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Abstract- In Dual Active Bridge (DAB) converters, there 

can be transformer current ringing, especially when the 
transformer turns ratio is high. It is induced by high dv/dt 
generated by fast switching as well as the low impedance 
of the magnetic tank at the high-frequency range. To 
quantify the influence of the magnetic tank, its impedance 
model is thoroughly modeled by considering all the 
parasitic components. It is found that the parasitic 
capacitors of the magnetics do not equally affect the 
current ringing, and thereby the critical one is addressed. 
On top of that, the design guide of the inductor is provided 
for mitigation of the current ringing. Additionally, the 
impact of dv/dt is also studied. The models and analyses 
are verified on a 2.5 kW DAB prototype. 

Index Terms — dual active bridge converter, current 
ringing, impedance model, magnetic tank, dv/dt 

I.  INTRODUCTION 

HE DAB converter [1], due to its simple topology and 

control, galvanic isolation, bidirectional power flow, wide 

input and output voltage adaptive range, high power density, 

and efficiency, is very promising in applications like Solid State 

Transformers (SST) [2-4], electric vehicle chargers with V2G 

concept [5][6], power flow control in DC grids [7-9], etc. 

DAB is known as a converter with soft-switching, but when 

the load is very light, or the input/output voltage deviates a lot 

from the rated value, it can hardly maintain soft-switching.  

Then not only the power loss is increased, but also EMI issues 

get worse. Various modulation strategies were, therefore, 

proposed to extend the soft-switching region [10][11][12].  

Wide bandgap device based DAB were studied in literature 

not only for higher efficiency, but mainly for either higher 

voltage rating like SiC-based DAB in SSTs [2], or more 

compact design like GaN-based DAB in an on-board charger 

[5]. In both scenarios, dv/dt is pushed to very high. Then EMI 

issues become more critical [13][14]. The reason is that the 

magnetic tank of the DAB, as shown in Fig. 1, has parasitic 

capacitance, which changes the impedance of the magnetic tank 

from inductive to capacitive at high frequency, where the 

impedance has a shallow magnitude. Together with a high 

dv/dt, the current ringing and thereby EMI become significant. 

The current ringing may also lead to more power loss in the 

converter since the ac resistance of the wire at the ringing 

frequency is much higher than the fundamental frequency [15]. 

The current ringing issues can be eliminated by adding 

parallel capacitance to the switches to reduce dv/dt [13], where 

the full parasitic model of the transformer is also considered in 

the impedance modeling. However, the turn-on switching loss 

will increase when the converter enters into hard-switching, and 

a larger capacitor in parallel also makes the soft-switching more 

challenging to achieve since more energy is needed to discharge 

the capacitor. Moreover, lower dv/dt limits the switching 

frequency in terms of duty ratio loss. Finally, in practice, one or 

two series inductors are needed in the magnetic tank for the 

power flow control, which contributes considerable stray 

capacitance and should also be considered [15]. 

      Another promising method to decrease the current ringing 

is to improve the impedance of the magnetic tank. Therefore, 

detailed modeling of the parasitics of the magnetic tank, i.e., 

stray capacitance, leakage inductance, and ac resistance, is 

essential. For the stray capacitance modeling, various structure-

based analytical methods are reviewed in [16]. The impact of 

the various winding architectures and wire types is discussed in 

[17-24]. The stray capacitance of planar transformers is a severe 

issue, and the tradeoff between the stray capacitance, ac 

resistance, and leakage inductance is discussed in [25][26][27]. 

For the ac resistance of winding, Dowell has proposed the 

classic formula, which considers both the skin and proximity 

effect in the high-frequency range [28]. It assumes that the 

magnetic flux is straight, and is modified and improved by 

considering the flux distortion [29][30] and the phase shift of 

the current [31] in recent advances. The analytical model of the 

Litz wire winding resistance is proposed in [32]. The analytical 

leakage inductance models are also based on the physical 

structure of magnetics. Dowell also gives the one-dimensional 

expression of leakage inductance in [28]. It is later developed 

by considering the more detailed winding and core structure 

into the analysis [35]. Further, the leakage inductance of 

magnetics with Litz wire [38], unparalleled winding [39], non-

idea winding [24], and different winding shape and 

configurations [40][41][42] are investigated through the 

detailed magnetic field flux modeling, respectively. In general, 

those researches focus on the physical-structure-based parasitic 

modeling of single magnetic components. Their models can be 

used in the inductor-transformer combined magnetic tank 

modeling in this study at the circuit level. 

At the circuit level, [26][43][44] have verified that by 

decreasing the stray capacitance of magnetics, the current 

ringing, as well as the measured EMI reduces dramatically. 

