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Abstract 
A New Design of a Series-Resonant-Converter (ND-SRC) topology is presented, providing galvanic 
isolation, achieving Zero-Voltage-Switching as well as Zero-Current-Switching at every operating point 
and capable of bidirectional power flow. With this topology, no effort is required to avoid the problem of 
voltage overshoots across power semiconductor switches, which normally is specifically challenging in 
the field of low voltage systems. Therefore, a main application area are DC/DC converters, which have 
the purpose of boosting low voltages of a battery, a fuel cell or redox flow stack to a higher level. But its 
appropriate application is not limited to this field, it also convinces in high-voltage-systems or in cases 
where only a galvanic isolation is necessary due to its high efficiency, low partial load losses, 
compact design possibilities and good electromagnetic compatibility. 
 

1 Introduction 
A transformer can be used to achieve galvanic 
isolation as well as to raise or lower an electrical 
voltage level. Due to the magnetic processes in the 
transformer, it requires an alternating voltage 
(AC voltage) to operate. Galvanically isolating 
DC/DC converters use switches to generate this 
AC voltage. The faster and more frequent they are 
switched, the smaller the transformer and other 
passive components can be designed. However, 
parasitic effects, such as leakage inductance on 
the printed circuit board (PCB), become more and 
more relevant. 
Especially in case of DC/DC converters, which 
have to handle low voltages, these leakage 
inductances lead to problems. Why this is the case 
shall be shown in the following example, in which 
a low voltage system (LV system) is compared to 
a high voltage system (HV system). 

 LV system HV system 

Rated power (P) 10 kW 10 kW 

Rated input 
voltage (Vin) 

50 V 500 V 

Table 1: Basic characteristics of both systems. 

For simplicity, the leakage inductance in the 
half bridge of the converter is assumed to be the 
same for both systems. In practice, this is rather a 
positive assumption for the LV system, because 

e.g. the necessary heat dissipation of SMD 
semiconductor switches over thermal vias often 
makes it impossible, even with multilayer PCBs, to 
return the rapidly commutating current in the 
half bridges via other layers in order to form the 
smallest possible circuit loop for the return current. 
Due to the high currents in the LV system, it may 
also be necessary to wire several switches in 
parallel, which just increases the loop even more. 
In addition, more copper area is needed on the 
PCB for the higher currents. The result is that the 
leakage inductance within a half bridge tends to be 
larger for a LV system at this power rage. 
Figure 1 shows an exemplary arrangement of SMD 
semiconductor switches of a full bridge. In this 
case four switches are connected in parallel. The 
red line loops visualize a possible path of the 
commutating current. The value of the leakage 
inductance increases with the area of the loops, so 
it needs to be kept as small as possible. 
Equation 1 can be used to calculate the resulting 
leakage inductance. 

𝐿௟௘௔௞ ൎ 𝐾ଵ ∗ µ଴ ∗
𝑛ଶ ∗ 𝑑

1 ൅ 𝐾ଶ ∗ 𝜌
 (1) 

where 𝑛 ൌ 1 is the number of turns, 𝑑 ൌ 2 𝑐𝑚 is the 
avg. diameter of the winding, 𝜌 ൌ 0.05 is the fill 
factor, 𝐾ଵ ൌ 2.34 and 𝐾ଶ ൌ 2.75 are factors for 
square loops and µ଴ ൌ 4𝜋 ∗ 10ି଻  𝑉𝑠 𝐴𝑚⁄  is the 
magnetic constant [1].  



In this example it is assumed that the area covered 
by the current path loop has a size of 4 cm², 
resulting in a leakage inductance of about 50 nH. 

Fig. 1: Exemplary layout of a LV full bridge 

In favor of the LV system, it is also assumed that 
the HV system achieves a similar commutation 
duration. In practice, this can only be achieved by 
using new semiconductor materials such as 
Silicon Carbide (SiC) or Gallium Nitride (GaN) for 
the HV system. 
Table 2 presents the calculated rate of current 
change, as well as the expected level of voltage 
peaks at the switches. As an approximation, the 
rate of current change is calculated by using the 
average current of the system. 

