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ABSTRACT 
A high power resonant three phase switch mode power supply has been constructed at 
University of Wisconsin to drive a klystron tube. Utilization of a resonant transformer with 
loosely coupled secondaries allows generation of high boost ratios exceeding the turns ratio 
while providing high efficiency. Use of nanocrystalline iron cores provides high volt seconds 
while maintaining low loss at high switching frequencies. Analytic models are developed and 
compared to measured data from two different size resonant transformers and effects of 
turns ratio, load resistance, and primary are examined and compared to theory. 

   Index Terms  — Resonant power conversion, resonators, HF transformers, voltage 
transformers, power systems, klystrons, pulse generation, pulse width modulated power 
converters, pulse width modulated inverters, pulse width modulation, DC-DC power 
conversion, power conversion, power conversion harmonics 

 
1   INTRODUCTION 

POLYPHASE resonant power converters are a new 
method to generate high voltages with high power while 
maintaining a small physical size of 10 times smaller than 
previous methods. Such power converters are capable of 
producing 10s of MWs at 100s of kV. Additional benefits 
include inherent fault tolerance; the power converter must be 
designed to be matched to a given load such that in the event 
of a fault, the resonant circuit will be de-Qed thereby 
preventing power transfer. In the event of an arc fault, the 
system can safely run through the fault without damage to the 
load or supply, while the reduction in power transfer may be 
sufficient to clear the arc fault. Resonant power converters 
with nanocrystalline iron cores maintain the high permeability 
of iron cores, while allowing efficient use at higher 
frequencies in the 10s of kHz usually reserved for ferrite 
materials. Consequently, a nanocrystalline transformer can 
provide 300 times the power transfer capability as a 60 Hz 
transformer for a given size and weight. For comparison, a 
100 kV, 60 Hz system carrying 20 Arms and utilizing soft iron 
cores will be on the scale of 35 tons and have about 30 kW 
losses while the transformer in a polyphase resonant converter 
operating at 140 kV and 20 kHz carrying 20 Arms utilizing a 
nanocrystalline core will weigh 200 kg and have about 3 kW 
of losses. Efficiency of as high as 97% may be realized with 
such a system [1]. Such resonant systems can achieve 
significantly greater power levels with a given set of power 
electronics in part to the resonant nature of the secondary 

which allows soft switching thereby reducing junction heating 
in the IGBTs. Given the exact nature of the system, either zero 
voltage switching or zero current switching may be utilized by 
switching the IGBTs during the period of reverse 
commutation of the anti-parallel diodes in the IGBT module, 
or by operating near resonance such that the IGBTs switch 
near the zero crossing period of primary current [2, 3]. 

The use of resonant circuits in high voltage switching 
power converters allows the voltage boost ratio of the 
transformer to exceed the turns ratio, resulting in more 
compact designs, as shown in Figures 1 and 2, and reduction 
of copper usage in the secondary winding. 

 
Figure 1.  Three phase resonant power supply. 
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The strong dependence of the boost ratio on switching 
frequency allows the power supply to regulate output voltage by 
shifting switching frequency. By switching at full duty cycle 
near resonance, the primary voltage and current are in phase, 
allowing for zero current switching (ZCS), and significant 
reduction of switching losses. As switching frequency moves 
away from resonance, the IGBT current at the switching events 
increases from zero, however with only two switching events 
per cycle, switching losses remain low [4-6].  

 
Figure 2.  Resonant power supply transformers. 

 

Additional benefits of resonant topologies include the 
strong dependence of power transfer on a matched output 
load; in the event of a short circuit, the resonant circuit will be 
de-Qed and power transfer will automatically reduce without 
damage to the supply or klystron load [7-10]. 

The construction of such a power supply required the 
design of a suitable resonant transformer system utilizing a 
nanocrystalline core. Initially, a time consuming trial and 
error approach of transformer design was utilized to find the 
optimum turns ratio, involving the production of multiple 
secondaries with varying numbers of turns. Subsequently the 
data gathered from the multiple transformer designs was 
used to develop and validate numerical and analytical 
models of resonant transformers which may be used for 
future designs. 

