not give this information. Furthermore, they are time-consuming, so they
are not used for big time simulations [7].

The electrical equivalent model is used to analyze the conduction and switching behavior of the
semiconductors. The models are accurate but highly nonlinear due to voltage dependency of equivalent
capacitances presented in the semiconductor structure. The simulation speed is low because the switching
behavior should be simulated in detail [8].

The universal losses model separates the conduction behavior and the switching behaviour of the
semiconductor. It simulates the switching behaviour oriented to power losses in a single simulation step,
which permits to increase the simulation speed. This type of models is accurate enough and allow modelling
in detail the thermal and electrical behavior of the semiconductors, without compromising simulation speed

[9].
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Figure 2. Three main semiconductor/MOSFET models: Physical models [7], Electrical equivalent models [8]and
Universal losses models [9].

2.2 Conduction and switching losses modelling

As described in [9], the universal losses model has been proven as a perfect solution to achieve a good
tradeoff between the accuracy and computational cost. Thus, the universal losses model has been developed
in this work for modelling of the electrical behavior of the semiconductors. The idea consists basically in
implementing the semiconductors as ideal switches (Figure 3(a) and (c) for MOSFET and diode respectively)
and estimating in parallel its power losses (Figure 3(b) and (d) for MOSFET and diode respectively). For that
purpose, the gate signals of the active semiconductors are also considered ideal. Although different power
losses can be described during the semiconductor’s operation, the conduction and switching losses are mainly
responsible for its electro-thermal behavior.

On the one hand, when a MOSFET is turned on, it behaves like a gate (G) controlled ideal switch with
an on-resistance Rpson connected in series, Figure 3(b). Depending on the required model accuracy, this
resistive characteristic can be modelled as an ideal conductor (null resistance), a constant resistance (usually
in the range of milliohms) or a junction temperature dependent resistance.
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Figure 3. MOSFET electro-thermal model diagram: Switch model (a,b) and Body diode model (c,d).
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A similar approach can be made for the antiparallel Body diode that appears in the MOSFET structure.
Diodes are usually modelled by means of the series connection of a voltage drop (Vi) and an on the resistor
(Ron) as shown in Figure 3(b) and both of them can be modelled as ideal (null), constant or junction
temperature-dependent elements.

On the other hand, the switching losses appear during the turn-on and turn-off transition of the
semiconductors, due to their non-ideal voltage and current transitions, which produce an eventual coexistence
of voltage and current. In order to avoid high computational cost simulations, the universal losses model
considers turn-on and turn-off commutations of the MOSFET as ideal transitions, that is, considering
instantaneous commutations and ignoring the transient overvoltage, Figure 4 (a). Power losses produced in
each transition are added afterward as instantaneous energy losses (Eswon, Eswoff), distributed along a
switching step time, Figure 4(b).
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Figure 4. Electric behavior modelling: (a) Ideal conduction and switching waveforms; (b) Conduction and switching
losses estimation.

In order to estimate these switching losses, different degrees of accuracy can be taken into account. On
the basis of the switching losses curves given in the datasheet of any semiconductor, Esw,on and Esw.ofr can be
modelled as ideal (null), current dependent (Figure 5(a)), voltage-current dependent (Figure 5(b) or
temperature-voltage-current dependent, using different 1, 2 or 3 dimension look-up tables for that purpose.
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Figure 5. (a) Current dependent turn-off losses 1D LUT; (b) Voltage and Current dependent turn-on losses 2D LUT.

Both conduction and switching losses are analytically estimated in parallel calculations, taking into
account the instantaneous current conducting through the MOSFET or its body diode. These power losses
could easily be coupled to the thermal models of the semiconductors and the resulting temperatures could be
fed back again to complete the electro-thermal coupling, being able to achieve a high degree of accuracy with
a reduced computational cost.
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3 Passive Component Modelling

The primary goal is to model high-performance inductors having high relative permeability with low
eddy current and high accuracy. These inductors are modelled for achieving high power density and reducing
weight while obtaining minimal core losses. The DC link capacitor is selected having low ESR to limit the
output voltage ripples and temperature rise.

3.1 Selection of high-performance material

In order to maximize the power density of the inductor, Metglas® Amorphous 2605SA1 is selected as
the core material. Figure 6 shows the DC hysteresis loops of conventional M-4 silicon steel and Metglas
2605SA1. Metglas 2605SA1 has remarkably higher permeability than M-4 silicon steel. Each core is a
combination of micro-thin ribbons (23pm), which confirms high electrical resistivity and high-power density
[10].
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Figure 6. DC hysteresis loops of M-4 silicon steel and Metglas 2605SA1.