 LV 
system 

HV 
system 

Avg. current (Iavg) 200 A 20 A 

leakage inductance in a 
half bridge (Lleak) 

50 nH 50 nH 

Commut. duration (tcom) 100 ns 100 ns 

Rate of curr. change (∆𝒊 ∆𝒕⁄ ) 2000 A/µs 200 A/µs 

Calc. volt. peak (Vpeak) 150 V 510 V 

Rel. increase regarding the 
input voltage 

200 % 2 % 

Table 2: Comparison of the resulting values. 

Although no extreme example was chosen, the 
effect on the necessary blocking voltage of the 
switches is obvious. Overdimensioning the 
blocking voltage by 200 % would be necessary in 
this example and hence would have a very 
negative impact in terms of cost and efficiency of 

the converter. A better alternative is therefore to 
generally reduce the current applied to the 
switches during commutation. This is where the 
New Design Series Resonant Converter topology 
(ND-SRC) comes into play. 
Many soft-switching topologies, including the 
series resonant converter (SRC) in its originally 
form, are concerned with reducing switching 
losses. For this purpose, either the switch voltage 
is minimized before conducting, which 
corresponds to zero voltage switching (ZVS), or it 
is ensured that the current is reduced before 
blocking of the switch, thus achieving 
zero current switching (ZCS). 
These measures often reduce the flexibility of the 
converter, e.g. the input or output voltage range, or 
the voltage gain range may be limited. For some 
topologies it is not even possible, to regulate an 
output voltage if the load at the output is too 
low [2]. The design of these topologies is therefore 
often very compromised and greater flexibility 
ends either in lower efficiency or in high cost. Also, 
volume requirements for the passive components, 
such as the inductors or capacitors of the resonant 
circuit will increase. Moreover, most topologies 
lose their soft switching properties at some 
operating points. This may be acceptable in terms 
of losses if it does not lead to problems with heat 
dissipation, but it is critical for the previously 
described problem of voltage peaks in LV systems. 
Only if it is possible to keep the voltage peaks to a 
minimum permanently and in every state, the rated 
blocking voltage of the switches can be selected 
correspondingly low, and thus an efficient 
utilization of them can be guaranteed. 

2 Introduction of the ND-SRC 
As can be seen in Fig. 2, the ND-SRC hardly 
differs from the already known topology of a SRC 
in terms of its schematic.  
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Fig. 2: Schematic of the ND-SRC, in this case with two 

full bridges and symm. split resonant circuit. 

However, one difference in the schematic is, that 
the magnetizing inductance of the transformer is 



deliberately drawn in since it takes up an important 
function. To understand the operation of the ND-
SRC, it is useful to look at the waveforms, shown 
in Fig. 3. In this case, simulated waveforms of a 
1 kW ND-SRC with 50 V input voltage are shown 
at nominal power. 

 
Fig. 3: Simulated waveforms of a 1 kW ND-SRC at the 
rated power. At a high PWM signal, Q11, Q22, Q31 and 

Q42 are conducting, at a low PWM signal, Q12, Q21, Q32 
and Q41 are conducting. During dead time, the 

PWM signal is zero and all switches are blocking. 

As can be seen in Fig. 3, the current Ibp is close to 
zero at the time of switching. This avoids switching 
losses when the switches enter the blocking state, 
as well as reducing the rates of current change 
within the half bridges. In fact, it is possible to 
determine the rates as desired by adjusting the 
value of the magnetizing inductance or by 
changing the duration of dead time. Thus, it is 
possible to define the magnitude of the voltage 
peaks by design, and thereby optimally adapt them 
to the used switches. Furthermore, low currents 
during dead time also ensure the reduction of 
voltage change rates, thus reducing the problem of 
undesired leakage currents through parasitic 
capacitances. 
Fig. 4 shows a section of one dead time. It can be 
noticed that the current Ibp is not exactly zero and 
additionally the current does not change 
significantly during dead time, except for a small 
oscillation, caused by parasitics. In fact, the current 
during dead time can be designed precisely by the 
passive components to completely recharge the 
parasitic capacitances of both full bridges within 
the dead time. Therefore, conducting of the 
switches at the end of the dead time occurs without 
any voltage over the switches, thus ZVS is the 
result. 

