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A Novel Analysis, Design, and Optimal Methodology
of High-Frequency Oscillation for Dual Active
Bridge Converters With WBG Switching Devices and
Nanocrystalline Transformer Cores

Bin Cui
Xueteng Tang, Lucheng Hong

Abstract—With the fast development of advanced switches and
magnetic cores, high-frequency oscillation (HFO) caused by high
dv/dt of fast switching devices and stray capacitances of transformer
in dual active bridge (DAB) presents a significantly challenge. In
this article, a comprehensive analysis, design, and optimal method-
ology of HFO for DAB with wideband gap (WBG) switching devices
and nanocrystalline transformer cores is proposed. The stray pa-
rameters equivalent circuit of DAB is built and the key influencing
factors to mitigated the HFO are identified by establishing a time-
domain analytical model. Based on the theoretical analysis, this
article points out for the first time that the traditional method of de-
creasing the stray capacitance of the transformer to eliminate HFO
is not suitable for high dv/dt occasions when using WBG switching
devices. Correspondingly, a novel elimination method of HFO by
equating the voltage changing time of dv/dt to the oscillation cycle
is proposed, through which the minimum voltage spike amplitude
(VSA) of HFO can be achieved mathematically. A 6.6-kW DAB
prototype with three different transformers is developed and an
approximately 95% reduction of the VSA can be achieved when
the proposed HFO elimination method is adopted, which verifies
the effectiveness of the proposed method.

Index Terms—Dual active bridge (DAB), elimination method,
high-frequency oscillation (HFO), stray capacitance.

1. INTRODUCTION

HE dual active bridge (DAB) based dc—dc converter with
T intermediate high-frequency isolation transformer is the
key equipment in dc—dc applications as it can achieve a large
scale of power transmission with flexible control features, while
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guaranteeing the bilateral galvanic isolation at the same time
[1], [2]. With the increased switching frequency, the volume
and weight of the transformer will be significantly reduced
[3], [4], shedding a shrewder insight into traction, aircraft, and
electric vehicle areas [5]. The growing trend of high switching
frequency development in DAB converter benefits a lot from
the new materials of Fe-based nanocrystalline alloys and Silicon
Carbide (SiC) power devices [3]. Fe-based nanocrystalline alloy
is considered as the most promising material of high-frequency
transformer cores for its higher saturation, lower losses, and
higher curie temperature characteristics, while unlike the ferrite
cores, the nanocrystalline cores with high electrical conductiv-
ity characteristics can considerably increase the transformer’s
stray capacitances [4], [6], [7]. As for the SiC power devices,
when being used in DAB to achieve a lower switching losses
or higher switching frequency, a higher dv/dt (usually around
50-100 kV/us [8]) on the H-bridge output voltage would be pro-
duced, which stimulates the high-frequency oscillation (HFO)
between the stray capacitances of the transformer and the induc-
tive components on the ac side of the DAB converters [9]-[11].

The unexpected voltage and current ringing, i.e., HFO phe-
nomenon, post severe threats to the converter’s performance.
On the one hand, the frustrating voltage spikes on the trans-
former ports pump up the isolation demand, more insulation
materials are therefore needed to cope with the high-voltage
stresses [12]. The additional insulation materials then further
thwart the heat dissipation and decrease the power density of the
transformer. On the other hand, the undesired HFO phenomenon
could distort the voltage and current waveforms, contributes to
electromagnetic interference (EMI) and common mode noise
problems, increase high-frequency losses[13], and reduces the
overall efficiency and reliability of the converters [9], [10],
[12], [14]. The background and threats of HFO are explicitly
illustrated in Fig. 1. It is of great necessity to eliminate the HFO
and improve the aforementioned operating performance of the
DAB converters.

Since the parasitic capacitances of the transformer is regarded
as the major factor causing the HFO phenomenon, many efforts
have been made to evaluate the capacitive effects of the trans-
former [6], [7], [15]. As the electric potentials between turns,
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winding layers, cores, and shielding layers of the transformer
create these stray capacitances [6], a capacitance matrix can be
used to build the refined model of the transformer to characterize
the electric field coupling effects between different parts of the
transformer [16], [17]. However, the capacitance matrix model
contains hundreds of circuit parameters, which brings great com-
plexity for further theoretical analysis [18], [19]. On the contrary,
the lumped parameter model with a limited number of equivalent
stray capacitances of the transformer can be established from
the perspective of the external characteristics of the transformer.
For a two windings transformer, one-capacitance [20], three-
capacitance [21]-[23], six-capacitance [12], and ten-capacitance
[7] stray capacitances equivalent circuit are proposed with differ-
ent degrees of independent voltage freedom [24], among which,
the 7-shaped three stray capacitance equivalent circuit is widely
used for the purpose of dynamic circuit modeling when taking
the transformer as a two-port system from the magneto static
perspective. Various methods have been proposed to extract the
stray capacitances of the transformer, such as analytical formula
[6], [15], numerical methods [7], [8], [12], or experimental mea-
surements [20], [25], among which, the experimental extraction
method based on the self-resonant frequencies of the transformer
is widely accepted for its practicality and accuracy [21], [25].
To mitigate the HFO in the dc—dc converter, different winding
arrangements and constructions of the transformer have been
proposed by reducing the stray capacitances with the aid of
analytical formula or finite-element analysis [10], [12], [14],
claiming that the HFO problem could be significantly alleviated
with lower stray capacitances. However, the stray capacitance
of the transformer could not be radically eradicated, because
electric field energy in the transformer cannot be completely
removed. Some scholars have pointed out that the current ringing
in DAB converter can be mitigated when the phase-shifting
inductors of DAB converter are placed on both sides of the
transformer [26], or putting the phase-shifting inductor on
the low-voltage side of the DAB converter especially when the
transformer has a large transformation ratio [27]. However, these
methods have no effect on voltage ringing of the transformer. On
the other hand, the stray capacitance of the transformer can be
gainfully utilized as a part of a resonant network [28], resulting
in improved power density of the converter. But, the accuracy
of stray capacitance is very difficult to be precisely controlled.
From above, minimizing the stray capacitances of the trans-
former is a key method to eliminate the HFO in dc—dc converters.
However, there is a contradiction between the stray capacitance
and the leakage inductance of the transformer [29]. The smaller
the stray capacitance is, the larger the leakage inductance is,
which means it is impossible to achieve the minimum stray
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capacitance and minimum leakage inductance at the same time
by optimizing the physical parameters of the transformer. It is
well recognized that three factors mainly determine the self-
capacitance of the transformer [6]: 1) the dielectric constant of
the insulating materials; 2) the geometry of windings and cores;
and 3) the arrangement and connecting strategy of windings.
Generally, the multisection winding arrangement technique has
been widely employed in order to reduce the stray capacitances
by improving the voltage distribution of the transformer wind-
ings [15], [30] and a minimum self-capacitance layout design
can be achieved with single winding layer of the transformer,
as the most critical electric field energy between layers of the
transformer is eliminated.