3.2 FEM analysis of inductor design

Finite Element Method (FEM) is implemented to simulate the designed inductor. A 2nd-order polynomial
fitting function is used to find the inductance value in terms of air-gaps and number of turns as shown in
Figure 7 (b). After FEM simulation, optimal air-gap and number of turns of the coil are confirmed. Core loss
and air-gap loss in the inductor are also calculated before the implementation of the inductor prototype to
ensure minimal core losses. Figure 7(a) shows the FEM result of the flux density distribution and current
distribution in the inductor.
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Figure 7. (a) FEM result of flux density and current distribution, (b) FEM result of inductor design.
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3.3 Inductor design and prototype

As the input current ripple and total converter losses are the functions of inductance value, it is necessary
to ensure that the real inductance value has a high degree of accuracy with FEM result. Figure 8 (a) depicted
the inductor design in SOLIDWORKS, which is used in FEM simulation and (b) prototype of the inductor is
shown. The simulation and experimental results are compared in section 5.
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Figure 8. (a) SOLIDWORKS inductor design, (b) a prototype of the inductor.
3.4 Capacitor selection with minimal equivalent series resistance

A function is used for scalable capacitor selection based on Equivalent Series Resistance (ESR) as follows.

Ry

ESR =
14 (2nf)2CZR3

+R; + Ry 1)

where, Ro=resistance of foil, tabs and terminals (Q), R;=resistance of electrolyte (Q), R,=dielectric loss
resistance (L), Cr=dielectric loss capacitance (F), f~frequency (Hz). There are basically two appropriate
choices: type 947C and type 947D polypropylene DC link capacitors from Cornell Dubilier for 10kW-50kW
power ratings. After comparing both types, type 947C is selected since it offers decidedly smaller ESR, the
high capacitance per volume and low voltage ripple and temperature rise. The comparison of ESR as a
function of frequency and temperature is shown in Figure 9 which ensures optimum response of type 947C
capacitor at the same capacitance level.
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Figure 9. ESR model of capacitors at same capacitance: (a) Type 947C (b)Type 947D.
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4  Accurate Loss Modelling

The losses in interleaved bidirectional DC/DC converter consists of MOSFETs losses (switching losses
and conduction losses), inductor losses (core loss, air-gap loss and conduction loss) and ESR losses of the
capacitor [11]. During simulation, conduction (power) and switching (energy) losses are analytically
estimated using instantaneous current and voltage drop across the MOSFET module (switch and body-diode).
Afterward, the instantaneous power losses in the MOSFET module is passed through a median low-pass filter
(LPF) having (1/10) switching frequency as the cut-off frequency to obtain DC information contents in the
low frequencies, which also speeds up the simulation time while maintaining a high degree of accuracy up
to two decimal points. For measuring inductor losses, core geometry is extracting from manufacturer
datasheet, and air-gap information is taken from FEM simulation. The expression for calculating inductor
losses are derived below. Finally, ESR and internal resistance of inductor Litz wire are used to calculate
passive components conduction losses in the DC/DC converter.

Ploss_inductor = PCore + PCondL+Pair—gap (2)
with
Peonar = IlirmsRL (3)
Peonac = Icz,rmsESR 4
Peore = Wi (6.5 fs%/{lMBt%'cM) (5)
Pair—gap = kng,cmclﬁsfsﬁlnBc%c (6)
and

_ 0.47N,AI107*

ac —

Lyom (7
5 Results and Discussion

Table 1 shows the inductance of the designed prototype and the FEM simulation result. It indicates that
there is an exact (~95%) simulated result obtained from FEM simulation.

Table 1: FEM and Experimental result

AMCCS50 FEM (uH) Experimental (uH) Prototype
Number of turns=19; Airgap=0.8mm 155.49 164.8
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Figure 10 illustrates the voltage ripple comparison of the bidirectional DC/DC converter and it can be seen
that type 947C has a better response (2.5%) comparing with its counterpart.

Voltage ripple (V)
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Figure 10. Voltage ripple comparison of the DC/DC converter at fixed output voltage (400V).

Figure 11 shows improved (~60%) core loss response of selected Metglas 2605SA1 core with respect to
conventional silicon steel.
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Figure 11. Core loss curve of silicon steel and Metglas 2605SA1 at 20kHz current.

To ensure the superiority of the WBG semiconductor switches over Si the DC/DC converter topology is
assessed to measure the converters losses and efficiency. CAS120M12BM2 from Wolfspeed is used as SiC
module and SKM400GB12T4 is used as Si module. SiC increases system efficiency significantly in the
DC/DC converter compared to Si, by up to 2.7% at 30kW load for 20kHz switching frequency, and by up to
5.1% at 30kW load for 60kHz switching frequency as shown in Figure 13.
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Figure 12. Comparative efficiency measurement of the DC/DC converter at fixed load power.
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It can be seen from Figure 13 that the IGBT module (switch and body-diode) losses are higher in case of
Si-based converter which reduces comprehensively from SiC-based converter.
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Figure 13. Comparative efficiency measurement of the DC/DC converter at fixed load power.

6 Conclusion

Since the demand for the electric vehicles is increasing at an exponential rate, scalability and highly
accurate modelling techniques become a challenging issue for power electronics interfaces. Hence, this paper
provides a scalable and accurate modelling technique for bidirectional DC/DC converter in electric
drivetrains application. The study shows the impact of the WBG switches on the performance of the DC/DC
converter. With the proposed scalable device and passive components, the bidirectional DC/DC converter
achieves up to 98.5% efficiency for the entire battery charging profile at 30kW load. Furthermore, the electro-
thermal coupling behaviour will be investigated for standard mission profile cycle in the future to observe
the impact of temperature on the performance and reliability.
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