 
Fig. 4: Simulated waveforms of a 1 kW rated ND-SRC 

under load, a closer look at the dead time. 

By achieving ZVS, several advantages are 
obtained in one, e.g. there are no switching losses 
due to the charging of the parasitic switch 
capacitances. In addition, if MOSFETs are used, 
the charge carriers are removed smoothly from the 
body diode of the previously conducting switch. 
This prevents simultaneous conduction of the 
body diode belonging to the blocking switch, e.g. 
Q31, and the second switch of the half bridge, e.g. 
Q32. This in turn ensures that there are no losses 
and high rates of current change when the current 
is commutating from the reverse biased body 
diode. For this reason, such operation is favorable 
for low electromagnetic interferences (EMI), which 
in return has a positive effect on the 
electromagnetic compatibility (EMC) of the circuit. 

A question that arises is, how ZVS can be 
achieved at both full bridges simultaneously. As 
can be seen in the following series of figures, this 
is not possible with the load current Iload alone. 
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Fig. 5: Current path before start of the dead time, the 

switches Q11, Q22, Q31 and Q42 are conducting. 

The load current Iload shall be understood as the 
load dependent part of the primary bridge current 
Ibp, this does not include the current Im of the 



magnetizing inductance. Fig. 5 shows the current 
before entering dead time. 
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Fig. 6: Current path of the load current Iload at the 
beginning of dead time, all switches are blocking. 

In Fig. 6, on the primary side, the current 
commutates to the parasitic switch capacitances, 
on the secondary side to the body diodes of the 
previously conducting switches. 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 
   

   

      

           

   

   

   

   

   

   

       

   

Cin Cout

Q21Q11

Q12 Q22

Q41Q31

Q32 Q42

Crp CrsLrp LrsTr1

 

 

Lm

   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Iload

 
Fig. 7: Current path of Iload shortly before the end of 

dead time, all switches still blocking. 

In Fig. 7, on the primary side, commutation has 
taken place as desired, the body diodes of the 
switches, which are supposed to conduct after 
dead time, take over the current. On the secondary 
side, the current continues to flow through the body 
diodes of the switches which have been 
conducting before dead time. 
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Fig. 8: Current path of Iload directly after dead time, 

Q12, Q21, Q32 and Q41 are conducting. 

In Fig. 8 it is assumed that the load current has not 
yet changed its direction. The crucial point is that 
although the primary side can be switched on with 
ZVS, this is not the case for the secondary side. 
When Q32 and Q41 become conductive, the 

parasitic switch capacitances are still fully charged 
and the body diodes of switches Q31 and Q42 are 
conducting. Switching losses occur due to the hard 
discharge of the parasitic switch capacitances and 
furthermore because of cross currents in the 
bridge, caused by the body diodes during their 
reverse recovery. Due to the high currents 
occurring at reverse recovery, the currents 
commutate off the body diodes very quickly, 
resulting in extremely high rates of current change. 
As can be seen from Fig. 5-8, with the load current 
Iload, no ZVS can be achieved simultaneously in 
both full bridges. For this, the current always has 
the wrong direction at one of the sides. Therefore, 
the trick of the ND-SRC is to reduce the load 
current to zero during dead time. Instead, charging 
of the parasitic switch capacitances is driven by the 
current Im of the magnetizing inductance. Fig. 9 
shows the current path of the magnetizing current 
Im at the end of dead time. 
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Fig. 9: Current path of the magnetizing current Im at 
the end of dead time when previously Q11, Q22, Q31 

and Q42 were conducting. 