Although several mitigation strategies to mitigate the HFO
are proposed to improve the converter performance, the existing
research still fails to: 1) identify all the key influencing factors of
the HFO mathematically by establishing a time-domain model
of HFO; 2) deriving the functional relationship between the
stray capacitances of the transformer and the voltage spike
amplitude (VSA) of the HFO; and 3) propose a fundamental
HFO elimination method theoretically.

In this article, a time-domain analytical model of HFO is
first established based on the stray parameters equivalent circuit
of DAB, by which the key influencing factors to mitigate the
HFO are identified. Mathematical derivation is deduced with
the conclusion that HFO can be mitigated by reducing the
capacitance of the transformer, however, it will lose effect in
the case of fast switching devices are adopted or high dv/dt are
produced in the DAB converters. A novel elimination method
of HFO is proposed by equating the voltage changing time of
dv/dt and the oscillation cycle theoretically. The corresponding
experimental verifications are conducted on a 6.6-kW DAB
prototype, showing an approximately 95% reduction of the VSA
can be achieved with the proposed HFO elimination method
adopted in this article.

II. PROPOSED EQUIVALENT CIRCUIT AND TIME-DOMAIN
ANALYTICAL MODELING OF HFO IN DAB

A. HFO Mechanism Analysis in DAB With WBG Switch and
Nanocrystalline Transformer

An ideal circuit schematic of DAB converter is shown in
Fig. 2(a), which comprises a primary H-Bridge (H1 ), a secondary
H-Bridge (Hs2), a high-frequency transformer (77), and two
phase-shift inductors (Lpn; and Lyp2), which are symmetrically
placed on the primary and secondary sides of the transformer.
The transmitted power of the DAB converter can be controlled
by adjusting the phase-shifting angle of D between the ac voltage
of the primary H-bridge (U, ) and secondary H-bridge (Up2).

However, in an actual circuit, the fast changing of U1 during
the transient switching states of DAB convertors, referred as
dvldt, has plentiful harmonic components even up to several
megahertz (MHz), making the electric coupling effect of the
transformer becomes as important as the magnetic coupling
effect. Therefore, the stray capacitance of the transformer cannot
be ignored, and a complicated high-order stray parameters
network at the ac side of the DAB converter can be generated.
When investigating the harmonic analysis characteristics of
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Circuit schematic and waveforms of the transformer in DAB converters. (a) Ideal circuit schematic of a DAB converter. (b) Actual circuit diagram of a DAB

converter with stray parameters. (c) Ideal voltage and current waveforms of the transformer. (d) Experimental voltage and current waveforms of the transformer.

a high-frequency transformer where the concerned frequency
is not very high, that is, the propagation delay effect can be
reasonable ignored (usually below several MHz which are
concerned in this article), the magnetic and capacitive effects
of the transformer can be equivalent to lumped parameters
models which focused on winding level. Among these lumped
parameters models, the m-shaped three stray capacitance
equivalent circuit is widely used for dynamic circuit modeling,
which is also employed in this article to characterize the
electrical coupling effect of the transformer in the DAB converter
as shown in Fig. 2(b), where C,, is the self-capacitances of the
primary windings, C; is the self-capacitances of the secondary
windings, Cp is the mutual capacitance between the primary
and the secondary windings, L., is the magnetizing inductance,
R,, is the magnetizing resistance referred to the primary side,
Ly is the leakage inductance referred to the secondary side, r
is the ac resistance of the transformer winding referred to the
secondary side, and 7 is the turn ratio of the transformer.

The ideal voltage and current waveforms of the transformer
(i.e., U, and I,,) when ignoring the stray capacitances of the
transformer are shown in Fig. 2(c). Correspondingly, the ex-
perimental voltage and current waveforms in an actual DAB
converter are shown in Fig. 2(d). It can be seen that the voltage
and current waveforms of the transformer is seriously distorted
in an actual DAB converter when taking the stray capacitance
of the transformer into consideration. A severe HFO problem
in the stray parameters network of DAB converter is generated.
The oscillation frequency of the HFO is up to several MHz,
causing EMI, high-frequency loss, and isolation failure prob-
lems, which seriously threatens the safety and reliability of the
DAB converter. In recent years, with the wideband gap (WBG)
switching devices and Fe-based nanocrystalline alloys utilized
in DAB converters, the HFO at the ac side of the DAB converter
becomes to be an inevitable and urgent problem to be solved.

B. Equivalent Circuit of Stray Parameters Network

As the transient response of a high-order stray parameters
network cannot be solved mathematically, the order of that needs
to be reasonably reduced. First, considering that the leakage
inductance L is much smaller than the magnetizing inductance
L,,, the stray capacitances of the transformer can be referred
to the primary side as shown in Fig. 3. Therefore, the primary
referred stray capacitances of C'1, Cs, and C3 can be expressed
as follows [20]:

Ci=Cp—(n—1)Chs
Cy =n2Cs +n(n —1)Chs (D
03 = ’/leS.

