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Abstract: The dual-active-bridge converter (DAB) has attracted tremendous attention in recent
years. However, its EMI issues, especially the high-frequency oscillation (HFO) induced by the
dv/dt and parasitic elements of the transformer, are significant challenges. The multi-active-bridge
converter (MAB) based on the multi-winding transformer also faces similar problems, which are
even more complicated. This article investigates the HFO of active-bridge-transformer-based DC/DC
converters including DAB and MAB. Firstly, the general HFO model is studied using the analysis
of the AC equivalent circuit considering the asymmetrical parameters. Ignoring the AC resistance
in the circuit, the high-order model of the voltage oscillation could be reduced to a second-order
system. Based on the simplified model, the oscillation voltage generated by an active bridge is
analyzed in the time domain. Then, a universal active voltage-oscillation-suppression method-
selected harmonic-elimination phase-shift (SHE PS) modulation method is proposed. The impacts
of the system parameters on the method are also revealed. The experimental results show the
excellent performance of the proposed active suppression method, with voltage spike amplitude
(VSA) reductions of 92.1% and 77.8% for the DAB and MAB prototypes, respectively.

Keywords: high-frequency oscillation (HFO); dual-active bridge (DAB); selected harmonic elimination (SHE)

1. Introduction

The dual-active bridge (DAB) converter has continued to be a hot topic in both
academia and industry in recent years, due to its properties of bidirectional power flow,
high power density, soft switching, and inherent galvanic isolation [1,2]. The multi-active
bridge converter (MAB), regarded as the natural expansion of DAB, could provide multi-
ports to integrate multiple DC voltage domains, making it a competitive candidate in many
applications such as power electronic transformers (PETs), electric aircrafts and all-electric
ships, and energy routers for smart homes [3,4]. To make the MAB more flexible and
scalable, the modular multi-active bridge (MMAB) converter has been proposed, where one
multi-winding transformer is replaced by several dependent two-winding transformers.

With the increasing switching speed, the high-frequency oscillation (HFO), which is
excited by the output voltage of the active bridge and the transformer stray parameters in
the DAB, has raised concern. Recently, wideband gap (WBG) devices have been widely used
in DAB converters and other H-bridge-based converters [5-9], which could increase the
system’s efficiency. With the WBG switching devices and the nanocrystalline alloys utilized,
the HFO at the ac side of the DAB converter represents an urgent problem that needs to
be solved [8]. The HFO in the DAB could increase the voltage stress of the transformer,
induce EMI and common mode noise, and distort the waveforms [8]. Additionally, it may
increase the high-frequency losses, decreasing the system’s efficiency. The HFO of the MAB
converter has not been reported in the existing literature, but can be naturally predicted.
Figure 1 shows a three-winding MAB, which is also called a triple-active bridge (TAB)
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converter, and the waveforms. The dv/dt is 3 kV/us and obvious voltage HFO exists with
the high frequency near 1 MHz.

(b)
Figure 1. HFO in a MAB converter prototype: (a) TAB circuit; (b) waveforms.

To modify the dv/dt [8,9] to suppress the voltage spike amplitude (VSA) using the
extra parallel capacitor involves deceasing the switching speed and adding extra hardware
components. The optimization of the inductor and transformer stray capacitors [10,11] will
increase the complexity of the design procedure. The split inductance tunning between the
HV and LV side [12] is often a special case without generality, which may lose effectiveness
for multi-port converters. The active selective harmonic-elimination general phase-shift
PWM method is introduced to suppress the HFO of the AC-link in MMAB [13], which
has the potential to suppress the HFO of the transformer of the DAB and MAB, but
has not been derived or verified. On the other hand, the branches of the DAB [10] and
MMAB converters [13] are symmetrical with 1:1 transformer turn ratios and the same
phase-shift inductors.

The HFO mechanism of active-bridge-transformer-based DC/DC converters, includ-
ing DABs and MABEs, is investigated in this article. The converters with asymmetrical
inductances are considered for the general case study. On top of that, the universal SHE
PS modulation method to suppress the voltage oscillation is proposed and the impacts
of the system parameters on the method are studied. Finally, the effectiveness of the pro-
posed voltage suppression method is verified by the experimental results of a DAB and
MARB prototype.