Research in [45] solves this issue by improving the layout of 

the planar transformer. The concept of the paired layer is 

proposed in [46], and it achieves small dv/dt as well as a 

significant reduction of common-mode (CM) noise in the 

flyback and forward converter. The transformer capacitance 

network of a flyback converter is also studied in [47] to reduce  
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Fig. 1. A dual active bridge converter (DAB). To realize the large leakage inductance of the transformer T for power transforming, a stand-alone inductor is added 

to the high voltage side (LHV), low voltage side (LLV), or both sides. 

its CM noise. Further, the Faraday shield is a powerful structure 

to minimize the transformer inter-winding capacitance as well 

as the CM noise [47][48]. Moreover, by precisely controlling 

the leakage inductance in the DAB [49] and LLC resonant 

converter [50], the circuit performance, control flexibility, and 

efficiency are improved. However, for those methods, a specific 

analysis and design of the transformer layer structure are 

needed. For the active solution of the current ringing mitigation, 

research in [51] uses the active harmonic suppression strategy 

in the modulation to decrease the DC bus harmonic of DAB.  

Yet in those studies, only the impact of the sole parasitic of 

the single magnetic component is considered. A quantified 

model in the inductor-transformer combined magnetic tank 

considering all parasitics, i.e., the stray capacitance, leakage 

inductance, and ac resistance, and their impacts on various 

high-frequency aspects, e.g., current ringing, EMI, efficiency, 

is still rare.  

Our previous conference work presents a simple model of 

the magnetic tank [52]. In this paper, a more complete and 

concrete impedance modeling and analysis are presented, 

where the impact of the different parasitic capacitors in the 

magnetic tank is quantified to address the critical one. 

Moreover, the leakage inductance and the equivalent resistance 

are also considered. Further, the impact of dv/dt on the current 

ringing is also quantified, and the experimental verification is 

enriched. The results can be used as a guide for the converter 

designer. The rest of the paper is organized as follows: the 

impedance of the magnetic tank is modeled in Section II; then 

based upon the model the current ringing is analyzed in Section 

III, where the mitigation measure is also discussed and design 

guide is provided; the work is then verified in Section IV, and 

concluded in Section V. 

II. MAGNETIC TANK IMPEDANCE MODELING  

      As shown in Fig. 1, a DAB converter is composed of two 

full bridges and a magnetic tank. The former contains eight 

power switches 𝑄1~𝑄8 and two capacitors 𝐶𝑖 and 𝐶𝑜. 𝑣𝐴𝐵 and 

𝑣𝐶𝐷 are the two voltages generated by the HV and LV side full 

bridge, respectively. The magnetic tank includes a transformer 

T and an inductor. The stand-alone inductor is to add the 
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Fig. 2. The impedance model of a two-winding transformer.  
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Fig. 3. The impedance model of an inductor. 
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Fig. 4. A diagram to show the spectrum of the input voltage and impedance of 

the magnetic tank. 

leakage inductance of the transformer with smaller power loss 

compared to a single transformer with considerable leakage. In 

literature, the inductor has been connected to the high voltage 

winding, low voltage winding, or both. There are pros and cons 

to connect the inductor differently, as summarized in Fig. 1. But 

how they can influence the transformer current ringing is 

unclear. Thus, to make the analysis more generic, it is assumed 

that the inductor is split into two, 𝐿𝐻𝑉 and 𝐿𝐿𝑉 for high and low 

voltage windings, respectively, and their equivalent 

inductances are identical. 𝑍𝑖𝑛,𝐻𝑉 and 𝑍𝑖𝑛,𝐿𝑉 are the input 
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Fig. 5. HV side input impedance model of the magnetic tank (a) detailed model 

(b) intermediate model 1 (c) intermediate model 2 (d) simplified model.  

Fig. 6. LV side input impedance model of the magnetic tank (a) detailed model 

(b) intermediate model 1 (c) intermediate model 2 (d) simplified model. 

impedance of the magnetic tank at high and low voltage side, 

respectively. Then the current ringing on the HV side is 

influenced by the dv/dt on HV side and 𝑍𝑖𝑛,𝐻𝑉, while the current 

ringing on LV side is influenced by the dv/dt on LV side and 

𝑍𝑖𝑛,𝐿𝑉. 

      The generic impedance models of transformer and inductor 

are used for analysis, and they are shown in Fig. 2 and Fig. 3. 

In the transformer model, 𝐿𝑚  is the magnetizing inductance; 

𝐿𝑙𝑒𝑎𝑘 is the leakage inductance; 𝐶𝐻 and 𝐶𝐿 are the HV and LV 

side winding capacitance; 𝐶𝐻𝐿  is the coupling capacitance 

between the two windings; 𝑅𝑇𝑐𝑢 is the winding resistance; 𝑅𝑇𝑓𝑒 

is the equivalent resistance indicating the core loss. The 

inductor model is composed of an inductor 𝐿𝑖𝑛𝑑,𝑥, a capacitor 

𝐶𝑖𝑛𝑑,𝑥  in parallel, a winding resistance 𝑅𝑖𝑛𝑑,𝑥,𝑐𝑢 , and an 

equivalent resistance 𝑅𝑖𝑛𝑑,𝑥,𝑓𝑒 regarding the core loss. At low 

frequency, the inductance dominates the impedance, while at 

high frequency, the capacitance will take over. So both 𝑍𝑖𝑛,𝐻𝑉 

and 𝑍𝑖𝑛,𝐿𝑉 will have an impedance curve as depicted in Fig. 4. 