T Ly, 1, Ly o

CZZJ: Lm Rm Us U H2
l:n

Fig. 3. Stray parameters network at the ac side of the DAB converter with the
stray capacitance of the transformer referred to the primary side.

Fig. 4. Simplified circuit of the stray parameters network at the ac side of the
DAB converter.

Fig. 5. Thevenin equivalent circuit of the stray parameters network at the ac
side of the DAB converter.

Generally, as the magnetizing inductance is much larger than
the phase-shift inductance, and the leakage inductance is always
designed to be very small to increase the maximum transmission
power of a DAB converter, the stray parameters network shown
in Fig. 3 can be simplified as shown in Fig. 4 [20]. The simplified
stray capacitance of C' can be expressed as

C=0C+0C,. (2)

As the phase-shift inductors are symmetrically placed on both
sides of the transformer, the following equations should be met
to realize a symmetrical structure:

Lpno
Lph = Lphl = ,;22 3
o rem S
Tph = Tphl = n2

where Ly}, is the phase-shift inductance and rpy, is the resistance

of the phase-shift inductor in the simplified circuit of Fig. 4.
From Fig. 4, a Thevenin equivalent circuit can be obtained

as shown in Fig. 5 according to Thevenin’s theorem. The
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Fig. 6. Mathematical model of dv/dt in time domain.

corresponding circuit parameters are shown as (4)

Loty
_ Ten

r=7 @)
I =1,+1,

_ Umi+Upno
U - 2

where L is the phase-shift inductance, r is the resistance of the
phase-shift inductor, /7, is the current of the phase-shift inductor,
and U is the voltage source in the Thevenin equivalent circuit of
Fig. 5.

It can be seen that the high-order stray parameters network at
the ac side of the DAB converter can be simplified to a second-
order equivalent circuit as shown in Fig. 5, from which, the
circuit responses during the transient switching states of DAB
convertors can be solved mathematically.

C. Time-Domain Analytical Model of HF O

The dv/dt of the converter can be modeled by a segmental
linear function as shown in Fig. 6, which can be expressed
mathematically by

U(t) = Klte(t) — (t—to)elt —t)] = U (5)

where £(t) is a unit step function, 7, is the voltage changing time
of dv/dt, and K is the voltage changing rate of dv/dt.

When taking the voltage changing time of U g» (from negative
to positive) as the initial time, the ac voltage of H-bridge (i.e.,
U and Uppp) can be expressed as follows:

{UHl(t) = Uqe1 ©)

UHQ(t) = Kt{-:(t) — K(t — to)E(t — to) — Udcg
where the voltage changing rate of dv/dt can be expressed as
dv 2Udc2
= = ) 7
dt to 7

The voltage source in the Thevenin equivalent circuit of Fig. 5
can be expressed as

Uni(t) + Una(t)

U(t) = .

= kte(t) — k(t — to)e(t — to)

®)

where k = % is the dv/dt of Thevenin equivalent circuitin Fig. 5.
Solving the zero-input and zero-state response separately and
add them together to obtain the complete circuit response is a
simple method for transient circuits solution. In the first place,
zero-state response is a circuit response due to the input system
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excitation source (with initial conditions of the circuit set to
zero). The voltage source of U(¢) in (8) can be departed into two
ramp functions shown as follows based on the superposition
theorem:

U@:%@*Qﬂ)
ULi(t) = kte(t) ©)
Ua(t) = hte(t — to).

Taking the excitation source of U_;(f) as an example, the
zero-state voltage equation in complex frequency domain can
be derived as follows:

U (s
(sL+7" +sC + R )Ud—l(s) = sf—f—r) (10)
Ui(s) =%
from which, the network function of H(s) can be derived as
Uct 1(5)
H(s) = ————+
(s) U1 (s)
1
= - - . (11)
LC[s* + (f + &r; )5 + ToR~]
There are two poles in H(s), which can be deduced as
. rCR,,+L rCRm+L r+R,,
P = - 2LCR,, + \/ 2LCR,,1 ~ LCR,, (12)
P, — _rCRy+L _ \/ rCRm—O—L 4Ry
2= T2LCR,, 2LCR,, LCR,,

The oscillation in the circuit will be definitely generated when
these two poles is formed into a pair of conjugate complex root,
which means the following inequality could be established:

rCR,,+L 2
2LCR,,
When using « and [3 represent the real and imaginary parts of
the poles as shown in the following:

r+ R,
LCR,,

< 0. (13)

rCR,,+L

{a = T 2LCR,
_ r+Rpy
8=/ Fi
the poles of H(s) can be simply expressed as
P =—-a+1p
P2 = - — Zﬂ
From (10), the zero-state response in complex frequency
domain can be solved as follows:

(14)

o ( rCR,+L )2
2LCR,,

15)

L
2

U 5) = = .
)= Lo (4 oo + £

(16)

The corresponding zero-state response in time domain can be
solved by Laplace inverse transformation as follows:

k 1

LC [Bla®+ 53"
n t n 20
T+ " ()

Uc1.1(t) = “cos(Bt + 61 1)

A7)
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Fig.7. Circuitdiagram for solving the zero-input state of the circuitin complex
frequency domain.

where

2 _ p2
91_1 = arctg (M) .

