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Abstract—Due to the parasitic capacitances of the transformer
and inductor in Dual Active Bridge (DAB) converters, ringing
may happen in the transformer currents especially when the
transformer turns ratio is high. This high frequency current
ringing may lead to EMI issues. It is found in this paper that the
inductor connected on the low voltage side rather than the high
voltage side of a DAB converter can help to mitigate the current
ringing. The impedance of the magnetic tank is modelled to
analyze the current ringing. The analysis is verified on a 2.5 kW
DAB prototype.

Index Terms— dual active bridge converter,
capacitor, impedance model, current ringing, EMI

parasitic

1. INTRODUCTION

HE DAB converter, originally proposed in [1], is

promising in applications like Electric Vehicle (EV)

chargers, Solid State Transformers (SST) and DC grid
systems [2-4], due to its simple topology and control, galvanic
isolation, bidirectional power flow, wide input and output
voltage adaptive range, high power density and efficiency.
Nevertheless, the parasitic capacitance of its magnetic tank, as
shown in Fig. 1, may lead to a low impedance at high
frequency, which will then induce high frequency current
ringing and worsen the EMI [5-7]. Meanwhile, wide-bandgap
devices are being applied into the DAB converter for higher
efficiency and higher power density [8], and high dv/dt caused
by the fast switching of the wide-bandgap devices may make
the current ringing and EMI issues even worse.

Analytical methods have been proposed to calculate the
parasitic capacitance of the transformer [9]. Compared with it,
the indirect measurement approach is easier [10]. The optimal
design of planar transformers was given in [11], aiming to
achieve the lowest ac resistance and leakage inductance. The
cost was a higher parasitic capacitance compared with the
non-interleaving PCB winding. Another winding design
method was proposed in [12] to reduce the coupling
capacitance between the primary and secondary windings by
increasing their distance. But it made the manufacturing
process much more complicated.

The parasitic capacitance of the inductor can affect the
current ringing as well. The model of the inductor is relatively
simpler, and the parasitic capacitance is mainly caused by the
capacitance between the winding layers [9]. Therefore, the
distance between the winding layers was increased to reduce
the parasitic capacitance [6]. Another effective method was a
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single layer winding, and a vertical copper foil was applied to
reduce the thickness of each turn and thereby make the single
layer winding possible [7].

Nevertheless, no work can be found in literature so far to
thoroughly analyze the transformer current ringing at a system
level. Therefore, in this paper, the magnetic tank of the DAB
converter is considered, instead of only the transformer or
inductor. Since the current ringing is a kind of resonance, the
impedance model of the magnetic tank is built for analysis. The
paper is organized as following: the impedance analysis is
shown in Section II, the experimental verifications are given in
Section III and it is concluded in Section IV.

II. IMPEDANCE ANALYSIS

As shown in Fig. 1, the magnetic tank of a DAB converter is
composed of a transformer 7" and an inductor Lg connected in
series. The transformer can be modelled as the circuit shown in
Fig. 2, where Cy and C; indicate the HV and LV side winding
capacitors, respectively, Cy; depicts the coupling capacitor
between the HV and LV side windings, L,, ; represents the LV
side magnetizing inductance of the transformer, Ljoqx 1
demonstrates the equivalent leakage inductance of the
transformer on LV side [10]. Since this paper is going to talk
about the impact of the HV and LV side inductor on the current
ringing, two equivalent circuits of the inductors are considered,
as shown in Fig. 3 (a) for the HV side inductor and Fig. 3(b) for
the LV side inductor. They have the same model, but different
values of the elements, where Cj,q 4 and Cj g, illustrate the
winding parasitic capacitances of the HV and LV side
inductors, respectively. In order to keep the impedance of the
magnetic tank at the fundamental frequency unchanged, the
inductances of the two inductors need to fulfill (1).