Depending on the modulation scheme (single phase shift, dual 

phase shift, triple phase shift) used in the DAB, the input 

voltage of the magnetic tank 𝑣𝐴𝐵 and 𝑣𝐶𝐷 can be both square, 

one square and one three-level hybrid, or both three-level 

waveforms. Regardless, 𝑣𝐴𝐵  and 𝑣𝐶𝐷 will have a spectrum as 

shown in Fig. 4. It can be seen that as frequency increases the 

magnitude of voltage harmonics will decrease and the 

impedance will increase, which makes the current ringing 

hardly happen below the corner frequency. But beyond that 

frequency, the impedance starts to decline, and it largely boosts 

the chance of current ringing. To concretely analyze the current 

ringing, the two impedances of the magnetic tank are 

thoroughly modeled, as shown in Fig. 5 and Fig. 6. The 

modeling procedure is elaborated in the Appendix. 

Assuming the inductor is only connected to either the HV or 

LV side, then from Fig. 5(d) and Fig. 6(d), it can be obtained, 

𝑍𝑖𝑛,𝐻𝑉|𝐿𝑖𝑛𝑑,𝐿=0 =
𝑅𝑖𝑛𝑑,𝐻,𝑓𝑒(𝑠𝐿𝑖𝑛𝑑,𝐻+𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢)

𝑠2𝐿𝑖𝑛𝑑,𝐻𝐶𝑖𝑛𝑑,𝐻𝑅𝑖𝑛𝑑,𝐻,𝑓𝑒+𝑠(𝐿𝑖𝑛𝑑,𝐻+𝐶𝑖𝑛𝑑,𝐻𝑅𝑖𝑛𝑑,𝐻,𝑓𝑒𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢)+𝑅𝑖𝑛𝑑,𝐻,𝑓𝑒+𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢
+ 𝑠𝐿𝑙𝑒𝑎𝑘 + 𝑅𝑇𝑐𝑢                                        (1) 

𝑍𝑖𝑛,𝐻𝑉|𝐿𝑖𝑛𝑑,𝐻=0 =
𝑅𝐴(𝑠𝑛2𝐿𝑖𝑛𝑑,𝐿+𝑛2𝑅𝑖𝑛𝑑,𝐿,𝑐𝑢)

𝑠2𝑛2𝐿𝑖𝑛𝑑,𝐿𝐶𝐴𝑅𝐴+𝑠𝑛2(𝐿𝑖𝑛𝑑,𝐻+𝐶𝐴𝑅𝐴𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢)+𝑅𝐴+𝑛2𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢
+ 𝑠𝐿𝑙𝑒𝑎𝑘 + 𝑅𝑇𝑐𝑢                                                                (2) 

𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0 =
𝑅𝐵(𝑠𝐿𝑖𝑛𝑑,𝐻+𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢)

𝑠2𝐿𝑖𝑛𝑑,𝐻𝐶𝐵𝑅𝐵+𝑠(𝐿𝑖𝑛𝑑,𝐻+𝐶𝐵𝑅𝐵𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢)+𝑛2𝑅𝐵+𝑅𝑖𝑛𝑑,𝐻,𝑐𝑢
+

𝑠𝐿𝑙𝑒𝑎𝑘

𝑛2 +
𝑅𝑇𝑐𝑢

𝑛2                                                                           (3) 

𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0 =
𝑅𝑖𝑛𝑑,𝐿,𝑓𝑒(𝑠𝐿𝑖𝑛𝑑,𝐿+𝑅𝑖𝑛𝑑,𝐿,𝑐𝑢)

𝑠2𝐿𝑖𝑛𝑑,𝐿𝐶𝑖𝑛𝑑,𝐿𝑅𝑖𝑛𝑑,𝐿,𝑓𝑒+𝑠(𝐿𝑖𝑛𝑑,𝐿+𝐶𝑖𝑛𝑑,𝐿𝑅𝑖𝑛𝑑,𝐿,𝑓𝑒𝑅𝑖𝑛𝑑,𝐿,𝑐𝑢)+𝑅𝑖𝑛𝑑,𝐿,𝑓𝑒+𝑅𝑖𝑛𝑑,𝐿,𝑐𝑢
+

𝑠𝐿𝑙𝑒𝑎𝑘

𝑛2 +
𝑅𝑇𝑐𝑢

𝑛2                                                  (4) 



TABLE I. Impedance model of the magnetic tank.  

Condition Impedance Comment 

Only HV side inductor 

𝑍𝑖𝑛,𝐻𝑉|𝐿𝑖𝑛𝑑,𝐿=0 

Lind,H

Cind,H
Lleak

Rind,H,fe

Rind,H,cu RTcu

 

 

 

 

Only 𝐶𝑖𝑛𝑑,𝐻 matters. 