T (18)

The zero-state response excited by the second part of the
voltage source U_»(f) can be drawn directly based on delay
theorem shown as follows for U_s(¢) is a function delayed by
the first part of excitation source U_; (f) for a time interval of #(:

Uci 2(t) = Uci1(t — to)

k 1 ab_—ato

=10 |paz e " eos(Blt —to) +61)
(t —tg) 200
a? + 52 (a2 + p2)? "

Therefore, the complete zero-state response of U.1(f) can be
derived by adding (17) and (19) based on superposition theorem
as

Uci(t) = Uci1(t) — Uci 2(t)

t
_ at 0
= A16 COS(ﬁt + 91) + ﬁm (20)
During which
A = %m\/l + e2ato — 2e—ato cos Sty
0, — " sinf; 1—e %0 sin(6; 1—Bto) (21)
1 = arctan cosfy_1—e %o cos(01 1—Pto) ) °

It can be seen from (20) that the zero-state response U1(f) is
formed by two parts: the first part is an exponentially attenuating
oscillation function with A; as the oscillation amplitude, «
as the attenuation coefficient, and (5 as the oscillation angular
frequency; the second part is a time-independent constant value,
determined by the dv/dt and parameters of the circuit network.
Meanwhile, it can be seen from (21) that the oscillation am-
plitude of A; is determined by dv/dt and the circuit network
parameters of DAB; while v and S are solely determined by the
circuit network parameters, reflecting the inherent oscillation
properties of the resonant network, regardless of the forms of
the excitation source.

Different from zero-state response, the zero-input response of
the circuit is due to the circuit initial conditions alone (with the
input excitation source being set to zero). In order to evaluate the
influence of initial circuit conditions (that is, the initial current
of the inductor and the initial voltage of the capacitor), the zero-
input response of U s (t) is solved as follows.

A circuit diagram for solving zero-input state response can be
drawn as shown in Fig. 7.

7669
The circuit voltage equation in Fig. 7 can be derived as
1 1 Lig(0_)
C+— U = ——=+CUc(0
<sL+r+S +Rm) c2(5) sL+1r +CU(0)
(22)

from which, the zero-input response of the circuit U.o(s) in
complex frequency domain can be solved as follows:

sUc(0_) + FUc(0_) + &ir(0)

s+ (£ + or)s + LoR™

Uca(s) = (23)

The corresponding zero-input response in time domain can
be solved by Laplace inverse transforming as follows:

Uca(t) = Ase™ cos(Bt + 63) 24
during which
Ay — \/UCZ(O_) + & l(a+ DUe(0_) + Eir(0 )]’
0, = arctan [% (a +++3 éLc((%—j))} .
(25)

It can be seen from (24) that, different from U.(f), the
zero-input response of U.o(?) is only formed by one part: an
exponentially attenuating oscillation function with Ao as the
oscillation amplitude, « as the attenuation coefficient, and 3
as the oscillation angular frequency. Meanwhile, it can be seen
from (25) that A, is determined by the initial current of the
inductor i7,(0_), the initial voltage of the capacitor U(0_), and
the circuit network parameters at the same time.

Finally, the complete response U .(f) can be simply drawn by
adding the zero-state response of U1 (#) and zero-input response
of U.s(t) as follows:

Uc(t) = U (t) + UC’Q(t)

k ﬁo
— ¢
= Ae™ cos(ft + 0) + 6T 27)
during which
A= /A + A2 +2A, A5 cos(6; + 02)
6 = arctan ( Ay sin(0))+ Az sin(62) ) (28)
Aqcos(01)+Ascos(02) ) °

It can be seen from (27) that the complete circuit response of
U.(7) is formed by two parts. The first one is an exponentially
attenuating oscillation function with A as the oscillation ampli-
tude (i.e., the VSA of the HFO), « as the attenuation coefficient,
and S as the oscillation angular frequency. The second one is
a time-independent constant value, determined by the dv/dt and
parameters of the circuit network. Meanwhile, it can be seen
from (28) that the oscillation amplitude of A is determined by the
zero-input and zero-state response of the circuit simultaneous.

D. Verification of the Circuit Responses

In order to verify the correctness of the complete circuit
response of U.(¢) derived above, a simulation model of DAB
converter based on LTspice is built with the circuit diagram
shown in Fig. 2(b) and the circuit parameters listed in Tables I
and II in Section V.

The simulation voltage waveforms and the theoretical wave-
forms of the circuit responses at the transient switching states
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TABLE I
SPECIFICATIONS AND PARAMETERS OF DAB PROTOTYPE

Symbol Parameters Value
Uder Rated input voltage 600 VDC
Uyer Rated output voltage 600 VDC
P Rated power 6.6 kW
fs Switching frequency 40 kHz
Lo Ly Phase-shift inductor 60.51 pH
Tont »Tph2 Resistance of Phase-shift inductor 0.016
D Phase-shift angle at rated power 0.25

TABLE II
STRAY PARAMETERS OF TRANSFORMER

Symbol Parameters #1 #2 #3
C, Primary capacitance 99.7pF 51.2pF 39.1pF
C Secondary capacitance ~ 99.7 pF  51.2pF 39.1 pF
Cps Mutual capacitance 381 pF 166 pF 129 pF
L, Magnetizing 251mH 63mH 63 mH

inductance

T Winding resistance 0.07Q 0.04Q 0.04Q
L Leakage inductance 142puH S5.1pH S.1pH
R, Magnetizing resistance 43 kQ 12kQ  12kQ
n Transformer ratio 1:1 1:1 1:1
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Fig.8. Comparison between the simulation and theoretical voltage oscillation
waveforms of the DAB converter.

of DAB convertors are drawn in Fig. 8 simultaneously. It can
be seen that the zero-input response of U,.2(f) (pink dotted line
shown in Fig. 8) can be regarded as a continuation of the initial
oscillation voltage waveform of the transformer (green solid line
before switching transient time), which is mainly determined by
the initial circuit conditions. The zero-state response of U, (?),
(red dotted line shown in Fig. 8) is stimulated by the dv/dt of the
DAB converter at the switching transient time of DAB convertor,
regardless of the initial circuit conditions. The complete re-
sponse of U.(7) (black dotted line shown in Fig. 8) is determined
by the zero-input and zero-state response of the circuit together.
The peak voltage of the simulation voltage waveform is up
to 1200 V where the peak voltage of the theoretical voltage
waveformis 1210 V with a relative error of 0.8%. This error may
be caused by the order reduction process of the stray parameter
circuit analyzed shown above. The consistency between the
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Fig. 9. Mathematical functional relationship between the VSA of HFO (A)
and the stray capacitance of the transformer (C)) in the DAB prototype.

simulated waveform and the theoretical waveform verifies the
correctness of the complete response of U,(#) described by (27)
and (28).