Linau = "*Lina, (1)

where n is the turns ratio of the transformer,
—Nu
n = @)
The LV side transformer current has a much higher ringing
than the HV side, and the ringing happens only at the edge of
the LV side pulsating voltage vp (the evidence will be shown
in Section III). Therefore, only the LV side current ringing is
analyzed, where the equivalent circuit of the current ringing
can be shown as Fig. 4 (a), if an LV side inductor is applied.
According to Thevenin's Theorem, the effect of the HV side
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Fig. 1. A dual active bridge converter (DAB).
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. where Cy;, 1y is the LV side equivalence of the Cy,, and i; is
Vi N Liea1/2 marked in the circuit in Fig. 5 (c¢). According to Kirchhoff’s
— ‘ ‘ -—C; Current Law (KCL), it can be obtained as,
Cu o .
Ry/2 L1 Licar,1/2 R,/2 1 =11~ lys Q)
| }CHL/Z where iy ; and i; ; are the HV and LV side winding currents,

Fig. 2. Impedance model of a two-winding transformer.
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Fig. 3. Impedance model of (a) HV side (b) LV side inductor.

voltage can be eliminated by short-circuiting the HV side
terminals. Moreover, all equivalent resistances are ignored
since their impact is relatively small. Then Cy and L,, ; are
short-circuited, and the two winding coupling capacitances
Cy./2 are connected in parallel with the leakage inductances,
as shown in Fig. 4 (b). Because L4y 1 /2 is much smaller than
Lina ., it can be considered as short-circuit to further reduce the
order of the model. Thus the model in Fig. 4 (¢) is obtained and
it is presented as,

3)

Similarly, the equivalent circuit of the LV side current
ringing is shown in Fig. 5 (a), if an HV side inductor is used.
All the elements on the HV side are then equivalent to the LV
side. The LV side equivalences of the Cj,4 y and Cy become
n?Cinay and n?Cy, respectively, and they are in parallel. The
LV side equivalences of Liyqy i Lingy/n*. Then the
intermediate model in Fig. 5 (b) is obtained. Since Loy 1 /2
and L, are much smaller and larger than Lj,qy/n*,
respectively, they are considered as short- and open-circuit.
Thus the intermediate model in Fig. 5 (¢) is obtained. The LV
side equivalence of the Cy; is relatively more difficult to
obtain, and it is derived as the following,

Zinw,iy, = Linap//Cina,
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respectively, and their relationship can be expressed as,

i1 =lgg*n (6)
For the coupling capacitor Cy; /2, it follows
YH17VL1
CyLd——5—— .
% di =t Q)

where v ; and vy ; are the HV and LV side winding voltages,
respectively, and they follow

Vg1 =N*Vp, (®)
Substituting (4)-(6) and (8) into (7), it is obtained as,
-12¢c
Curiv = (1) O )

4

Thus, the simplified impedance model of the magnetic tank
with HV side inductor from LV side is obtained as shown in
Fig. 5 (d). Then according to (1), it is finally acquired,

(n-1*c
Zinwvig = Lina i) /[0 (Cing y + Cu) + €L+ ———2]  (10)

By comparing Z;, 1y, in (10) with Z, 1, in (3), it can be
found that the input impedance of the magnetic tank from the
LV side can always be simplified into a second-order model,
where an equivalent inductor and capacitor are paralleled. The
inductors are the equivalent ones of the HV or LV side inductor
on LV side, so they are the same. But the equivalent capacitors
are quite different. In Zy,;y,, , it is only the winding
capacitance of the LV side inductor Cipgp. In Zip 1y 1, it is @
summation of the winding capacitance of the HV side inductor,
the transformer, and the coupling capacitance of the
transformer with different factors. Thus, it is much easier to
achieve a lower equivalent capacitance in Z,;y;, by
designing an inductor with small winding capacitance. But for
Zinv Ly itneeds to reduce the parasitic capacitance of not only
the inductor but also the transformer. What’s worse, the
capacitances will be amplified by a factor n? or (n — 1)? when
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Fig. 4. LV side input impedance model of the magnetic tank with LV side inductor (a) detailed model (b) intermediate model (c)
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Fig. 5. LV side input impedance model of the magnetic tank with HV side inductor (a) detailed model (b) intermediate model 1 (c)
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equivalent to the LV side. Consequently, Z;, 1y, will have the
same amplitude before the resonance frequency but higher
amplitude after the resonance frequency than Z, ;y,,,, and in
this way the high frequency current ringing is mitigated.

I1I. EXPERIMENTAL VERIFICATION

Transformer T

¥

1

{
g
LV side full bridge @&

HYV side full bridge Inductor L

Fig. 6. A 2.5 kW dual active bridge converter prototype.

L ]

(b)

Fig. 7. The picture of the (a) LV (b) HV side inductor.