Design challenge is low 

𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0 

n2(Cind,H+CH)+CL+(n-1)2CHL/4

Lleak/n
2

, ,

2

, ,( )

ind H fe Tfe

ind H fe Tfe

R R

n R R

Lind,H/n2

Rind,H,cu/n2

RTcu/n
2

 

 

 

 

The impact of 𝐶𝐻, 𝐶𝑖𝑛𝑑,𝐻 and 𝐶𝐻𝐿 

are much amplified 

Design challenge is high 

Only LV side inductor 

𝑍𝑖𝑛,𝐻𝑉|𝐿𝑖𝑛𝑑,𝐻=0 

CH+(Cind,L+CL)/n2+(1-1/n)2CHL/4

Lleak

2

, ,

2

, ,

Tfe ind L fe

Tfe ind L fe

n R R

R n R

n2Lind,L

RTcu

n2Rind,L,cu

 

 

 

 

Mainly the 𝐶𝐻 and 𝐶𝐻𝐿 influence. 

Design challenge is medium 

𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0 

Lind,L

Cind,LLleak/n
2

Rind,L,fe

Rind,L,cuRTcu/n
2

 

 

 

 

Only 𝐶𝑖𝑛𝑑,𝐿 matters 

Design challenge is low 

𝑅𝐴 =
𝑛2𝑅𝑇𝑓𝑒𝑅𝑖𝑛𝑑,𝐿,𝑓𝑒

𝑅𝑇𝑓𝑒+𝑛2𝑅𝑖𝑛𝑑,𝐿,𝑓𝑒
                                                               (5) 

𝐶𝐴 = 𝐶𝐻 +
𝐶𝑖𝑛𝑑,𝐿+𝐶𝐿

𝑛2 + (1 − 1/𝑛)2𝐶𝐻𝐿/4                               (6) 

𝑅𝐵 =
𝑅𝑇𝑓𝑒𝑅𝑖𝑛𝑑,𝐻,𝑓𝑒

𝑛2(𝑅𝑇𝑓𝑒+𝑅𝑖𝑛𝑑,𝐻,𝑓𝑒)
                                                             (7) 

𝐶𝐵 = 𝑛2(𝐶𝑖𝑛𝑑,𝐿 + 𝐶𝐻) + 𝐶𝐿 + (𝑛 − 1)2𝐶𝐻𝐿/4                      (8)                                                                                

where 𝑍𝑖𝑛,𝐻𝑉|𝐿𝑖𝑛𝑑,𝐿=0  and 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0  depict the input 

impedance of the magnetic tank from HV and LV side, 

respectively, and meanwhile, the inductor is connected only on 

high voltage side; 𝑍𝑖𝑛,𝐻𝑉|𝐿𝑖𝑛𝑑,𝐻=0 and 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0 depict the 

input impedance of the magnetic tank from HV and LV side, 

respectively, and meanwhile, the inductor is connected only on 

low voltage side. 

According to (1)~(4), the impedance of the magnetic tank 

can always be modeled as an LC parallel resonant circuit in 

series with the leakage inductance if there is only one inductor. 

Another LC parallel resonant circuit will be added to the model 

if there are two inductors. To make it clearer, the impedance 

model of the magnetic tank is also summarized in Table I.  

      It should be noted that the developed model is intended for 

high-frequency current ringing study. It guides converter 

hardware designers since it clearly shows how the different 

parasitic capacitance influence the current ringing with varying 

factors of weight. The developed model is not for the power 

flow control or output voltage control. The reason is that the 

parasitic capacitors have a minor impact on the power flow or 

output voltage, which are therefore ignored in modeling for 

power flow control. However, the developed model is useful in 

gate voltage control or dv/dt control, which controls the slew 

rate of drain-source voltage during switching by controlling the 

gate voltage or gate resistance. 

 III. CURRENT RINGING ANALYSIS AND MITIGATION 

A. Influence of the magnetic tank 

As seen in Table I, if there is only one inductor in the 

magnetic tank, then to keep the equivalent inductance the same, 

it is required in the design of DAB that, 

𝐿𝑖𝑛𝑑,𝐻 = 𝑛2𝐿𝑖𝑛𝑑,𝐿                                                               (9) 

Therefore, the LV side input impedance 𝑍𝑖𝑛,𝐿𝑉 always has 

an inductance 𝑛2 times smaller than HV side input impedance 

𝑍𝑖𝑛,𝐻𝑉 . That is why, in general, the current ringing is often 

observed in the LV side winding of the transformer rather than 

HV side. However, the impact of the parasitic capacitance is not 

considered so far. Secondly, for 𝑍𝑖𝑛,𝐻𝑉 , if the inductor is 

connected in HV side, the equivalent capacitance of the 

impedance is mainly the capacitance of the HV side inductor. If 

the inductor is connected in LV side, the equivalent capacitance 

of the impedance is dominated by the HV side winding 

capacitance and coupling capacitance of the transformer. 

Meanwhile, the impact of LV side winding capacitance and LV 

side inductor capacitance is attenuated by 𝑛2 times. For 𝑍𝑖𝑛,𝐿𝑉, 

if the inductor is connected in LV side, the equivalent 

capacitance of the impedance is mainly the capacitance of the 



LV side inductor. If the inductor is connected in HV side, the 

equivalent capacitance of the impedance is affected mostly by 

the HV side inductor capacitance, the HV side winding 

capacitance and the coupling capacitance of the transformer. 