III. COMPREHENSIVE ANALYSIS WITH UNIVERSAL
INFLUENCING FACTORS OF HFO

Asisestablished in (28),the VSA of the HFO (A) is determined
by many influencing factors, including the stray capacitance of
the transformer (C), the dv/dt of the converter (k), the excitation
resistance of the transformer (R,,), the ac resistance of the
transformer (r), the phase-shift inductance (L), the initial current
of the phase-shifting inductor i1,(0_), and the initial voltage of
the transformer’s stray capacitance U o(0_). The key influencing
factors of the HFO can be identified mathematically based on
the time-domain analytical model of HFO shown in Section II
as follows.

A. Stray Capacitance of the Transformer

The mathematical functional relationship between the VSA
of HFO (A) and the stray capacitance of the transformer (C) can
be shown in Fig. 9, which is drawn based on (28) and the circuit
parameters of a DAB prototype in Section V. Particularly, the
dvldt of the DAB prototype is 46 kV/us, which is measured from
the experiment.

It can be seen from Fig. 9 that there is a nonlinear relationship
between the VSA of HFO and the stray capacitance of the
transformer. The VSA of the HFO is up to 600 V when the stray
capacitance of the transformer is 100 pF, and decreased to nearly
0 V when the stray capacitance is reduced to 0.56 pF, while
inversely goes up to about 143 V when the stray capacitance
is further reduced to 0.27 pF. The stray capacitance of the
transformer is not the smaller the better to mitigate the HFO,
which is different from the traditional ideas in the existing
literatures.

In practice, the stray capacitance of the transformer is very
difficult to be controlled, and the minimum stray capacitance of
the transformer could merely be reduced to dozens of pF with the
optimized transformer constructions and winding arrangements.
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Fig. 10. Mathematical functional relationship between the VSA of HFO (A)
and the dv/dt of the converter (k) in the DAB prototype.

However, taking the DAB prototype in this article as an example,
only when the stray capacitance of the transformer is less than
10 pF, the VSA of HFO could be significantly suppressed. It is
almost impossible to get such a small stray capacitance for an
actual transformer, which means that the traditional elimination
method of HFO by decreasing the stray capacitance of the
transformer is not suitable to the DAB prototype built in this
article, for the WBG devices of SiC-MOSFETs are utilized and
an extremely high dv/dt is generated.

B. dv/dt of the Converter

The mathematical functional relationship between the VSA
of HFO (A) and the dv/dt of the converter (k) can be drawn as
shown in Fig. 10 based on (28) and the circuit parameters in
Section V as listed in Tables I and II.

It can be seen from Fig. 10 that there is also a nonlinear
relationship between the VSA of HFO and the dv/dt of the
converter. The VSA of the HFO is up to 600 V when the dv/dt of
the converter is 10 kV/us, and will decrease to nearly 0 V when
the dv/dt is reduced to 2.46 kV/us, while inversely goes up to
about 133 V when the dv/dt is further reduced to 1.73 kV/us.
The dv/dt of the converter is not the smaller the better to mitigate
the HFO, which is also different from the traditional ideas.

In practice, when WBG switching devices such as SiC-
MOSFETS are used, HFO in the DAB converters is an inevitable
and urgent problem to be solved, because the dv/dt of the
converter can be almost reached up to 30-50 kV/us [10] due
to the fast voltage changing characteristics of the H-bridge.
However, the nonlinear relationship between the VSA and dv/dt
together with the nonlinear relationship between VSA and C'
makes it extremely difficult and complicated to seek effective
elimination method of HFO in a specific DAB prototype.

C. Excitation Resistance of the Transformer

As the excitation resistance of the transformer (R,,) is de-
termined by the core loss characteristics and the maximum
magnetic field amplitude of the transformer cores, different
transformers will have different excitation resistances. In order
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Fig. 11. Mathematical functional relationship between the VSA of HFO (A)
and the excitation resistance of the transformer (R,,,) in the DAB prototype.

to evaluate whether R,,, is a key influencing factor of the HFO,
the mathematical functional relationship between the VSA of
HFO (A) and the excitation resistance of the transformer (R,,)
can be drawn in Fig. 11 based on (28) and the circuit parameters
in Section V.

It can be seen from Fig. 11 that the VSA of HFO almost does
not change with R,,, that is to say, R,, is not a key influencing
factor of HFO for the DAB prototype in this article.

D. AC Resistance of the Transformer

As to the ac resistance of the transformer (r), which is mainly
determined by the winding wire gauges and the skin effect of the
transformer windings under the oscillation frequency of several
MHz, different transformers will have different ac resistances
under the oscillation frequency. In order to evaluate whether r is
akey influencing factor of the HFO, the mathematical functional
relationship between the VSA of HFO (A) and the ac resistance
of the transformer () can also be drawn in Fig. 12 based on (28)
and the circuit parameters in Section V.

It can be seen from Fig. 12 that the VSA of HFO almost does
not change with r, and r is also not a key influencing factor of
HFO for the DAB prototype.

E. Other Possible Influencing Factors of HFO

It is well recognized that the circuit parameter of phase-shift
inductance (L) is determined by the rated transmission power
of the DAB converters, and cannot be a variable value once the
circuit parameters of DAB converter are confirmed. Therefore,
the phase-shift inductance (L) cannot be an adjustable parameter
to solve the HFO problems. As to the initial current of the
phase-shifting inductor iz (0_) and the initial voltage of the
transformer’s stray capacitance U(0_), they are very difficult
to be controlled in actual circuits, and cannot be an effective way
to solve the HFO problems.
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Fig. 12.  Mathematical functional relationship between the VSA of HFO (A)
and the ac resistance of the transformer (r) in the DAB prototype.