2. High-Frequency Oscillation of the Active-Bridge-Based DC/DC Converter
2.1. Equivalent Circuit of the Transformers

The active bridge with the transformer is the core unit in active-bridge-transformer-
based converters. Stray capacitances are regarded as the major factor causing the HFO
phenomenon. A classical -shaped network with three capacitors [6,7,9] is used to model
the HFT. The high-frequency (HF) equivalent circuits of the DAB and MAB converters
considering the stray parameters of the transformers are shown in Figure 2. The parameters
are referred to the primary side. The symbols are defined as follows: u; is the AC voltage
of the active bridge 7, L; and R; are the inductance and the equivalent resistance of the
phase-shift inductor i. Ls and R are the leakage inductor and the equivalent winding
resistance of the transformer, Ly, is magnetizing inductance, and Ry, is the magnetizing
resistor. C; and C; are self-capacitances of the primary side and the secondary side, which
is referred to the primary side, respectively. C1, is the mutual capacitance between the two
windings. Similarly, the extended 7-shaped network could be utilized to model the circuit
for the multi-winding transformer [14]. C; is the self-capacitance of the windings and C;; is
the mutual capacitance between the two windings i and ;.
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Figure 2. Equivalent HF circuit considering the stray parameters of the transformer. (a) DAB
converter; (b) MAB converter.

As shown in Figure 2, the HF voltages of the transformer u; of the DAB and MAB are
the superposition of the responses of each excitation voltage, which can be regarded as the
multi-input single-output (MISO) impedance model.

2.2. General HFO Model with the Asymmetrical Branch Parameters

Assuming Ls << Ly, and Ls is small compared with phase-shift inductance L, the AC
equivalent of the DAB can be simplified to be an equivalent model [8]. Considering the
general case for the DAB and MAB converters, one excitation voltage 1, was taken into con-
sideration while the other active bridges short-circuited. Then, we could obtain the single-
input single-output (SISO) impedance model shown in Figure 3, where u,; is the equivalent
excitation voltage, Z, is the internal resistance, and C; is the equivalent capacitance.

e’

|

|

| — Uy
| C; R,

| o= i ~0

Figure 3. Thevenin equivalent circuit.
The variables in the two-port network in Figure 3 can be derived using Thevenin’s theorem:

oy (5) = Zo||Z3l|]- - - [1Zn
Z1+ 2|1 Z3|]. - - ||Zn

u1(s), Zo = Z1[| 22/ 25|l - - 12 ©)

N
Zi=Rj+Lys, Ct=) Cy ()
i=1

The voltage transfer function of Gy(s) = u(s)/u1(s) for the DAB circuit in Figure 2b
was derived by:

Rm(Lzs + Rz)

- 3
Uy (S) LiLyRnCis® + [(Lle + Lle)RmCt + Lle]S2 + [RmCtRle + LRy + LRy + Rm(Ll + Lz)]s + R1Ry + RmR1 + RnmRy ( )
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The transfer function (4) is a third control system. For MAB, with the increasing
branches, the order of the transfer would be increased, making it difficult to calculate the
analytical solution. Thus, it was necessary to simplify the model.

The impedance of the inductor was much larger compared with the AC resistance
including the wire, inductor and transformer resistance at the oscillation frequency. It was
reasonable to reduce the system order by ignoring the resistance. The external resistors
Rext were inserted into the AC loop of the DAB converter to investigate the effect of AC
resistance on the HFO, as shown in Figure 4.

TUN R Ly

o— 1 |
Figure 4. DAB circuit with external AC resistors.

The magnitude and phase of the voltage transfer function (3) are illustrated in Figure 5.
R =0 means R; = Ry = 0 and no external resistors were inserted to the AC loop. It can
be seen that the AC resistance only affected the magnitude at low frequency, while the
magnitude and phase were irrelevant to the AC resistance. Figure 6 shows the experimental
waveforms of a DAB converter using different external AC resistors. Both the oscillation
frequency and amplitude were the same with different AC resistances.
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Figure 5. Bode plot of the voltage transfer function with different AC resistances.
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Figure 6. Experimental voltage waveform with different AC resistances.