Since the magnetizing current does not have its 
source at the primary or secondary side, its cause 
is rather the magnetizing inductance between the 
two full bridges, it also flows from there in both 
directions to the full bridges. This makes it possible 
for the parasitic switch capacitances to be charged 
simultaneously in both full bridges during 
dead time. The magnitude of the current is chosen 
by the value of the transformer's magnetizing 
inductance to fully reload the capacitances during 
dead time and thus, obtaining ZVS. 
Fig. 10 shows the current waveforms of the 
primary bridge current Ibp and the magnetizing 
current Im. The magnetizing current waveform 
reaches its maximum during dead time and hardly 
changes in this interval. At nominal power, its 
magnitude is only a fraction of the size of the 
bridge current Ibp, so there is barely any additional 
load for the switches caused by the magnetizing 
current.  



 
Fig. 10: Simulated current waveform of the magn. 

current Im compared to the prim. bridge current Ibp at 
nom. output power of a 1 kW rated ND-SRC. 

Despite its small size, the magnetizing current is 
the driving force during dead time, since the load 
current Iload is close to zero during this time. 

3 Differences compared to SRC 
and LLC 

Compared to the LLC topology, the value of the 
magnetizing inductance is very high and thus, its 
reactive power is very small with the ND-SRC. This 
enables it to efficiently handle a very wide voltage 
range [3]. The resonance inductor of the ND-SRC 
is designed to be very small, since it is not used to 
lower the voltage, which saves costs and assembly 
space. With respect of this, the two resonant 
frequencies of the system are very far apart. Only 
the resonant frequency of the resonant capacitors 
Crp and Crs, and the resonant inductors Lrp and Lrs 
play a role in operation, the switching frequency is 
tuned to it. In contrast to the LLC topology, the 
ND-SRC exhibits the same transfer characteristics 
in both power flow directions, the transformation 
ratio is 1:1 or that of the transformer under any 
circumstances. In case of the ND-SRC, the 
magnetizing inductance is used exclusively for 
achieving ZVS, and can therefore be designed 
independently of other parameters such as the 
transmission power range. 
When comparing with the SRC topology, the main 
difference to the ND-SRC again is the design of the 
resonant circuit elements. Since there is no high 
voltage across them with the ND-SRC, they can be 
designed much smaller. Furthermore, with the 
SRC topology, the achievement of ZVS and ZCS 
cannot be guaranteed, similar to the LLC topology. 

Thus, an optimal utilization of the switches is not 
possible, especially with LV systems. 
Due to the constant switching frequency of the 
ND-SRC, there is no need to develop an elaborate 
control algorithm, as can be the case for the 
strongly nonlinear behavior of the SRC- and 
LLC-topology [4]. Accordingly, the ND-SRC can 
handle load steps just as easily as no-load 
situations. 

4 Practical results 
In this chapter, the demonstrator design, as well as 
measurement results of the demonstrator are 
described. Developing the demonstrator as a part 
of a now industrially used system, the technical key 
specifications of the demonstrator are based on 
the requirements of this system. The demonstrator 
shall provide galvanic isolation while maintaining 
high efficiency and power density. This is not a low 
input voltage system. The successful 
implementation of the topology in this system 
proves that the benefits of the topology are so 
significant that the ND-SRC can be reasonably 
used in applications that do not involve systems 
with low input or output voltages. 
The following table shows the technical key data of 
the demonstrator. 

 Value Info 

Rated power (Pr) 55 kW ≥ 650 V 

Input voltage range (500 – 1000) V  

Transformer ratio 1:1  

Switching 
frequency (fsw) 

70 kHz  

Semiconductor 
type and material 

SiC-MOSFET  

Blocking voltage 
(Vb) of the switches  

1200 V  

Power flow bidirectional  

Table 3: Technical key data of the demonstrator. 