 
2  RESONANT TRANSFORMER 

CHARACERISTICS 
In contrast to closely coupled inductive systems, such as a 

tightly wound transformer with low leakage inductance, 
loosely coupled transformers provide a high leakage 
inductance that may be used to form a resonant circuit. In 
many cases efficient power transfer may only be attained if 
either or both the primary and secondary windings are 
capacitively compensated. In closely coupled reactive power 
systems, the reactive power is usually less than the real power 
transferred, while in certain loosely coupled systems, the 
reactive power can be up to 50 times the real power [11]. High 
leakage inductance is achieved by designing the secondary 
winding with a large private magnetic flux. 

For use in high power density switching power supplies, a 
core material with high volt seconds and low loss must be 
used. Soft iron cores have unacceptably high loss due to their 

large lamination thickness and magnetic properties leading to 
eddy current and hysteresis losses, respectively. Ferrite cores 
operate efficiently at high frequency, but saturate at low 
magnetic flux, limiting the volt seconds per turn that may be 
carried by the core. The use of nanocrystalline or amorphous 
cores allows for high saturation flux providing adequate volt 
seconds per turn for high power density applications while 
providing low losses at high frequency [12-14].  

Resonant transformers for klystron power supply 
applications have traditionally been designed with a tightly 
wound, low impedance primary made of either a copper strap 
winding or Litz wire. The secondary is loosely wound to 
generate a large private magnetic flux and achieve the 
necessary leakage inductance. A resonator capacitor is placed 
in parallel with the secondary and the inductance and 
capacitance are tuned to achieve the desired resonant 
frequency and boost ratio. 

Further benefits of resonant transformers include reduction 
of switching harmonics. While a non-resonant transformer 
will couple higher harmonics from a square wave input into 
the secondary, a resonant system will only couple them at the 
turns ratio, while only the fundamental harmonic will be 
passed at the boost ratio, providing a sinusoidal waveform to 
the rectifier. This can reduce switching harmonics by a factor 
of the (boost ratio) / (turns ratio) which is routinely on the 
order of 10:1. 

 
3  RESONANT TRANSFORMER DESIGN 

Two transformer designs are presented, one “large core 
resonant transformer” for use on the power supply with a 
63mm width by 44mm depth core cross section and a 114mm 
width by 228 mm height window area utilizing a 
nanocrystalline “Namlite” core, and a “small core resonant 
transformer” for further testing of analytic models with a 25 
mm by 25 mm core cross section and a 100 mm by 100mm 
window area utilizing an amorphous “Metglas” 2605SA1 
core. The small core transformer was tested with both low 
resistance and high resistance primary windings to evaluate 
the effect of primary resistance on transformer resonance. 
Both transformers examined herein have a parallel pair of 10 
turn primary windings on each leg of the C-core and a parallel 
pair of secondaries. All quoted leakage inductance is the 
inductance of the two secondaries in parallel. 

 

 
Figure 3.  Large core resonant transformer. 
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3.1 LARGE CORE TRANSFORMER TESTING 

A set of three transformers, as shown in Figures 3 and 4, 
with loosely coupled resonant secondaries are used to drive 
the klystron tube through a doubling rectifier.  

Each transformer is built around a nanocrystalline iron core 
that allows low loss operation at high switching frequencies 
while providing a high saturation flux when compared to 
ferrite materials. The primaries consist of a parallel pair of 10 
turn copper strap coils, wound around a polycarbonate form 
and held in close proximity to the cores. Each winding used a 
0.8 mm thick, 12.5 mm wide copper strap, wound in a helical 
manner around a 6.4 mm thick polycarbonate coil form. The 
secondaries consist of a parallel pair of 165 mm diameter,136 
turn coils made out of  0.68 mm diameter solid enamel coated  
wire and have a parallel 50 nF capacitor resonator. For added 
current handling capability, each secondary consists of two 
layers of wire, connected in parallel at the ends of the 
windings and separated by Mylar insulation. Individual oil 
jackets enclose each secondary as shown in Figure 4; 
providing insulation, cooling and preventing corona discharge 
on the windings. Further suppression of corona discharge is 
accomplished by grounding the cores to prevent charge 
buildup and placing a faraday screen consisting of conductive 
copper tape on the inside surface of the secondary oil tank to 
prevent displacement current from the windings from 
capacitively coupling to the core or surrounding air. 