Then, ignoring the AC resistance of the loop, the transfer function could be simplified
from the third-order control system to a standard second-order control system, as shown in
Equation (4). The steady state value of the u; considering both 11 and u, was calculated as
follows in (5).

ut(s) 1 1
Grs(s) = = 4)
is) G 4 s + e
Ly 1
Ug = ————U] + ———1u 5
ST LY T L LY ®)
Thus, for MAB, the transfer function could be derived as (6):
ut(s) 1 1
Ghs(s) = = (6)
ui(s)  LiCes? 4 plos+ piilze
where Ly, is the equivalent inductance as Lye =Ly | | ... | | Ly. The simplified transfer

function (6) can be utilized to analyze the HFO of the DAB and MAB converters, generally.

3. Model Analysis

The transfer functions (4) and (6) were standard underdamped second-order control
systems when the damping ratio met the inequality:

1 L1 L,C
S R\ it < @
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For a highly efficient HFT with little iron loss, the inequality (7) was easily met.
When the excitation (i.e., the step change voltage) appeared, there was voltage oscillation,
which gradually decayed. The natural frequency wy and oscillation frequency wogsc were

calculated as follows:
_ L1+ Ly _ 5
wn =/ LG wosc = \/1—¢=wy (8)

Furthermore, ignoring Ry, which yielded & = 0 and wosc = wn, Wosc could be derived
as follows:

N N
wosc = wp =1/ [1/(2 1/Li) ) Cu
iz k

=1

©)

The result was symmetrical, which means the period of the oscillation induced by the
excitation source at any port was the same. According to the rated transferred power of
DAB, the splitting inductors should meet:

L1+ L, = ZLph (10)

Combing (9), the oscillation of DAB is written as:

wosc = \/ZLph/(Cl + Cz)/\/L1/(2Lph —Ly)

11
wosc,min = 1/4/(C1 + C2)Lpn/2 -
The minimum oscillation frequency wgscmin is achieved when Ly = Ly = Lph. Tuning
the splitting inductances to move the oscillation frequency, which represents the pole point
in (4), to the first zero cross point (ZCP) of the excitation voltage is the basic principle
in [12].
The DAB and TAB prototypes were setup to test the model. The parameters are shown
in Table 1.

Table 1. Parameters of the DAB and MAB prototypes.

Parameters DAB Converter TAB Converter
Swithing devices C3MO0075120K(SiC MOSFET) C3M0075120K (SiC MOSFET)
Swithing frequency 20 kHz 20 kHz
Transformer turn ratio Ni:N; =1:1 N1:N»:N3 =4:5:6
Transformer capacitances Cy =Cy =130 pE, C1p =55 pF C1=85 };FI%CCZZ;ZH;%];% %3]3_34;8 g?clz =70
Transformer leakage inductance Lg1 =3 uH, Lgp =3 uH Lsy =3 uH, Lep =3.5 uH, Lgp =4 uH
Transformer winding resistance Rs =0.016 O Rg1 =0.03 O), Rg =0.035 ), Rs = 0.05 Q)
Transformer magnetizing inductance Ly =63 mH Lm =24 mH
Transformer magnetizing resistor Rm =10kQ) Rm =25kQ)
Phase-shift inductance L1 =160 uH, L, = 100 uH L, =140 uH, L, =160 uH, Lz = 100 uH
Equivalent resistance R; =0.016 ), R, =0.016 QO R1 =0.016 O, R, =0.016 O, R3 =0.016 O)

Square wave uj at the primary AC side was used as the excitation source while the
secondary AC side short-circuited. It was easy to run the test with a small excitation
amplitude of 50 V. Obvious oscillation appeared after the u; step changed and decayed
to zero with several cycles, as shown in Figure 7c. To substitute the parameters of the
transformer and inductor into (5), we obtained & = 0.039, wegc = 0.99wn, and fosc = 810 ns.
The theoretical oscillation period matched well with the test results.