B. Influence of dv/dt 

Additionally, as discussed in Fig. 4, the current ringing is also 

influenced by the voltages 𝑣𝐴𝐵 and 𝑣𝐶𝐷 generated by both the 

HV and LV side full bridges. To be more specific, it is the 

𝑑𝑣/𝑑𝑡  of 𝑣𝐴𝐵  and 𝑣𝐶𝐷  that affects the current ringing. For a 

thorough analysis, the spectrums of two trapezoidal waveforms 

are obtained, and they are shown in Fig. 7. Both of them have 

50% duty ratio and the same magnitude, and only dv/dt differs. 

According to [62], the spectrums both have two corner 

frequencies. The first one is 𝑓𝑠 0.5𝜋⁄ . Since it is lower than 

switching frequency 𝑓𝑠 , it is invisible in the spectrum. The 

second corner frequency is 1/( 𝜋𝜏), where 𝜏 is the rising time 

of the waveform. The two trapezoidal waveforms both have 

magnitude as ±110 V. Thus the second corner frequency can 

be calculated with given dv/dt and they are 𝑓1 = 1.45 𝑀𝐻𝑧 and 

𝑓2 = 2.89 𝑀𝐻𝑧 . Below the second corner frequency, the 

envelope of the spectrum decreases at a rate of -20 dB per 

decade, while above the second corner frequency, the envelope 

decreases at a rate of -40 dB per decade. Thus, it can be 

concluded that different dv/dt will lead to different second 

corner frequency and different magnitude of the spectrum after 

the second corner frequency. Higher the 𝑑𝑣/𝑑𝑡 , higher the 

magnitude of the spectrum after second corner frequency, 

higher the chance of current ringing. 
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Fig. 7. Spectrum of trapezoidal waveforms @ 𝑓𝑠 = 100 𝑘𝐻𝑧  with same 

magnitude but different dv/dt. 

C. Current ringing mitigation 

To mitigate the current ringing, one way is to increase the 

impedance of the magnetic tank at the frequency of interest; 

another is to slow down 𝑑𝑣/𝑑𝑡 . There are two typical 

approaches to slow down 𝑑𝑣/𝑑𝑡:  

 using larger gate resistance,  

 adding more capacitance in parallel with the switches. 

Determine the inductance 
according to (D.1)

max 2

, ,8 ( )

H L

s ind H ind L

nV V
P

f L n L




Choose litz wire with proper diameter based on 
switching frequency and number of strands according 

to the maximum RMS current in the winding. 
Considering current density around 5 A/mm2

Choose a core, estimate the maximum number of turns 
Nmax based on the diameter of the winding and window 

area of the core. Considering 25~30% filling factor

Calculate Bmax according to (D.2) if the inductor is on high 
voltage side, (D.3) if the inductor is on low voltage side. 

Is  Bmax > Bsat？

(D.1)

max

max2

H L

s

V nV
B

N f


 (D.2)

max

max

/

2

H L

s

V n V
B

N f


 (D.3)

Yes. choose a 
larger core

No

Calculate maximum core loss Pcoreloss and the rise temperature 

of the core ΔTmax,core according to (D.4) and (D.5). 

Is ΔTmax,core >ΔTmaxlimit,core?

max, ,core coreloss th coreT P R 

(D.4)

Yes. choose a 
larger core

No

Calculate the current ringing of the transformer (especially the 
low voltage side), based on the maximum dv/dt of the H bridge 

ac voltage (usually in hard switching region) and the lumped 
impedance model of the magnetic tank in (1)~(4). 

Is the current ringing higher than required?

Is the inductor on high voltage side?

Yes Yes. Design an inductor 
or partial inductor for 

low voltage side

No

No

Yes. Reduce dv/dt by e.g. 
increasing gate resistance

According to the lumped impedance model in (1)~(4), find out 
the objective parasitic capacitance of the inductor. Then apply 

measures like single layer winding or less winding layers by 
choose core with larger cross sectional area, to achieve the 

objective parasitic capacitance of the inductor.
Can the parasitic capacitance hardly be further reduced?

No
Done

coreloss s coreP kf V B 

(D.5)  
Fig. 8. Flow chart of the inductor design procedure (the concern regarding 

current ringing is marked in color) 

Both of the two approaches will increase the switching loss in 

case the converter operates in hard switching. As known, DAB 

will inevitably enter into hard switching mode when the load is 

very low, or the voltage deviates much from the optimal point. 

Even in soft-switching mode, although the switching loss will 

not increase, the switching frequency will be limited due to duty 

ratio loss. Therefore, for medium and high-frequency DAB, 

improving the magnetic tank is the better way to go for the 

transformer current ringing mitigation. And as analyzed above 

and commented in Table I, the most promising way is to add 

the inductor in the LV side of the transformer. Then the inductor 

capacitance is the only parameter needed to be minimized. All 

the other parasitic capacitances will have marginal influence. 

Experiments in Section V will verify this.  

     To summarize and give clear indication of design concerns 

regarding current ringing, a flow chart of the inductor design 

procedure is shown in Fig. 8. Since several steps are from the 

conventional inductor design procedure, only the design steps 

regarding current ringing are marked in color. 



IV. EXPERIMENTAL VERIFICATION 

 

Fig. 9. A 2.5 kW dual active bridge converter prototype. 