F. Comprehensive Analysis of HFO

From the above analysis, it can be seen that the stray ca-
pacitance of the transformer (C) and the dv/dt of the converter
(k) are the key influencing factors of the HFO. The HFO can
be eliminated by optimizing these two factors in a specific DAB
converter. However, the nonlinear relationship between the VSA
of HFO and these influencing factors makes it very complicated
to seek an effective method to mitigate the VSA of HFO in a
specific DAB prototype. A 3-D figure, as shown in Fig. 13, can
be drawn from (28) to show this nonlinear relationship.

It can be seen from Fig. 13 that the dv/dt of the DAB converter
and the stray capacitance of the transformer is not the smaller
the better to mitigate the VSA of HFO. As a matter of fact,
there are several groups of optimal dv/dt and C' to mitigate the
VSA of HFO to a minimum value, which is different from the
traditional ideas. On the other hand, when a higher dv/dt is
generated in a DAB converter, a smaller stray capacitance of
the transformer will be needed to mitigate the VSA of HFO;
similarly, when a higher stray capacitance of the transformer is
generated, a smaller dv/dt will be needed to mitigate the VSA of
HFO. Therefore, the traditional methods of merely reducing the
stray capacitance of the transformer or the dv/dt of the converter
(as shown by the red line in Fig. 13), face great challenges
especially when the WBG switching devices and nanocrystalline
transformer cores are adopted in the DAB converters, because
a higher dv/dt of the converter and a higher stray capacitance
of the transformer will be generated with these advanced new
materials. The best way to mitigate the VSA of HFO is to
reduce the dv/dt of the converter and the stray capacitance of
the transformer at the same time as shown by the blue line in
Fig. 13.

IV. PROPOSED ELIMINATION METHOD OF HFO

To effectively mitigate the VSA of HFO, the mathematical
relationship between the dv/dt of the converter and the stray
capacitance of the transformer to mitigate the VSA of HFO to a
minimum needs to be further deduced. The first-order derivative

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 7, JULY 2021
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Fig. 13. Nonlinear relationship between the VSA of HFO, dv/dt of the con-
verter and the stray capacitance of transformer.

of the VSA (A1) with respect to the voltage changing time of 7
can be derived as follows, where the initial states of the circuit
are ignored:

dA,

—— =1+e (1 +at
dlo te (14 ato)

+ e 0 [—2cos(Bty) + atg cos(Bty) + Btosin(Bty)] .
(29)

A simplified equation can be derived as follows when mak-
ing the first-order derivative equal to zero and considering the
inequality of oty < 1, e~ ~ 1 for a DAB converter:

dA
Wl = 2 — 2cos(Bto) + Bosin(Bte) = 0. (30)
0
A special solution of (30) can be deduced as follows:
2
tozg,(neN*). 31)

When substituting the angular frequency of S with the oscil-
lation period of fi1ro shown in (32), the special solution of (31)
can be simply expressed as (33)

2
B =27 furo = —— (32)
turo
to = nturo, (n € N*) (33)

where 7, is the voltage changing time of dv/dt, tyro is the
oscillation cycle and firo is the oscillation frequency.

The functional relationship between the VSA of HFO, the
voltage changing time of dv/dt (ty) and the oscillation cycle
(turo) can be seen more clearly by a 3-D figure as shown in
Fig. 14, which is drawn based on (28), (33) and the circuit
parameters in Section V. It can be seen that the VSA of HFO is
almost reduced to 0 V when the voltage changing time of dv/dt
(tp) is an integer multiple times of the oscillation cycle (tro),
as shown by the red line in Fig. 14, which is consistent with
the special solution of (33). It means that the HFO problems
of the DAB converter can been perfectly solved under such
circuit conditions. Therefore, an elimination method of HFO by
equating the voltage changing time of dv/dt (ty) to the oscillation
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Fig. 15. A 6.6-kW DAB prototype build with WBG switching devices and
nanocrystalline transformer cores.

cycle (tirro) can be reasonably proposed in this article, which
guarantees the minimum VSA of HFO mathematically, and
much easy to be implemented in a specific DAB converter.

V. EXPERIMENTAL VERIFICATION

A. Experimental Prototypes With WBG Devices and
Nonocrystalline Transformer

In order to verify the proposed elimination method of HFO,
a 6.6-kW DAB prototype with WBG switching devices and
nanocrystalline transformer cores are built. The specifications
and parameters of the DAB prototype are listed in Table I, and
the photograph of the DAB prototype is shown in Fig. 15. In
the DAB prototype, the high-speed SiC-MOSFETs of CREE-
C2MO0040120D are adopted as the switching devices, and the Fe-
based nanocrystalline alloys of VAC VITROPERM 500F-W342
are adopted as the high-frequency transformer cores, which
ensuring a higher efficiency under high switching frequency
operating conditions of the DAB converter.

7673
TABLE IIT
EXPERIMENT SPECIFICATIONS WITH DIFFERENT STRAY CAPACITANCES
OF THE TRANSFORMER
Transformer #1 #2 #3
Layers 2 1 1
Insulation Polyimide Silica gel Air
C 199.4 pF 102.4 pF 78.2 pF
fHFO 20 MHz 286 MHz 32 MHz
turo 500 ns 350 ns 312 ns
dv/dt 46 kV/us; 46 kV/us; 46 kV/us
t0 26 ns 26 ns 26 ns
VSA 690 V 460 V 440 V

B. Reducing the Stray Capacitance of the Transformer

A typical elimination method of HFO is to reduce the stray
capacitance of the transformer. In this article, three different
transformers with different winding layers and insulation ma-
terials are designed to reduce stray capacitances sequentially.
The stray parameters are experimentally extracted by impedance
characteristics method [25] listed in Table II, and the pho-
tographs of the transformers are shown in Fig. 16.

In transformer #1, there are two layers for the primary and
secondary windings. Polyimide tapes with the relative permit-
tivity equals to 3 are used as the insulation materials between
layers. Due to the large number of transformer winding layers,
the significantly increased electric field energy between layers of
the transformer boosts the stray capacitance of the transformer
obviously.