The test circuit could be utilized to estimate the damping characteristics and to pre-
obtain the oscillation frequency. For multiport converters, all the other branches should be
short-circuited except the excitation port. Figure 7b,d show the test short circuit and the
waveforms of the TAB converter, where branch 2 and 3 were short-circuited.
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Figure 7. Short-circuit test. (a,c) Test circuit and waveforms of the DAB converter; (b,d) test circuit
and waveforms of the TAB converter.

4. Active Suppression Method for the HFO
4.1. General Description of the Voltage Excitation

The excitation source of the active-bridge-transformer-based converter, generated by
the active bridge, was the superposition of the two half bridges [15]. As shown in Figure 8,
the phase voltages u,, ug and the output voltage upg were modeled by segmental linear
functions considering the inner phase shift and transient time as:

{ ua(t) = Ve/(tr)[te(t) + (£ — tr)e(t — )], up(t) = —ua(t — fiph) (12)

uap(t) = ua(t) —up(t) = ua(t) +ua(t — tpn)

where Vp is the DC bus voltage, up lags behind u with time tph, and ¢, is the transient time.

O__ﬂ UaB Ua

S LN T

Ve

% k
+o / 7

A — ol len !

Oo— P .

(a) (b)

Figure 8. Output voltage of the active bridge. (a) H bridge; (b) output voltage.

la~]

v

v

4.2. Active SHE PS Suppression Method

To modify the inner phase-shift t1pp,, reducing the harmonics of the oscillation fre-
quency is an effective way to suppress the oscillation, which is called the selective harmonic
elimination phase-shift (SHE PS) modulation method. Combing (12) with the transfer
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function (4), u o, the high-frequency voltage which represents the zero-state response of
ua, was derived as:

0; = arctan(a® — %)/ (2aB), 0, = —arctan(sin(Bt;) /(1 — e~*r cos(Bt;)) (13)

ug A (t) = 0.5keke (t:/ (a® + B?) + Me™ cos(Bt + 61 + 6,))
ke: 1/(L1Ct) ’ kr: 2Vl’/tr

where « and p are written as:

1 1 [4(Ly + L) 1 2
=R P 2\/ LG \RuG) (14)

Thus, the zero-state response of u; o could be derived, combining (12) and (13) as:
ut,AB(t) = VlLl/(L1 + Lz) + Me"‘tf(tlph) cos(ﬁt +01+ 6, + 93)
03 = —arctan(e”*IPh sin(Btypp) / (1 + e 1P cos(Btypn)) (15)
M= VM (1— et cos(Bt))? + sin?(Btr) / (L1 LoCetr(a® + B2)B/ (L1 + L))

M is constant. The amplitude f(t1pp), which is a function of inner phase-shift ¢, was
derived as:

_ 2 _ ]
f(tpn) = \/(1 + e e cos(Btpn)) +e 2401ph sz(ﬁtlph) (16)
The f(tpn) in Equation (16) could be derived as:

—atpn 0= e~ 1 = f(tph) ~ /2 +2cos(Btiph) (17)
Thus, the minimum of the VSA could nearly be achieved at the following condition:

ﬁtlph =7, tIph = 7(/,3 = 0.5Tosc (18)

To substitute (18) into (16), the minimum f min(f1ph) and the corresponding VSA Amin
were derived as:

AT

_an 1 _an
fmin(tlph) =1l-e ¢, Amin(tlph) = EkekrM(l —e P ) (19)

4.3. Impact of the System Parameters on the SHE PS Modulation Suppression Method
4.3.1. Inner Phase-Shift Accuracy

As seen in Equation (18), the SHE PS modulation utilizes the inner phase-shift, which
equals half of the oscillation period to eliminate the HFO. When the frequency was high,
the phase-shift accuracy should be considered due to the time resolution of the controller
and the non-ideal factors of the circuit, i.e., different time delay of the driver signals.

Considering the f (tipn) with different inner phase-shifts, we drew the curve of oscil-
lation amplitude vs. the inner phase-shift, as shown in Figure 9. The amplitude value
decreased when the inner phase-shift was applied, and it reached its optimal point when
tiph = 0.5Tosc. The VSA still fell to the half of the unsuppressed value when applying the
inner phase-shift even with +30% error, which verifies the robustness of the method in
terms of inner-phase accuracy.
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Figure 9. Oscillation amplitude vs. inner phase-shift.