 
Fig. 10. The picture of the (a) LV (b) HV side inductor. 

      TABLE II. DESIGN PARAMETERS OF THE TRANSFORMER. 

Parameter Value 

Core type ETD 59 

Core material Ferrite N97 

Primary winding Litz wire ∅ 0.2 mm, 90 strands in parallel, 21 turns 

Secondary 

winding 

Copper foil 0.15 mm x 35 mm, 

2 layers in parallel, 6 turns 

TABLE III. DESIGN PARAMETERS OF THE INDUCTORS.  

Parameter Value 

 Inductor 𝐿𝐻 Inductor 𝐿𝐿 

Core type ER42V (gapped) 

Core material Ferrite N87 

Winding 
Litz wire ∅ 0.2 mm 

90 strands in parallel,  

17 turns 

270 strands in parallel, 

5 turns 

 

TABLE IV. MEASURED PARAMETERS OF THE TRANSFORMER AND 

INDUCTORS 

Parameter Value Parameter Value 

𝐶𝐻 77 pF 𝐿𝑖𝑛𝑑,𝐻 37.5 uH 

𝐶𝐿 253 pF 𝐶𝑖𝑛𝑑,𝐻 5.5 pF 

𝐶𝐻𝐿 106 pF 𝐿𝑖𝑛𝑑,𝐿 3.5 uH 

𝐿𝑙𝑒𝑎𝑘 8 uH 𝐶𝑖𝑛𝑑,𝐿 22 pF 

𝐿𝑚 2.5 mH Rind,H,fe 6.5 kΩ 

RTfe 8.5 kΩ Rind,L,fe 800 Ω 

RTcu 0.023Ω Rind,H,cu 0.009 Ω 

  Rind,L,cu 0.0009 Ω 

     

A 2.5 kW DAB prototype has been built for validation, as 

shown in Fig. 9. The switching frequency is 100 kHz, the 

nominal HV and LV side dc voltages are 400 V and 110 V, 

respectively. The switches used for HV and LV side are 

IPW65R080CFD and IPP110N20N3 (two in parallel), 

respectively. 

      

10
4

10
5

10
6

10
7

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
4

10
5

10
6

10
7

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

104 105 106
107

Frequency (Hz)Frequency (Hz)

(d)(c)

104 105 106
107

M
ag

n
it

u
d

e 
(O

h
m

)

103

102

101

10-1

104

100

105

Measured 

impedance 

Modelled 

impedance 

based on (4)

Measured 

impedance 

104 10
5 106

107

Frequency (Hz)Frequency (Hz)

(b)(a)

104 105 106 107

M
ag

n
it

u
d

e 
(O

h
m

)

103

102

101

10-1

104

100

105

Measured 

impedance

Measured 

impedance

Modelled 

impedance Modelled 

impedance

Modelled 

impedance 

based on (2)

Frequency 

of current 

ringing

, 0,
|in LV Lind L

Z  , 0,
|in LV Lind H

Z 

 
Fig. 11. Comparison between modeled and measured impedance of (a) HV side 

inductor (b) LV side inductor; LV side input impedance of the magnetic tank 

with (c) only HV side inductor (d) only LV side inductor. 

The turns ratio of the transformer is n = 3.5 . The design 

parameters of the transformer are listed in Table II. By using a 

KEYSIGHT E4990A Impedance Analyzer and the 

measurement approach in [10], the parameters of the 

transformer impedance model are obtained, and they are listed 

in Table IV. The design parameters of the inductors 𝐿𝐻𝑉 and 

𝐿𝐿𝑉 are listed in Table III. To make a fair comparison between 

the two inductors, the same type of cores are used, as shown in 

Fig. 10, and both of their windings are designed as a single layer 

to minimize the parasitic capacitance [7]. The impedances of 

the two inductors are measured and shown in Fig. 11 (a) and (b). 

By fitting the curves based on the inductor impedance model in 

Fig. 3, the model parameters are obtained, and they are listed in 

Table IV. As seen in Fig. 11 (a) and (b), the inductor impedance 

model can match the measured impedance very well. Moreover, 

compared with the transformer, the winding capacitances of the 

inductors are much smaller even their number of turns are 

similar, which proves that the single layer winding structure is 

effective to reduce the parasitic capacitance. Since the current 

ringing more often occurs in the LV side winding of the 

transformer, only the LV side input impedance 𝑍𝑖𝑛,𝐿𝑉  of the 

magnetic tank is tested, as shown in Fig. 11 (c) and (d). The 

fitting curves based on the simplified models of 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0 

and 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0 in (2) and (4) are also shown. As seen, the 

simplified models can match the measured impedances very 

well. 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0  and 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0  are then compared in 

Fig. 12. As seen, they have the same value at low frequency, 

but 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0 has the first resonant frequency at 2 MHz. 