Figure 11 shows the demonstrator assembled on 
an aluminum plate. In this setup, the resonant 
circuit, comprising the resonance capacitors (1) 
and the resonance inductors (2), was divided 
symmetrically between the primary and secondary 
side. The transformer (3) was designed with 
copper foil coils, which reduces the impact of the 
skin effect to a negligible level at the given 
frequency. More importantly, the copper foils allow 
the primary and secondary windings to be ideally 
interleaved. This allows the magnetic field of the 
primary side flowing current to be directly 



cancelled out by the field of the current flowing on 
the secondary side, so it is not forced to pass 
through the copper conductors. The decisive 
advantage of this type of winding is that the 
proximity effect does not come into play, or only to 
a very small extent. Another important property for 
this topology is that the leakage inductance of the 
transformer is reproducible and very small, too. 

 
Fig. 11: Picture of the assembled demonstrator: 
1. Resonant capacitors – 2. Resonant chokes – 
3. High frequency transformer – 4. Power PCB – 

5. Aux. supply – 6. Control PCB – 7. Gate driver PCB 
– 8. 2 € coin as a size comparison 

In order to avoid second-source problems despite 
the use of SiC semiconductors, which is still quite 
rare in industrial applications, a standard 
semiconductor module housing has been chosen. 
Table 4 lists the volume of the individual 
components and the entire demonstrator.  

 Volume 
[dm³] 

QTY 

(1) Resonance Capacitor 0.3 2 

(2) Resonance inductor 0.084 2 

(3) Transformer 3.7 1 

(4) Power PCB with 
semiconductor modules 

6.6 1 

(5) Aux. Supply 0.16 1 

(6) Control PCB 0.54 1 

(7) Gate driver PCB 0.38 2 

Air cooler (oversized) 4.5 2 

Total volume incl. empty space 
and air cooler 

31 1 

Table 4: Vol. of components and entire demonstrator. 

It should be considered that the demonstrator was 
not designed to be volume-optimized to simplify 
commissioning. There is a great potential for 
savings with the oversized heat sink. Even more 
opportunities are given by optimizing the 
arrangement of the components and circuit 
boards. With this setup, including the oversized air 

cooler, which is not shown in the picture, a power 
density of 1.8 kW/dm³ is achieved. 
The following diagrams show the waveforms 
measured during operation of the demonstrator. 

----- Prim. bridge voltage (Vbp) 250 V / DIV 

----- Sec. bridge voltage (Vbs) 250 V / DIV 

----- Prim. bridge current (Ibp) 25 A / DIV 

----- PWM signal 1 V / DIV 

 Horizontal resolution 2 µs / DIV 

Fig. 12: Measured waveforms at a DC voltage of 
1000 V and a transmission power of 60 kW at a 

switching frequency of 70 kHz. 

----- Prim. bridge voltage (Vbp) 250 V / DIV 

----- Sec. bridge voltage (Vbs) 250 V / DIV 

----- Prim. bridge current (Ibp) 25 A / DIV 

----- PWM signal 1 V / DIV 

 Horizontal resolution 200 ns / DIV 

Fig. 13: Measured waveforms, section of dead time at 
a DC voltage of 1000 V and a transmission power of 

60 kW at a switching frequency of 70 kHz. 

There are no qualitative changes in the voltage 
waveforms over the full voltage range. Although 
the energy in the parasitic switch capacitances 



increases with voltage, this is compensated by the 
higher magnetizing current, so that it is not 
necessary to adjust the duration of dead time 
during operation, ZVS is always achieved. 

The current at no-load operation is shown in 
Fig. 14 and 15. In this case, the primary bridge 
current Ibp only consists of the magnetizing current. 