4.3.2. Asymmetrical Splitting Inductances

The oscillation frequency changed with the varying splitting inductances according
to (11), which could be verified in the simulation results in Figure 10. Two cases of
splitting inductances were considered: the symmetrical case with Lppy = Lypp = 160 pH,
and the asymmetrical case with Lyny =50 pH, Lppo = 274 pH. The simulated waveforms
show that the voltage and current oscillations were immigrated to a negligible level for
both the symmetrical and asymmetrical situations when the SHE PS modulation method
was adopted.

2.0

1.0

A)

ol
120+

1.18

3.55
t (us)

345 35

— Symetrical indcutance
no suppression

(a)

— Asymetrical indcutance
no suppression

—Asymetrical indcutance
with SHE PS method

(b)

Figure 10. Simulated waveforms with different splitting inductances. (a) Transformer voltage;
(b) transformer current.

4.4. Comparison with Other Suppression Methods

The proposed active method was from the perspective of the excitation source. The
comparisons between the proposed method and the existing methods in the literature [8-13]
are listed in Table 2.
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Table 2. Overall comparison with other methods.

Methods Mode Applicable Topology Branch Parameters Implementation Complexity
[8,9] Passive DAB Only symmetrical parameters are considered. Moderate
. Only asymmetrical parameters are considered
[10] Passive DAB with Ny : Ny # 1 Moderate
[11] Passive DAB Only asymmetrical parameters are considered. Difficult
. Only asymmetrical parameters are considered
[12] Passive DAB with Ny : Np # 1 Moderate
[13] Active Modular MAB Only symmetrical parameters are considered. Easy
Proposed method Active DAB, MAB Effective with both the symmetrical and Easy

asymmetrical parameters

The existing methods in [8-12] are passive methods. For [8,9], external capacitors were
connected in parallel with the drain and source of the MOSFET to modify the dv/dt of the
AC voltage of the bridges, which limited the switching speed of the devices. Additionally,
the analytical model in [8] was based on the symmetrical parameters with the same two
phase-shift inductors on the primary and secondary sides, respectively. On the contrary, the
model in this article considered the asymmetrical parameters. In practice, the parameters
for the MAB were not always symmetrical for the different branches.

The method in [11] optimizes the stray capacitance of the transformer by the optimal
design of the transformer in the DAB converter, which is difficult. For the MAB with more

windings, the design complexity was increased.

The different effects of the phase-shift inductors of the primary and secondary side on
the impedance of the resonant tank were analyzed. The asymmetrical splitting inductances
with the transformer turn ratio N1:N; # 1 were utilized to suppress the oscillation by
modifying the ZCP of the AC impedance of the circuit in [10,12]. For MAB, the optimization
of the splitting inductances for all the branches was quite difficult.

The method in [13] utilized a similar method to eliminate the high-frequency oscillation
of the AC bus in MMAB. However, only the symmetrical parameters were considered.
Compared with [13], the more general situations with the asymmetrical inductances were
taken into consideration when establishing the HF voltage oscillation model. The proposed
active method showed the effectiveness with both the symmetrical and asymmetrical

parameters, as shown in Figure 10.

5. Experimental Validation

The TAB prototype described in the article was set up to verify the proposed method,
which is shown in Figure 11. The SiC MOSFET from Cree C3M0075120K (1200 V 23 A) was
utilized as the switching device in the H bridge. Nanocrystalline alloy magnetic core VAC
W342 was used to make the transformer. It was convenient to set up the DAB converter by
replacing the three-windings transformer with a two-windings transformer.

Figure 11. Experimental prototype.

! Inductor
2#

Transformer

Inductor
3#

Inductor
1#
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Figure 12 shows the waveforms of the DAB prototype for the forward power flow:
Vp1 = Vpp =250 V. The phase shift duty between the primary side and second side was 0.4.
The VSA was 238 V. Figure 8b shows the waveforms after the SHE PS modulation method

was utilized. The inner phase-shift time was 400 ns, which was half of the oscillation period.
The VSA was reduced by 94.1% from 238 V to 14 V.
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Figure 12. Waveforms of the DAB converter with forward power flow (D = 0.4): (a) no suppression;
(b) with the SHE PS method.

