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Abstract—This paper deals with the experimental comparison
of two modulation patterns for the Dual Active Bridge Converter
(DAB) regarding common mode current generation. One of them
is the well known Triangular modulation which leads to minimal
conduction losses and switches with ZVS and ZCS. The other
one is a new modulation pattern proposed by our research group,
which makes it possible to switch in a larger operating range
with ZVS without having to adjust the switching frequency or the
magnetizing inductance of the transformer, which was up to now
not possible. The measurement results of the created common
mode current were evaluated in the time domain and in the
frequency domain for each modulation pattern and an attempt
was made to graphically reproduce the switch positions of the two
modulation patterns using electrical circuit diagrams in order to
conclude the generation of the common mode current. It was
discovered experimentally that the proposed novel modulation
pattern generates less common mode current for a wide frequency
range, although it is switched more often.

Index Terms—Common mode current, DAB, Modulation pat-
tern, ZVS,

I. INTRODUCTION

The losses of the DAB [1] may be reduced by operating
with ZVS [2]. Up to now, full coverage of the entire operating
range with ZVS was only possible by changing the switching
frequency [3] or adjusting the magnetizing inductance of the
transformer [4]. A set of new modulation patterns which break
this limitation is proposed by our research group. One is the
DAB ZVS Triangular Small/Medium (S/M), which could be
used for small to medium power transmissions. To enlarge the
ZVS region, additional voltage pulses are used. It is interesting
to know what influence these additional voltage pulses have on
the common mode current generation. Therefore, a set-up was
built and the new modulation pattern DAB ZVS Triangular
S/M was experimentally compared with the conventional Tri-
angular modulation [5] leading to minimal conduction losses
and switching at zero voltage and zero current, which is further
titled DAB ZVS ZCS Triangular.
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II. EXPERIMENTAL COMMON MODE CURRENT
EVALUATION

A. Set-up and its configuration

Fig. 1: DAB photo

On Figure 3 the DAB experimental set-up electric circuit
diagram for the common mode current measurement is visible.
The Fourline-V-LISN Type NNB-4/63TL [6] was used in order
to create a well-defined impedance [7]. In the experiment
the quantities ua, up, ¢z and ., were measured for the
evaluation of the common mode current using the current
probe Tektronix P6021 [8] with Tektronix TCPA300 [9]
amplifier and the high voltage probe Tektronix THDP0200
[10]. The DAB was realized with two full bridge PCBs using
EPC2302 eGaN FETs [11]. A high-frequency transformer
with an N87 core, 16 primary and secondary windings and
a leakage inductance of 3 uH was developed for the isolation.
The operating point at which the two modulation patterns
DAB ZVS ZCS Triangular and DAB ZVS Triangular S/M
were compared was set to fsw = 100kHz, Uy, = 60V,
Up,, =48V and Ip, = 2 A. The converter was designed for
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Fig. 2: DAB experimental set-up photo
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Fig. 3: DAB experimental set up electric circuit diagram

max. 600 W. A photo of the DAB is visible on Figure 1 and that a common mode current is generated during transients 1
of the set-up on Figure 2. and 2. During transient 3, S5 and Sg are opened so that the
eGaN FETs conduct in the opposite direction and therefore do

B. DAB ZVS ZCS Triangular modulation pattern common . generate a common mode current due to weak % )

mode current evaluation in the time domain

Transient| Description 2, i
1 By switching on S; and S5, the potentials ¢, = ) b3
and ¢», increase with a positive and large 3% UAa:lO 4| Transformer(| 5 | OlUBm
and lead to a positive common mode current Zf3 54 @\
Figure 4. - | =>C1|C21 i, L+ Gy, C24+ Llc,
2 By switching on S5, the potential ¢, increase . TCIZ + !
with a positive and large & and lead to a . T .
. Fig. 4: Electric circuit diagram of transient 1
positive common mode current Figure 5. 2
3 By opening S5 and Sg, the transformer cur- T8 5
rent 77, will naturally drop to zero. Conducting % - X
the eGaN FETSs in the reverse direction results U l h”"l Transformer| 5 \ OlUB,,c
in a negative voltage us and wug. As the Zfa £ £ @\
voltages us and ug only decrease slightly and Lol 1 1o, ot Lo,elle,
not with a strong slope, no common mode S, T 1
current is generated Figure 6. Fig. 5: Electric circuit diagram of transient 2
TABLE I. DAB ZVS ZCS Triangular modulation pattern 4 PN .
summary of common mode current generation B, & B3l us
T Ua|ftransformer|| ()lUBdC
Figure 7 shows the measurement results of the DAB ZVS &) i @Ng
ZCS Triangular modulation pattern. The transients that gener- ol 1 1o S oo L le
ate the common mode current are marked as red shaded areas. T Tel L ° ST T