In order to verify the analysis above, a 2.5 kW DAB prototype
is built, as shown in Fig. 6. The switching frequency is 100
kHz, the nominal HV and LV side dc voltages are 400 V and
110 V, respectively. The turns ratio of the transformer is
n = 3.5. The design parameters of the transformer are listed in
Table I. By using a KEYSIGHT E4990A Impedance Analyzer
and the measurement approach in [10], the parameters of the
transformer impedance model are obtained and they are listed
in Table III. The design parameters of the inductors L and L;
are listed in Table II. In order to make a fair comparison
between the two inductors, the same type of cores are used, as
shown in Fig. 7, and their windings are designed as a single
layer to minimize the parasitic capacitance [7]. The
impedances of the two inductors are measured and shown in
Fig. 8. By fitting the curves based on the inductor impedance
model in Fig. 3, the parameters of the model are obtained and
they are listed in Table III. As seen, the inductor impedance
model can match the measured impedance very well.
Moreover, compared with the transformer, the winding
capacitances of the inductors are much smaller even their turns
are similar, which proves that the single layer winding
approach is effective to reduce the parasitic capacitance. The
input impedances of the magnetic network from LV side
Ziniv,iy and Ziy 1y 1, are also measured and the amplitudes of
the impedances are shown in Fig. 9. The fitting curves based on
the simplified models of Z;y, ;v 1, and Zy, 1y, in (10) and (3)
are also shown. As seen, the simplified models can match the
measured impedances well before the second resonance
frequency, which is 6 MHz in Z;, ;y,,, and higher than 30
MHz in Zy, 1y,1, - The amplitude of the fitting curve is higher

TABLE I. DESIGN PARAMETERS OF THE

TRANSFORMER.
Transformer T
Core type ETD 59
Core material Ferrite N97

Primary winding Litz wire @ 0.2 mm,
90 strands in parallel, 21 turns
Copper foil 0.15 mm x 35 mm,

2 layers in parallel, 6 turns

Secondary winding

TABLE II. DESIGN PARAMETERS OF THE INDUCTORS.

| Inductor L;

Inductor Ly

Core type ER42V (gapped)
Core material Ferrite N87
Winding Litz wire @ 0.2 mm

270 strands in
parallel, 5 turns

90 strands in
parallel,
17 turns

TABLE III. MEASURED PARAMETERS OF THE
TRANSFORMER AND INDUCTORS

CH CL CHL Lleak,L Lm,L
Transfor 77pF | 253pF | 106 pF | 0.24uH | 202
mer uH

RZ,ind,H Rl,ind,H Lind H Cind,H
Inductor 65k | 11.5m | 375 5.5 pF
Ly Q Q uH

Rainar| Riimar | Linar | Cina
Inductor 0.6k |85m 3.5uH | 22 pF
L, Q Q
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than the measured curve at the first resonance frequency
because all the damping resistances are ignored in the
simplified impedance model. But it will not affect the current
ringing analysis, since the impedance has a peak value at the
first resonance frequency and the current ringing would not
happen at this frequency. Due to the larger parasitic
capacitance, Zy, 1y 1, has a lower amplitude than Z;,;y,, in
the range between its first and second resonance frequency,
which increases the chance of current ringing. Actually, the test
results in Fig. 10 (c) show that the current ringing happens at 4
MHz, which is between the first and second resonance
frequency of Z, 1y, - In detail, at 4 MHz the impedance
amplitudes of Zy,;y ., and Zy,;y,, are 20 Q and 100 Q,
respectively. Thus the current ringing is much mitigated when
the HV side inductor is replaced by the LV side inductor, as
shown in Fig. 10 (b). Moreover, the HV side current ringing is
always small no matter the HV or LV side inductor is used. The
measured efficiency in Fig. 11 shows that with a proper design
the HV and LV side inductor can have very similar power loss.

IV. CONCLUSIONS
In this paper, the current ringing issue in the DAB converter
is analyzed by means of the impedance model of the magnetic
tank. It is found that if the DAB converter has a transformer
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Fig. 10. Experimental results to show LV side transformer
current with (a) HV side inductor (b) LV side inductor.

with a high turns ratio, then a low voltage side rather than a
high voltage side inductor can help to mitigate the current
ringing effectively. Moreover, the impact of the parasitic
capacitances of the transformer can be much reduced. As a
result, the EMI issue caused by the high frequency current
ringing can be alleviated and the design challenge of the
magnetic tank can be lowered.
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Fig. 11. The efficiency of the converter with HV and LV side
inductor.
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