Figure 13 shows the waveforms for the reverse power flow. The phase-shift duty
between the primary side and second side was —0.4. The VSA was 173 V. Figure 13b shows
the waveforms after the SHE PS modulation method was utilized. The inner phase-shift

time was 400 ns, which was half of the oscillation period. The VSA was reduced by 93.1%
from 173 Vto 12 V.

W TM J o lsw:v b
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prp— : : ; :
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zoomed-in area 2 ps/dn

“ 10=810 15

inr Q0A/div)

1 : :
=400 ns 2 psfdiv

(@) (b)

Figure 13. Waveforms of the DAB converter with reverse power flow (D = —0.4): (a) no suppression;
(b) with SHE PS method.

Figure 14 shows the waveforms of the TAB prototype: Vp; = Vpy = Vpz =250 V. The

phase shift duties D1, D, and D3 were 0, 0.2 and 0.3, respectively. The oscillation period
was 0.92 ps. Figure 14b shows the waveforms after the SHE PS modulation method was

utilized. The inner phase-shift time t;p, was 460 ns, which was half of the oscillation period.
The VSA was reduced by 92.1% from 151 to 18 V.
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Figure 14. Waveforms of the TAB converter with forward power flow (D =0, D, = 0.2, D3 = 0.3):
(a) no suppression; (b) with the SHE PS method.

Figure 15 shows that the waveforms with the phase-shift duties Dy, D, and D3 were 0,
—0.2 and —0.3, respectively. Figure 15b shows the waveforms after SHE PS modulation
method was utilized. The VSA was reduced by 86.0% from 107 to 15 V. Figure 16 shows that

the waveforms with the phase-shift duties D1, D, and D3 were 0, 0.2 and —0.3, respectively.
The VSA was reduced by 77.8% from 63 to 14 V.
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Figure 15. Waveforms of the TAB converter with reverse power flow (D; =0, D, = —0.2, D3 = —0.3):

(a) no suppression; (b) with SHE PS method.
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Figure 16. Waveforms of the TAB converter with reverse power flow (D1 =0, D, = 0.2, D3 = —0.3):
(a) no suppression; (b) with the SHE PS method.



Energies 2022, 15, 3311

13 of 14

Figure 17 shows the harmonics spectrum of the transformer voltage u; in the TAB in
Figure 14. The harmonics around the oscillation frequency were obvious mitigated where
the amplitude of the harmonics with the oscillation frequency was decreased by 77.1%
from 35 V to 8 V when the SHE PS method was utilized.
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Figure 17. Harmonics spectrum of the transformer voltage in the TAB converter.

The efficiency curve of the DAB prototype is shown in Figure 18, where Vp; = Vp, =220 V.
When the HFO was suppressed, the efficiencies were increased by 0.3~0.4% after the
SHE PS modulation method was utilized.

T T T

96~ T T

—— Active suppress

—— No suppression

Figure 18. Efficiency curve of the DAB prototype.

6. Conclusions

This article studied the HFO of active-bridge-transformer-based DC/DC converters in-
cluding DAB and MAB converters. Ignoring the AC resistance in the circuit, the high-order
model of the voltage oscillation could be reduced to a second-order system. On top of that,
a simplified and general HFO model for DABs and MABs with asymmetrical inductances
was proposed. Then, the HFO was analyzed from a time domain prospective. Finally,
a universal active SHE PS modulation method to suppress oscillation was investigated.
Finally, the effectiveness and generality of the method were verified by DAB and MAB
experimental results. To summarize, the SHE PS modulation suppression was applicable
for DAB and MAB. No additional circuits were required to mitigate the HFO problem for
the existing equipment, so redesigning or changing the transformers and inductors was not
needed. It was easy to implement. This simple short-circuit test could be used to pre-obtain
the inner phase-shift as well as for the accurate measurement of the stray parameters.
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