----- Prim. bridge voltage (Vbp) 250 V / DIV 

----- Sec. bridge voltage (Vbs) 250 V / DIV 

----- Prim. bridge current (Ibp) 2.5 A / DIV 

----- PWM signal 1 V / DIV 

 Horizontal resolution 2 µs / DIV 

Fig. 14: Measured waveforms at a DC voltage of 
650 V and a switching frequency of 70 kHz at 

no-load condition. 

----- Prim. bridge voltage (Vbp) 250 V / DIV 

----- Sec. bridge voltage (Vbs) 250 V / DIV 

----- Prim. bridge current (Ibp) 2.5 A / DIV 

----- PWM signal 1 V / DIV 

 Horizontal resolution 100 ns / DIV 

Fig. 15: Measured waveforms, section of dead time at 
a DC voltage of 650 V and a switching frequency of 

70 kHz at no-load condition. 

If the load current is reduced, the magnetizing 
current with its triangular shape gains more and 
more influence and distorts the sinusoidal bridge 
current, however this has no negative effects. In 
order to better identify the shape of the 
magnetizing current, the resolution of the current 
waveform was increased by a factor of 10 for this 
measurement. The measurement was also 
performed at a DC voltage of 650 V. 
The exemplarily shown operating points have 
been chosen to cover the whole spectrum of the 
permissible operating range as far as possible, 
from very high to low voltage, as well as from 
maximum power to no-load operation. At all these 
operating points, ZVS and ZCS are achieved 
without any restrictions. 
The results of the efficiency measurement are 
shown in Fig. 16 and 17. Transmission efficiency 
and losses are shown, so the converter's own 
consumption of about 25 W is not considered. In 
the diagrams, there is also given indications of the 
main source of losses. 

 
Fig. 16: Measured efficiency over the transmission 

power at different voltages. 

As can be expected from obtaining ZVS and ZCS, 
very high efficiencies are achieved even at low 
output powers in relation to the rated power. The 
drop in efficiency at lower power transmission is 
induced by the losses in the core-material of the 
transformer. At higher currents, the efficiency is 
reduced mainly due to copper losses in the 
transformer.  
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Fig. 17: Measured losses over the transmission power 
at different voltages. 

Regarding the loss curves, an increase of 
transformer core-losses can be observed with 
increasing operating voltage. 

5 Outlook 
Regarding the demonstrator design, it has become 
apparent that the switching frequency was 
selected relatively conservatively. A doubling or 
tripling at this power class would be conceivable. 
Since the ratio between on time and dead time has 
to be shifted to the disadvantage of the on time, or 
instead the reactive current of the magnetizing 
inductance has to be increased, a small increase 
in conduction losses can be expected as a result 
of this change. A larger increase would probably 
occur in core losses of the transformer. The 
transformer copper foil coils would have to be 
further adapted as well. The advantage would be 
an even more compact design, cost savings could 
also arise. Another point for savings would be to 
avoid the chokes for the resonant circuit; instead 
only the leakage inductance of the transformer 
would be used. 

6 Conclusion 
With the ND-SRC topology, it is possible to 
guarantee ZVS and ZCS at every operating point. 
The design of the components is simple and free 
of compromise since there are few dependencies. 
The passive components of the resonant circuit 
are very small and the operating range in terms of 

voltage and power is very large since the switching 
behavior of the converter is independent of the 
operating point. 
Only one compromise must be made. Since the 
topology is not able to regulate the voltage 
transformation ratio, a two-stage converter is 
needed, if voltage regulation is a requirement for 
the converter. 
The topology is particularly suitable for boosting a 
low voltage to a higher voltage very efficiently 
using a transformer. There is no over dimensioning 
of low voltage switches and since there are no 
switching losses, the topology can be operated at 
very high switching frequencies to achieve high 
power densities despite the use of a transformer. 
Once a high voltage level has been achieved, 
voltage control can be accomplished with e.g. a 
hard-switching converter, which is very good at 
handling large variations in voltage gain. In order 
to keep the transmission efficiency high with this 
two-stage setup, new semiconductor materials 
such as SiC should be used for the hard-switching 
converter. 
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