Above that, 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0 becomes capacitive and achieves the 

valley at 5 MHz. Meanwhile, 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0  has the first 

resonant frequency at 20 MHz, and the frequency of valley is, 

of course, higher than that, which reduces the chance of current  
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Fig. 12. The impedance of the magnetic tank and LV side current, influenced 

by the inductor and the resistance of the magnetic tank. 
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Fig. 13. Experimental results to show the transformer currents with (a) HV 

side inductor  (b) LV side inductor (c) a zoom in 

ringing a lot. The spectrum of 𝑖𝐿 =
𝑣𝐶𝐷

𝑍𝑖𝑛,𝐿𝑉
 is then calculated, and 

it is shown in Fig. 12 as well, where dv/dt of 𝑣𝐶𝐷 is assumed to 

be 2 kV/us. As seen, a peak appears in the spectrum of the 𝑖𝐿 

with 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐿=0  at 5 MHz, while it is not the case in the 

spectrum of the 𝑖𝐿 with 𝑍𝑖𝑛,𝐿𝑉|𝐿𝑖𝑛𝑑,𝐻=0. The test results in Fig. 

13 (c) show that the current ringing happens in 𝑖𝐿 at around 5 

MHz if the HV side inductor is used. And there is no current 

ringing in 𝑖𝐿 if the LV side inductor is used. Moreover, as seen 

in Fig. 13 (a) and (b), 𝑖𝐻 has no or much smaller ringing, no 
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Fig. 14. FFT of iL obtained in the experimental results.  

* *

T

LLV

Magnetic Tank

LHV

Zin,LVZin,HV

vDM1/2

vDM1/2

vDM2/2

vDM2/2vCM1 vCM2

 

Fig. 15. Equivalent circuit of the DAB converter with the magnetic tank. vCM1, 

vCM2 are the common-mode voltage sources, vDM1, vDM2 are the differential mode 

voltage sources, respectively. 

matter the HV or LV side inductor is used. The FFT of the 𝑖𝐿 in 

Fig. 13(c) is also obtained, and it is shown in Fig. 14. As seen, 

it matches very well with the calculated FFT in Fig. 12. Besides, 

the impact of the resistance on impedance and current ringing 

is also indicated in Fig. 12. As seen, the core loss related to 

equivalent resistance can significantly influence the peak and 

valley of the impedance resonance, as well as the current 

ringing. And lower the resistance, lower the current ringing. 

However, in a proper design, the core loss should be minimized, 

which means the core loss related resistance cannot be too 

small. So it is impractical to mitigate the current ringing by 

reducing the core loss pertaining resistance. The copper loss 

related resistance does not have visible influence on the 

impedance curves, even they are 10 times larger. 

The EMI equivalent circuit of the dual active bridge is 

derived in [54], and it is combined with the magnetic tank as in 

Fig. 15. As indicated in Fig. 12, compared with applying HV 

side inductor, applying the LV side inductor keeps a higher 

impedance in the DM noises loop from 5 to 30 MHz. Therefore, 

the DM current in the loop is decreased, as verified in Fig. 12, 

and Fig. 13. For the CM noise, the capacitance of the HV side 

inductor is with higher capacitance (5.5 pF) than the LV side 

inductor when it is transferred to the HV side (1.8 pF). This is 

due to the contribution of the larger core-related capacitance 

and the larger strands of Litz wire, which induces larger 

capacitance. In reality, the HF side inductor will have even 

larger capacitance due to its high number of turns. So, the multi- 
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Fig. 16. Experimental results to show the impact of dv/dt and inductor on current ringing, where (a) and (b) has only HV side inductor, (c) and (d) has only LV 

side inductor. 

 
Fig. 17. FFT of iL when HV side inductor is applied (Vo=1pu if not specified) 

 

layer-winding configuration is usually applied, resulting in 

significant winding capacitance. Therefore, there is also a 

smaller CM noise when only using the LV side inductor.  

   The impact of 𝑑𝑣/𝑑𝑡 on the current ringing is also tested, and 

it is shown in Fig. 16. As seen in Fig. 16 (a) and (b), when the 
the efficiency difference caused by the inductor design is quite 

marginal. The loss break down is analyzed to show a more 

concrete comparison in Fig. 19. In the top figure, the loss of  
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Fig. 18. The overall efficiency of the converter with two different inductor 

design. 

most of the components remains the same between the two 

design. The transformer copper loss is supposed to be higher 

when HV side inductor is applied. It is due to the current ringing 

when using HV side inductor. The current ringing has very high 

frequency, and due to skin effect, the equivalent ac resistance 

of the transformer winding is also higher, leading to higher 

copper loss. The current ringing is mitigated when applying LV 

side inductor; therefore, the copper loss of the transformer is 

supposed to be lower. Nonetheless, the current ringing is small, 

and thereby the loss caused by the current ringing is marginal 

and has minimal impact on the efficiency. However, if CH is 

five times larger, the loss of the transformer and inductor will 

be significantly influenced, as shown in the bottom figure. 

V. CONCLUSIONS 

In this paper, the current ringing issues in the DAB converter 

are thoroughly investigated. The impedance model of the 

magnetic tank is developed. It shows that the parasitic 

1 10

10-3

1

10-5

Frequency (MHz)
10-1

10-1

10-2

10-4

M
a

g
n

it
u

d
e

 (
A

) 10

10-2

10-3

1

10-5

10-1

10-2

10-4

M
a

g
n

it
u

d
e

 (
A

) 10

10-3

1

10-5

10-1

10-2

10-4

M
a

g
n

it
u

d
e

 (
A

) 10 Half load

full load

Vo =0.8 pu



 
Fig. 19. Loss break down of the converter. 