In transformer #2, the layers of the primary and secondary
windings are reduced to 1, which greatly decreases the electric
field energy between layers of the transformer, and a much lower
stray capacitance can be achieved. In order to achieve a good
heat dissipation performance, thermally conductive silica gel is
used to fill the gaps between the turns of the transformer #2.
However, the relative permittivity of the thermally conductive
silica gel can reach up to 20, which can increase the electric
field energy between turns and lead to a relatively large stray
capacitance.

In transformer #3, the primary and secondary windings have
a single layer, and the gaps between turns of the winding are
filled with air. A minimum stray capacitance can be achieved by
the single layer of the transformer winding and the minimum
relative permittivity of the insulation material, because much
of the electric field energy between layers and turns of the
transformer is eliminated.

The voltage waveforms of U, in the experiment are shown in
Fig. 17 with three different transformers adopted. The VSA of
HFO together with the other experiment specifications under
different stray capacitances of the transformer are shown in
Table III.

It can be seen that compared to transformer #l1, the stray
capacitance of the transformer #3 can be reduced to 39% (from
199.4 to 78.2 pF) by optimizing the physical structures of the
transformer. The oscillation frequency of fiyro increases from
2.0 to 3.2 MHz, and the VSA of HFO decreases from 720 to
440V, that is, a 36.2% reduction of the VSA can be achieved by
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Fig. 16.

Three different transformers with different stray capacitances. (a) Transformer #1. (b) Transformer #2. (c) Transformer #3.
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Fig. 18.  HFO elemination by reducing stray capacitances of the transformer.

optimizing the physical structures of the transformer. However,
the HFO in the DAB prototype cannot be completely eliminated
by reducing the stray capacitance of the transformer in the
experiment.

It is clearly revealed by the red curve in Fig. 18 that the VSA
of HFO cannot be mitigated effectively when an extremely high
dv/dt (a small #() is generated, which means that the traditional
method of reducing the stray capacitance of the transformer to
eliminate the HFO is not suitable when fast switching devices
utilized in the converter.

Voltage waveforms of the transformer (U,,) in the experiment. (a) Transformer #1. (b) Transformer #2. (c) Transformer #3.

800 T T T T T T T

600 -

400 -

200 -
Different dv/dt are generated
ok

-200

-400

Snubber Capacitances is OnF
Snubber Capacitances is 3.8nF
Snubber Capacitances is 5.52nF

-600

Voltage Waveform of the Primary H-Bridge (V)

-800
-8 7 6 5 -4 -3 2 -1 0
Time (s) %107

Fig.19. Differentdv/dt are generated in the experiment by connecting different
snubber capacitances to the power devices.

Only when the dv/dt is small enough, in conditions such as
the low-speed switching devices (like Si-IGBT) are used in the
converter, the method of reducing the stray capacitance of the
transformer can be an effective way for HFO elimination, as
the black curve demonstrated in Fig. 18.

C. Reducing the dv/dt of the Converter

It is well recognized that the dv/dt of the DAB converter in the
experiment usually have a small difference due to the tolerance
of the parasitic capacitance of power devices. However, when a
relative larger snubber capacitance (compared with the parasitic
capacitance) is parallel-connected with the power devices, this
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TABLE IV
EXPERIMENTAL SPECIFICATIONS WITH DIFFERENT DV/DT OF THE CONVERTER

Coarail 0 nF 3.8 nF 5.52 nF
C 78.2 pF 78.2 pF 78.2 pF
turo 312 ns 312 ns 312 ns
dv/dt 46 kV/us 3.8 kV/us 2.7 kV/us
to 26 ns 312 ns 440 ns
VSA 440 V 22V 150V

small difference can be ignored because the dv/dt of the DAB
converter will be mainly determined by the snubber capacitance.
Fig. 19 shows the dv/dt generated with different snubber capac-
itances connected with the power device in the experiment (the
parasitic output capacitance of power devices is 0.15 nF obtained
from the device datasheet).

It can be seen from Fig. 19 that the dv/dt of the DAB converter
can be regulated by connecting different snubber capacitances to
the power devices. Actually, the functional relationship between
dv/dt and the paralleled snubber capacitance of C'paran can be
derived in (34) when parallel-connected snubber capacitance is
much larger than parasitic capacitance [31]

1
Cparall

K= li(1)]

(34)
where i(7) is the instant current of the H-bridge, which can be
determined by (35) while taking the secondary H-bridge as an
example

|Z(t)| _ Udcg/’rl =+ (2D — 1)Udc1
4fs(Lph1 + Lph2)

In this article, different dv/dt are generated by regulating the
snubber capacitance of the power devices under rated power. The
experimental voltage waveforms of U,,, as shown in Fig. 20, with
different dv/dt are generated. The VSA of HFO together with the
other experiment specifications under different dv/dt are shown
in Table I'V.

It can be seen from Fig. 20 that the VSA of the HFO is up
to 440 V when the dv/dt of the converter is 46 kV/pus, and will
decrease to 22 V when the dv/dt is reduced to 3.8 kV/us, while
inversely goes up to about 150 V when the dv/dt is further
reduced to 2.7 kV/us. Therefore, the dv/dt of the converter is

(35)
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Experimental voltage waveforms of the transformer by reducing the dv/dt of the converter: (a) dv/dt = 46 kV/us; (b) dv/dt = 3.8 kV/us; (¢) dv/dt =2.7kV/us
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Fig. 21. HFO elimination by reducing the dv/dt (or increasing the 7o) of the
DAB converter.

not the smaller the better to mitigate the HFO, which verifies
the theoretical analysis in Section III.

In fact, as is depicted by the red curve in Fig. 21, the VSA
of HFO can be mitigated effectively by reducing the dv/dt to
3.8 kV/us, which ensures the optimal working conditions of
the HFO elimination that the voltage changing time of dv/dt(ty)
equals to the oscillation cycle (tyro). However, the method
of merely reducing the dv/dt of the converter to eliminate the
HFO is not an feasible method when an extremely larger stray
capacitance of the transformer is generated, because a much
larger snubber capacitance is needed to be connected with the
power devices to generate a much lower dv/dt (or a much larger
tp), leading to an extension of switching dead time for the
converters. It is not permitted especially in higher switching
frequency DAB converters, because the maximum switching
frequency of the converter can be greatly reduced.

