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Abstract—There is a growing trend towards operating 
higher frequency in dual active bridge (DAB) converters to 
achieve higher power density. At the meantime, the high 
frequency oscillation (HFO) problem introduced by the 
parasitic components of the transformer and high dv/dt of the ac 
link excitation voltage becomes detrimental. Matching the 
oscillation frequency with the zero crossing points (ZCP) of the 
DAB dv/dt excitation has been proven effective to eliminate the 
HFO problem. In this paper, a splitting inductance tuning 
method is proposed to adjust the circuit frequency 
characteristic and place the lowest impedance path at the ZCP 
frequency, thus eliminating the HFO. Theoretical analysis is 
given along with the experimental results from a 1 MHz Gallium 
Nitride (GaN) based DAB converter prototype. 
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I. INTRODUCTION  
There is a growing trend to utilize the dual active bridge 

(DAB) converters into industrial application since its low 
component stress, bidirectional power flow capability, 
buck/boost operation mode, large power capability and ease 
of realizing soft switching [1][2]. The DAB converter is 
widely employed in electric vehicles, fuel cell power 
conversion, renewable energy storage system, etc [3][4]. With 
the desire for higher efficiency and higher power density of 
power converters, the operating frequency is usually increased 
to mega-hertz (MHz) range [5][6]. On the one hand, the 
increase of frequency brings to the decrease of the passive 
components’ size due to Faraday’s law. On the other hand, the 
trace inductance or parasitic capacitance in the circuit 
becomes non-negligible, which sometimes can cause failure 
of the converters’ operation if not properly considered. With 
high operating frequency, the transformer’s parasitic 
capacitances become non-negligible in DAB converter [7][8]. 
With high dv/dt ratio of the ac link voltage, it introduces the 
high frequency oscillation (HFO) to the circuit as shown in 
Fig.1. This is due to the ac link voltage excitation contains 
large amounts of harmonics, while the parasitic capacitances 
of the DAB converter provide a certain frequency harmonic 
path together with the transformer and inductances of the 
circuit. In previous literature [9], a parallel capacitor has been 
added to the drain-to-source of the MOSFET to increase the 

rising time of the ac link voltage. This is aimed to decrease the 
overall frequency of the harmonic spectrum. However, this 
also decreases the soft-switching speed due to the extra 
capacitor and brings in extra loss. Which is not suitable for 
high frequency operation when the soft-switching and its 
speed are vital to the converters’ overall performance. To 
solve the HFO problem with high frequency operation, the 
approach of distributing the external inductance on both sides 
of the transformer is proposed in this paper. The tuning of 
circuit impedance and frequency characteristic is elaborated. 
A 1 MHz GaN-based DAB experimental prototype is built and 
tested to validate the theoretical analysis. The experimental 
comparison has been made to validate the proposed method. 

         
         (a)                                           (b) 

Fig.1. Inductor Current Waveform: (a) Typical 
Trapezoidal Waveform (b) Waveform with High 
Frequency Oscillation (HFO) 

 

II. DAB IMPEDANCE NETWORK 
The topology of the DAB converter including the 

transformer parasitic capacitors Cp1 and Cp2 is shown in Fig.2.  
The Lk1 and Lk2 represent the leakage inductances of the 
transformer while the Le1 and Le2 are the external inductances 
splitting into the high-voltage (HV) side and low-voltage (LV) 
side of the transformer. To keep the equivalent inductance 
referred to the primary side of the transformer Le unchanged, 
the two external inductances have the following relation, 

𝐿!" +𝑁#𝐿!# = 𝐿!	 (1) 

Throughout theoretical analysis and simulations in [10], it is 
revealed that the existence of Cp1 and Cp2 leads to a non-
sinusoidal switching-node voltage Vac1. The increase of the 
high-voltage side external inductance Le1 forms a quasi-
sinusoidal Vac1 which further reduces the minimum dead time 
to achieve ZVS. The specification and constructed 
experimental prototype are listed in TABLE I, the parameters 
can be extracted as shown in TABLE II. During the transient 

HFO Normal 



period when the S1 and S4 turned on, S2 and S3 turned off, the 
interfacing points Vac1 rises from -Uin to Uin. The high 
frequency excitation voltage is applied on the impedance 
network seen from Vac1. The equivalent impedance network 
is shown in Fig.3. and can be expressed mathematically as 
Zin. It can be derived from the bode plot of Zin that there are 
two zeros of the impedance network and the first zero is 
where the low impedance path exists. Thus, the harmonics of 
the same frequency can pass through the impedance network 
and cause distortion. 
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Fig.2. Topology of DAB Converter 

 

TABLE I. Specifications of the DAB Prototype 

TABLE II. Measure parameters Used in Calculation and 
Simulation 

 

 
Fig.3. Equivalent Impedance Network 

 

III. HIGH FREQUENCY OSCILLATION SOURCE 
The frequency spectrum of dv/dt excitation was analyzed 

in [9]. The waveform of excitation voltage at ac link Vac1 is 
shown in Fig.4 and can be expressed mathematically in time 
domain as, 

𝑉+,"(𝑡) =
2𝑈)*
𝑡-)$!