 

  
Figure 4.  Large core resonant transformer assembly diagram. 

 
The final transformer design was obtained through trial and 

error, testing secondary windings with 76 through 156 turns 
until a final design with suitable inductance for the desired 
resonant frequency and maximum boost ratio was obtained, as 
shown in Figures 5 and 6. 
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Figure 5.  Boost ratio for the large core resonant transformer with a 1.8k ohm 
load. 
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Figure 6.  Boost ratio for the large core resonant transformer with an 820 Ω 
load. 
 

Analytical and numerical models for the transformer’s 
transfer function were derived and compared to measured 
data. The final version of the transformer was chosen to have 
a 136 turn secondary, a primary leakage inductance of 8 µH, a 
primary magnetizing inductance of 1.69 mH, a secondary 
referred total leakage inductance of 1.36 mH, a primary series 
resistance of 27.3 mΩ, and a secondary series resistance of 1.2 
Ω. A spice model of the transformer is presented in Figure 7. 

 

 
Figure 7.  Full transformer model for large core transformer. 

 

A simplified model of the transformer may be obtained by 
approximating that the magnetizing inductance is infinite, 
which remains valid as long as the transformers are run 
without saturating the cores, that primary resistance and 
leakage inductance is negligible, and that the cores are 
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magnetically lossless. The system may then be modeled as a 
resonant LC tank circuit driven by a voltage equal to the 
primary voltage times the turns ratio as shown in Figure 8. 

 

 
Figure 8.  Simplified transformer model for large core transformer. 

 
An analytical model for the inductance of a loosely coupled 

transformer was obtained by modifying the Wheeler formula 
for a short solenoid [15] to obtain leakage inductance. 
Assuming an ideal model of the transformer where magnetic 
flux is entirely excluded from the core and primary of the 
transformer when the primary is shorted, the Wheeler formula 
is modified by subtracting the total core cross sectional area, 
denoted “Acore”, from the cross sectional area of the 
secondary winding as shown in equation (1) where “r” is coil 
radius, “h” is coil height, and “Acoil” is coil area. 
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The resulting formula, called the “Wheeler compensated 
area” formula herein, predicts the leakage inductance of the 
transformer with high accuracy when compared to the 
Wheeler formula without area compensation and the long 
solenoid approximation as shown in Figure 9. 
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Figure 9.  Measured and analytical models of secondary winding leakage 
inductance for the large core transformer. 

 
An analytical model of the transformer’s transfer function 

was developed and compared to experimental data. The 
transformer model may be simplified to a secondary referred 

model consisting of a voltage source of N times the primary 
voltage connected across a resonant circuit including an 
inductor of finite ESR with inductance calculated from the 
Wheeler compensated area formula, and an ideal capacitor 
with a load resistor connected in parallel across the capacitor 
as shown in equation (2).  
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The resulting transfer function predicts the boost ratio of 
the transformer over the desired frequency range to reasonable 
accuracy as shown in Figure 10.  
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Figure 10.  Measured and analytical models of boost ratio for the large core 
transformer. 

 

The boost ratio at resonance for two different load 
resistances is shown in Figure 11. As seen in Figure 10, the 
boost ratio predicted by the analytical formula is consistently 
higher than the measured values. Note that the model using 
equation (2) uses the DC resistance of the secondary and does 
not include skin effects or finite primary resistance which may 
contribute to the overshoot of the predicted boost ratio at 
resonance when compared to experimental data. 
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Figure 11.  Measured and analytical models of boost ratio at resonance for 
varying turns ratio for the large core transformer.  
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The resonant frequency of a RLC circuit with the load resistance 
in parallel with the capacitance [16] is given in equation (3). 
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When the value of inductance from the Wheeler compensated 
area formula is used the predicted resonant frequency matches 
the measured value as seen in Figure 12. 
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Figure 12.  Measured and analytical models of resonant frequency as a 
function of turns ratio for the large core transformer. 