The description of the respective transients can be seen in ) o .
Table I. Figure 4 to Figure 6 also graphically show the switch Fig. 6: Electric circuit diagram of transient 3
states that generate the common mode current. It can be seen
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Fig. 7: DAB ZVS ZCS Triangular modulation pattern measurement results
C. DAB ZVS Triangular S/M modulation pattern common Nl .
mode current evaluation in the time domain ), - <
_ — [ Ua|(Transformer|| 5
Transient| Description §
1 By switching on S3, the potential ¢, increase @N . @\
with a positive and large % and lead to a TONCHT T, TO CuT =Gy Cz% +C,
positive common mode current Figure 8. I
2 By switching on S7, the potential ¢, increase Fig. 8: Electric circuit diagram of transient 1
with a positive and large % and lead to a Z N
negative common mode current Figure 9. % B, 15 £ 17
3 By switching on S, and Sg, the potentials UAWJ iem | T U Transformer]
¢2, and ¢, decrease with a negative ﬁ’t’ and Z » §
they do not lead to additional common mode 2 £ &
current Figure 10. Tt 10 TG Gy G G 700
4 By switching on S5, the potential ¢o, de- <
crease with a negative and large 2% and by Fig. 9: Electric circuit diagram of transient 2
switching on S3, the potential ¢, increase &4,
with a positive and large X A” . This leads to a 7 1
negative common mode current Uml() fem= \ | [Transformer lu}z\
TABLE II: DAB ZVS Triangular S/M modulation pattern Zf“ # {]\ £ |
summary of common mode current generation — | ;ChCle TCu lc, Cu«} +C23 Cz% Lo,

Figure 12 shows the measurement results of the DAB
ZVS Triangular S/M modulation pattern. The transients that
generate the common mode current are marked as blue shaded
areas. The description of the respective transients can be seen
in Table II. Figure 8 to Figure 11 also graphically show the
switch states that generate the common mode current. It can
be seen that a common mode current is generated during
transients 1, 2 and 4, although the generated common mode
current during transient 2 is significantly smaller than for the
other transients. During transient 3, no common mode current
seems to be generated.

Fig. 10: Electric circuit diagram of transient
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Fig. 11: Electric circuit diagram of transient 4
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Fig. 12: DAB ZVS Triangular S/M modulation pattern measurement results

D. DAB ZVS ZCS Triangular and DAB ZVS Triangular S/M
modulation patterns common mode current frequency spec-
trum analysis

A good way to compare the common mode current gener-
ated by DAB ZVS ZCS Triangular and DAB ZVS Triangular
S/M modulation patterns is the frequency spectrum analysis.
On Figure 13, the common mode current amplitude spectrum
of the DAB ZVS ZCS Triangular is visible in red and of
the DAB ZVS Triangular S/M modulation pattern in blue,
respectively. The amplitude spectrum of the measured common
mode currents was calculated and visualized using Matlab. To
see the difference in the generated common mode currents, the
quantity 20log19(K) was calculated. If 20log10(K) < 0dB,
DAB ZVS Triangular S/M modulation pattern leads to a
smaller common mode current and if 20log19(K) > 0dB,
DAB ZVS ZCS Triangular modulation pattern leads to a
smaller common mode current. The illustration of 20l0g1¢(K)
is visible on Figure 14. The following can be interpreted from
this:
e 2kHz - 600kHz: 7.y, attenuated at up to —18dB with
DAB ZVS Triangular S/M modulation pattern

e 600kHz - 1.2MHz: 4., amplified at up to 10dB with
DAB ZVS Triangular S/M modulation pattern

e 1.2MHz - 2.6 MHz: 7., attenuated at up to —10 dB with
DAB ZVS Triangular S/M modulation pattern

e 2.6 MHz - 3.2MHz: 4.y, amplified at up to 10dB with
DAB ZVS Triangular S/M modulation pattern

e 3.2MHz - 1 GHz: i, smaller with DAB ZVS Triangular
S/M modulation pattern (see Figure 13)

It is evident that in the frequency range from 2 kHz to 1 GHz
the DAB ZVS Triangular S/M modulation pattern appears to
be advantageous in terms of common mode current generation

compared to the DAB ZVS ZCS Triangular modulation pattern
for a wide frequency range.

III. CONCLUSIONS

The conventional DAB ZVS ZCS Triangular modulation
pattern [5] and the newly proposed DAB ZVS Triangular S/M
pattern were experimentally compared in terms of common
mode current generation. The latter extends the ZVS region
for small to medium power ratings without having to adjust
the switching frequency [3] or the transformer magnetizing
inductance [4], which was the case up to now. The experi-
mental results show that the novel modulation pattern leads
to less common mode current for a wide frequency range
despite more frequent switching. This is an advantage, as the
losses could be reduced due to the extended ZVS region and
obviously no significant increase of the common mode current
has to be expected.
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