[𝑡𝑢(𝑡) − (𝑡 − 𝑡-)$!)𝑢(𝑡 − 𝑡-)$!)] − 𝑈)* 			(3)	 

where the u(t) is a unit step function, Uin is the input 
voltage of the DAB converter, trise is the rising time. Thus, the 
Fourier transformation can be adopted for frequency domain 
analysis,  

𝑉+,"(𝑗𝜔) =
2𝑈)*
𝜔#𝑡-)$!

[cos(𝜔𝑡-)$!) − 1 − 𝑗 sin(𝜔𝑡-)$!)], (𝜔 > 0)	(4) 

and the corresponding magnitude can be found and shown 
in Fig.5. 

|𝑉+,"(𝑗𝜔)| =
2𝑈)*
𝜔#𝑡-)$!

B2 − 2 cos(𝜔𝑡-)$!) , (𝜔 > 0)										(5) 

 

The zero crossing points (ZCP) is defined as where the 
above magnitude reaches zero, 

𝜔 =
𝑛 ∙ 2𝜋
𝑡-)$!

, (𝑛 ∈ 𝑁∗)	 (6) 

It is obvious that there are no harmonics at the ZCP 
frequency inside the dv/dt excitation. Thus, it’s vital to match 
the impedance path frequency with the ZCP frequency for no 
oscillation design. With relatively fast switching speed (high 
dv/dt ratio), the frequency of ZCP is relatively high. So it’s 
easier to tune the path frequency to the first ZCP frequency in 
this case. 

𝑓/01 =
1
𝑡-)$!

	 (7) 

 

 
Fig.4. Excitation Voltage at ac Link 

 Description Parameter 

Specifications 

Switching frequency 1 MHz 
DC voltage on the HV 

side 200 V 

DC voltage on the LV 
side 50 V 

Rated output power 250 W 

Power 
semiconductor 

Switches on the HV side GS66502B 

Switches on the LV side EPC2016C 

Transformer Core’s material, type, size  
and turns ratio 

Hitachi Metals, 
ML91S, 2×EE-
21.8-11.4-15.8, 

8:2 

LM 646 µH N 4 

Lk1 1300 nH Lk2 81 nH 

Cp1 28 pF Cp2 430 pF 

Le1 0 µH-24 µH Le2 (24 µH-Le1)/N2 



 
Fig.5. Excitation Voltage Frequency Spectrum 

IV. SPLITTING INDUCTANCE TUNING METHOD 
With the traditional DAB converters [4] or symmetrical 

splitting inductance method [9], the impedance network is 
nonadjustable with fixed frequency response. However, this 
asymmetrical splitting method enables the adjustment of 
impedance network frequency characteristics by tuning the 
splitting inductance between Le1 and Le2. With parameters 
derived from the constructed prototype, the tuning frequency 
range of the first zero (path frequency) can be obtained by 
using (2) shown in Fig.6. With given ZCP frequency, 
corresponding inductance value Le1 can be determined. 
Moreover, the fully ZVS range of inductance value Le1 can be 
calculated according to [10] considering proper dead time, 
which is also marked as the grey area in Fig.6. It can be 
observed that the require Le1 in this case doesn’t fit for fully 
ZVS operation due to lack of stored energy for discharging the 
output capacitance of the switches. However, partial ZVS can 
still be achieved. Arguing that the eliminating HFO 
contributes more in reducing the EMI and loss while the 
partial ZVS of switches are acceptable, the choice of Le1 
mainly relies on ZCP frequency. Note that the analysis is valid 
for both forward and reverse conditions of bi-directional 
power flow. Thus, tuning the frequency of the first zero to 
match with the first ZCP frequency is possible within certain 
range.  