 

capacitors in the magnetic tank affect the current ringing with 

different weight factors. The position of the inductor and their 

parasitic capacitors can have a more significant influence on the 

current ringing than the transformer design. Additionally, the 

influence of 𝑑𝑣/𝑑𝑡 is analyzed, which is another factor that can 

significantly affect the current ringing. In the end, the 

conventional inductor design procedure is updated with the 

concern on current ringing.  

      APPENDIX 

A. Modeling of 𝒁𝒊𝒏,𝑯𝑽 

According to Thevenin's Theorem, the effect of the LV side 

voltage 𝑣𝐶𝐷 can be eliminated by shorting it. Then by applying 

the transformer and inductor model in Fig. 2 and Fig. 3 into the 

magnetic tank, an equivalent circuit is obtained, and it is shown 

in Fig. 5 (a). For simplification, the secondary side components 

are all equivalent to the primary side, and the coupling 

capacitance 𝐶𝐻𝐿 is split into two, then the circuit in Fig. 5 (b) is 

obtained. 𝐿𝑙𝑒𝑎𝑘 is usually much smaller than 𝐿𝑖𝑛𝑑,𝐻, 𝐿𝑖𝑛𝑑,𝐿 and 

𝐿𝑚 . Moreover 𝐿𝑚 ≫ 𝐿𝑖𝑛𝑑,𝐻,  thus the circuit is further 

simplified, as shown in Fig. 5 (c). According to the definitions 

of 𝑣𝐻,1, 𝑣𝐿,1 and 𝑖𝐿,1 in Fig. 5 (c), they follow, 

𝐶𝐻𝐿

2

𝑑(
𝑣𝐻,1−𝑣𝐿,1

2
)

𝑑𝑡
= −𝑖𝐿,1                                                        (A.1) 

According to Kirchhoff’s Current Law (KCL), it is obtained, 

𝑖1 = 𝑖𝐻,1 − 𝑖𝐿,1                                                                    (A.2)                                     

The voltages and currents of the transformer follow, 

𝑣𝐿,1 = 𝑣𝐻,1/𝑛                                                                      (A.3) 

𝑖𝐿,1 = 𝑛𝑖𝐻,1                                                                          (A.4) 

Substitutes (A.2)~(A.4) into (A.1), it is obtained, 

(1−1/𝑛)2𝐶𝐻𝐿

4

𝑑𝑣𝐻,1

𝑑𝑡
= 𝑖1                                                        (A.5) 

According to (A.5), the transformer in Fig. 5(c) together with 

its coupling capacitance can be equivalent into a capacitor 

(1 − 1/𝑛)2𝐶𝐻𝐿/4. Fig. 5(c) is then converted into Fig. 5 (d), 

which is the model of 𝑍𝑖𝑛,𝐻𝑉.                                         

 

B. Modeling of 𝒁𝒊𝒏,𝑳𝑽 

Similarly, to model 𝑍𝑖𝑛,𝐿𝑉, an equivalent circuit of the magnetic 

tank is obtained, and it is shown in Fig. 6 (a). The HV side 

components will be equal to LV side, and the coupling 

capacitance is split into two. Then Fig. 6 (b) is obtained. 

𝐿𝑙𝑒𝑎𝑘/𝑛2  is much smaller than 𝐿𝑖𝑛𝑑,𝐿 , 𝐿𝑖𝑛𝑑,𝐻/𝑛2  and 𝐿𝑚/𝑛2 . 

Moreover 𝐿𝑚 ≫ 𝑛2𝐿𝑖𝑛𝑑,𝐿, thus Fig. 6 (b) is transformed to Fig. 

6 (c). According to the definitions of 𝑣𝐻,2, 𝑣𝐿,2 and 𝑖𝐿,2 in Fig. 

6 (c), they follow, 

𝐶𝐻𝐿

2

𝑑(
𝑣𝐻,2−𝑣𝐿,2

2
)

𝑑𝑡
= −𝑖𝐻,2                                                    (A.6) 

According to Kirchhoff’s Current Law (KCL), it is obtained, 

𝑖2 = 𝑖𝐿,2 − 𝑖𝐻,2                                                                    (A.7) 

The voltages and currents of the transformer follow, 

𝑣𝐿,2 = 𝑣𝐻,2/𝑛                                                                      (A.8) 

𝑖𝐿,2 = 𝑛𝑖𝐻,2                                                                          (A.9) 

Substitutes (A.10)~(A.12) into (A.9), it is obtained, 

(𝑛−1)2𝐶𝐻𝐿

4

𝑑𝑣𝐿,2

𝑑𝑡
= −𝑖2                                                      (A.10) 

According to (A.13), the transformer in Fig. 6 (c) together with 

its coupling capacitance can be equivalent into a capacitor 

(𝑛 − 1)2𝐶𝐻𝐿/4. Fig. 6 (c) is then converted into Fig. 6 (d), 

which is the model of 𝑍𝑖𝑛,𝐿𝑉. 
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