 

As the load resistance is varied while the transformer is driven 
at resonant frequency, the boost ratio varies as shown in 
Figure 13. The transfer function model of the transformer 
accurately predicts the boost ratio over a wide range of load 
resistances. The knee at high load resistances is due to the 
finite resistance of the inductor limiting the maximum 
attainable boost ratio. 
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Figure 13.  Measured and analytical models of boost ratio at resonance for 
varying load resistance for the large core transformer. 

3.2 SMALL CORE TRANSFORMER TESTING 

A small resonant transformer utilizing an amorphous 
“metglas” core, as shown in Figures 14 and 15, was 
constructed and tested to verify that the analytical formulas 

are not affected to any great extent by scaling of the 
transformer size. The secondaries consist of a parallel pair of 
102 mm diameter windings with a secondary series resistance 
of 0.9 Ω for the 90 turn version. Further, two separate 
primaries, one with a 2.5 mΩ ESR, denoted “Low R” and the 
other with a 48 mOhm ESR, denoted “High R”, as shown in 
Figure 16 were used to determine the effect of primary 
resistance on transformer performance. 

 

 

Figure 14.  Small core resonant transformer. 

 

 

Figure 15.  Small core resonant transformer assembly diagram. 

 

Boost ratio for the small core transformer was measured for 
both Low R and High R primary windings. It was shown that the 
increase in primary resistance incurred by using a small gauge 
wire significantly degraded the performance of the resonant 
circuit, particularly for high turns ratios as shown in Figure 17. 
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Figure 16.  Low R and High R primary windings. 
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Figure 17.  Boost ratio for the small core resonant transformer with a 1 k Ω 
load for Low R and High R primary windings. 

 

While the analytical model accurately predicts leakage 
inductance for the low resistance Low R winding, the higher 
resistance High R winding diverges from the prediction 
particularly at high turns ratios as shown in Figure 18. 
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Figure 18.  Measured and analytical models of secondary winding leakage 
inductance for the small core transformer. 
 
 

   The higher resistance primary greatly reduces the boost 
ratio, and increases secondary leakage inductance leading 
to a lower boost ratio and resonant frequency as shown in 
Figures 19 and 20. The higher effective leakage 
inductance is due to the higher resistance primary’s 
inability to effectively screen magnetic flux from the 
secondary winding out of the transformer core. The 
current driven in the primary is dissipated by the 
resistance leading to a lower Q circuit and lower boost 
ratio at resonance. The high Q of the transformer with the 
Low R winding leads to difficulties measuring the peak 
boost ratio values, leading to the lower measured boost 
ratios for high turns ratios seen in Figure 20. Resonant 
frequency is measured and compared to the analytical 
model in Figure 21. 
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Figure 19.  Measured and analytical models of boost ratio for the small 
core transformer with a 1k ohm load for Low R and High R primary 
windings. 
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Figure 20.  Measured and analytical models of boost ratio at resonance for 
varying turns ratio for the small core transformer. 
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Figure 21.  Measured and analytical models of resonant frequency as a 
function of turns ratio for the small core transformer. 

4  DESIGN CONSIDERATIONS 

When designing a high voltage resonant transformer, 
several considerations must be taken into account. At 
resonance the primary will be carrying a very large current 
at high frequency. For proper modeling and good 
performance of a resonant transformer, it is necessary to 
ensure low primary resistance to completely screen out 
privatized secondary magnetic flux from the core. The use 
of Litz wire on the primary, or independently insulated 
layered copper straps will decrease skin effect induced 
resistance at high frequencies and greatly improve 
performance. 

For the analytical models presented herein, the DC 
resistance of the secondary is used and does not include 
skin effects or finite primary resistance which may 
contribute to the overshoot of the predicted boost ratio at 
resonance when compared to experimental data. The use of 
a low resistance primary will ensure accurate modeling of 
transformer performance. 

5 CONCLUSION 
The use of the analytical models presented in this paper will 

allow rapid design of loosely coupled transformers without the 
use of time consuming trial and error methods by providing 
accurate predictions of leakage inductance, resonant 
frequency, maximum boost ratio, and transfer function shape. 
For accurate modeling of resonant transformers and optimum 
performance, it is imperative to keep primary winding 
resistance low. 
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