With two sets of inductance value, one for tuning the first 
zero to ZCP frequency as optimal set and one for tuning the 
first zero away from ZCP frequency as comparing set. We 
may compare the simulation result as shown in Fig.7. For the 
optimal set, low harmonics and little current distortion can be 
observed comparing with other waveforms of comparing set, 
which is corresponding to the matching of impedance path 
frequency and ZCP frequency as addressed above. High 
frequency oscillation can be observed on the comparing set 
current waveform. Which also shows the existing problem and 
validates the splitting inductance methods. 

Fig.6. Path Frequency Range 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7. The Current Waveforms from Simulation: Top: 
Optimal Set: Le1 = 10µH/Bottom:  Comparing Set: Le1 

= 0.4µH 

 

V. EXPERIMENT 
With the constructed prototype shown in Fig.8. The 

waveforms are measured under the 1 MHz, 200 W operation. 
The rising time trise be measured by the ac link voltage 
(switching node voltage) waveform shown in Fig.9. The rising 
time is 54.2 ns and the first ZCP frequency can be calculated 
by (7) to be 18.45 MHz. By referring to Fig.6, we can obtain 
the required HV side inductance value. The Le1 = 365 nH, Le2= 
1.48 µH are chosen as the optimal set measured by the Agilent 
4294A precision impedance analyzer and the Le1 = 9.9 µH, Le2 
= 900 nH are chosen to be the comparing set. It can be seen 
from the bode plot in Fig.10 that the first zero frequency of the 
optimal set is 17.9 MHz and the comparing set is 6.77 MHz. 
The ZCP frequency is very close to the optimal set path 
frequency but far away from the comparing set path 
frequency.  

The main waveform of the optimal set and comparing set 
are shown in Fig.11. It can be observed from the high side 
current HV-I and low side current LV-I (Green and Blue 
curves) that there are nearly zero current oscillation going 
through the inductors with optimal set, but large high 
frequency current oscillation on comparing set. The measured 
oscillation frequency from the experiment is 4.6 MHz which 
is slightly different from the calculated 6.77 MHz path 
frequency, the bias mainly comes from the impedance 
measurement and parasitic derivation. It can be observed from 
the drain to source voltage of the high voltage side FET HV-
Vds (Red curve) that the optimal set are not achieving fully 
ZVS, thus introducing high frequency spike on top of the 
trapezoidal current. This might also cause the EMI problem. 
The partial ZVS condition with optimal set is because of the 
small inductance value assigned to the HV side inductor. 
Small HV side inductor stores less energy and requires longer 
dead time for charging and discharging the HV side FETs. In 
order to control variables, the dead time of two sets is 



manipulated equal but not enough for the optimal set for fully 
discharging the output capacitance Coss of the FET. 

While keeping other conditions same, the efficiency 
measurement from the N4L precision power analyzer 
indicates that the optimal set is operating with 93.4 % 
efficiency and the comparing set is operating with 89.5%. 
Higher efficiency of the optimal set proves the lower loss in 
the magnetics components laterally. The magnetic thermal 
image of optimal set and comparing set are shown in Fig.12. 
The spot 1 is the HV side inductor and the optimal set 
temperature is 9 °C lower. The spot 2 is the Transformer and 
the optimal set temperature is 5.5 °C lower. And the spot 3 is 
the LV side inductor and the optimal set temperature is 7.5 °C 
lower. All magnetic components are operating with higher 
temperature in the comparing set validates that the HFO leads 
to extra loss. However, due to partial ZVS condition of the 
optimal set, the HV side FET are operating with slightly 
higher temperature than the comparing set achieving fully 
ZVS, which can be observed in Fig.13.  

 

 
Fig.8. Experimental Prototype 

 
Fig.9. Waveforms of ac Link 

 
Fig.10. Bode Plot of the Input Impedance: Top-Optimal 

Set / Bottom-Comparing Set 

 

 
Fig.11. Main Waveforms: Top-Optimal Set / Bottom-

Comparing Set 
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Fig.12. Magnetic Thermal Images: Top-Optimal Set / 

Bottom-Comparing Set 

 

 
Fig.13. HV side FET Thermal Images: Top-Optimal Set 

/ Bottom-Comparing Set 

 

VI. CONCLUSION 
This paper proposed a splitting inductance tuning method 

to eliminate the high frequency oscillation problem in DAB 
converter. The impedance tuning approach is analyzed with 
the constructed prototype parameters. A 1 MHz, 250 W DAB 
converter prototype is built and tested with an optimal set of 
inductors and a comparing set. The experimental comparison 
results validate the theoretical analysis and proves the 
feasibility of the proposed splitting inductance tuning method. 
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