D. Proposed Elimination Method of HFO

The experimental verification of the proposed elimination
method of HFO is carried out with three different transformers
adopted respectively in a 6.6-kW DAB prototype. First, the
oscillation cycle of fyro is calculated by (14) and (32) based
on the stray parameters shown in Table II and the parameters of
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TABLE V
EXPERIMENTAL SPECIFICATIONS WITH THE PROPOSED ELIMINATION
METHOD OF HFO
Transforme  #1 #2 #3
r
Coaralt 6.0 nF 4.3 nF 3.8 nF
C 199.4pF 1024pF  78.2pF
furo 20MHz 2.86 MHz 3.2 MHz
turo 500 ns 350 ns 312 ns
dv/dt 2.4kV/us 3.4kV/us 3.8 kV/us
ty 500 nS 350 nS 312 nS
VSA 20V 20V 22V

DAB converter shown in Table I. Then the snubber capacitances
of Cparan are calculated from (7), (34), (35) by equating the
voltage changing time of dv/dt (t() equals to the oscillation cycle
(turo). The calculated parameters together with the VSA of
HFO in the experiment are listed in Table V. The experimental
voltage waveforms of the transformer (U,,) are shown in Fig. 22.

Compared with the voltage waveforms of the transformer
shown in Fig. 17 and the VSA of HFO in Table III, the VSA
of HFO can be reduced by more than 95% shown in Fig. 22
and Table V. It can be seen more clearly by the red line shown
in Fig. 23 that the minimum VSA of HFO can be achieved by
equating the voltage changing time of dv/dt (¢y) to the oscillation
cycle (furo), which means that the HFO problems can be effec-
tively solved in the experiment when the proposed elimination
method of HFO is adopted in this article.

E. Efficiency of the DAB Converter

In this article, in order to eliminate the HFO of the DAB
converter, the dv/dt of the converter and the stray capacitance of
the transformer are regulated simultaneously to ensure that the
voltage changing time of dv/dt equates to the oscillation cycle.
However, the slowing dv/dt by increasing the gate resistances
or snubber capacitances of the switching devices usually results
in a change in switching loss or converter efficiency. Further
experiments are carried out under rated power with different
gate resistances and snubber capacitances. The measured dv/dt
and efficiency of the DAB converter are shown in Fig. 24.
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Experimental voltage waveforms of the transformer with the proposed elimination method of HFO. (a) Transformer #1. (b) Transformer #2.

Voltage spike Amplitude of HFO (V)

Fig. 23.  Proposed elimination method of HFO by equating the voltage chang-
ing time of dv/dt (tp) and the oscillation cycle (tHro).

It can be seen from Fig. 24(a) that the dv/dt of the converter
can be reduced by increasing the gate resistances or snubber
capacitances to the power devices. However, when the snubber
capacitances are larger than 1 nF, dv/dt is mainly determined by
the snubber capacitance, and has little relationship on the gate
resistances.

Fig. 24(b) shows that the efficiency of the converter increases
as the snubber capacitance increases, but decreases as the gate
resistance increases. When the snubber capacitance is large
enough, the efficiency is mainly determined by the snubber
capacitance and has less relationship with the gate resistances.
The overall efficiency of the DAB converter goes up to over
98.2% with the snubber capacitances larger than 3 nF.

Actually, the efficiency improvement of the DAB converter
with the snubber capacitances is mainly due to the soft-switching
status of the switching devices. When a snubber capacitance
is connected in parallel with the power device, the voltage of
the power device will be clamped by the snubber capacitor.
Since the capacitor voltage cannot be changed suddenly, the
voltage of the switching device remains almost zero when the
switching device is turned OFF, which means that the turn-OFF
switching loss of the power devices is significantly reduced,
and a quasi-zero voltage condition is achieved when the power
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Fig. 24. DV/DT and efficiency of the DAB converter with different MOSFET
gate resistances and snubber capacitances under rated power. (a) Dv/dt of the
DAB converter. (b) Efficiency of the DAB converter.

device is turned OFF [32]. On the other hand, since the DAB
converter has a ZVS-ON instinct, i.e., the energy in the snubber
capacitance can be recycled before the device is turned ON, the
overall efficiency of the DAB converter increases as the snubber
capacitance increases. However, when a DAB converter loses
ZVS-ON characteristic under certain load and gain conditions,
the energy on the snubber capacitance will be dissipated on
the switching devices and the overall efficiency of the DAB
converter will decrease as the snubber capacitance increases. The
soft-switching characteristics of a DAB converter with snubber
capacitances connected in parallel with the power devices are
further discussed in [32].

VI. CONCLUSION

In this article, a comprehensive analysis, design, and optimal
methodology of HFO for DAB with WBG switching devices
and nanocrystalline transformer cores is proposed. Based on
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the theoretical analysis, this article points out for the first time
that the traditional method of decreasing the stray capacitance
of the transformer to eliminate the HFO is not suitable for
high dv/dt occasions when fast switching devices are utilized
in the converter. Correspondingly, a novel elimination method
of HFO by equating the voltage changing time of dv/dt and
the oscillation cycle is proposed theoretically, through which
the minimum VSA of HFO can be achieved mathematically.
Experimental verification of the proposed method are carried out
on a 6.6-kW DAB prototype with three different transformers
employed, respectively, which shows that the VSA of the HFO
can be reduced by 95% when the proposed elimination method
are adopted, whereas a merely 36.2% reduction of the VSA can
be achieved with the traditional method of decreasing the stray
capacitance of the transformer, which means that the HFO in
DAB converters can be effectively eliminated with the proposed
elimination method adopted in this article.
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