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Abstract – Transformers with high-voltage operation 
may have undesired behavior due to the effects of their 
parasitic elements. In power electronics applications, if 
the primary voltage has harmonics, transformer 
resonances may be excited, causing high primary 
currents and secondary voltage stress, compromising the 
device isolation. This behavior is quite dangerous if the 
transformer operates without load, what means, without 
damping, because in this situation, the secondary voltage 
peak can reach more than two times the expected (rated) 
value. To protect the high frequency high voltage 
transformer against this dangerous operation, the 
overvoltage problem in open load condition is carefully 
explored and explained in this paper, with the 
proposition of different protection strategies to mitigate 
its effect, depending on the transformer parasitic 
elements values. The different strategies are analytically 
explained and validated by experimental results, showing 
their criteria design and effectiveness for the protection 
of high frequency high voltage transformers through the 
analysis of a 1 kVA, 311V, 20 kHz, 42/512 ferrite core 
transformer, showing its dynamics working alone and 
with each protection strategy. 
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I. INTRODUCTION 

 
Transformers are electrical devices of great importance in 

Electrical Engineering, with typical applications as 
measurement instruments, electrical insulation, and power 
transmission [1] [2]. Many aspects are considered for the 
correct transformer’s operation, as its thermal behavior, 
magnetic coupling, parasitic elements, depending on the 
application and power transfer. Thus, for the correct design, 
several models and simulations are adopted [2]. 

Transformers used in transmission lines operate at 50 or 
60 Hz with high voltage ratio, being heavy and bulky. The 
frequency increase to kHz or MHz reduces considerably the 
transformer weight and volume, as in high-frequency devices 
in switched-mode power supplies [3], used with electronic 
converters that produce waveforms at high frequencies [4]. 

There are several challenges in high frequency (HF) 
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transformers design, especially in high voltage (HV) 
operation because, in this case, it’s usual the strong 
manifestation of parasitics [5] [6] [7] [8] [9]. It’s quite 
difficult getting a general procedure to design these 
transformers, although specific procedures have been 
adopted in resonant converters [11] [12] [13] [14] [15] and 
weed control [16], and different topologies have been 
explored, as star-core [12] and planar transformers [17] [18].  

In some applications the load varies from short-circuit to 
open-load, unpredictably [16] [19] [20]. When the variation 
is slow, control strategies can compensate the perturbations 
[9] [10] [12]. However, if the variation is too fast, the 
protection must be guaranteed by the transformer itself, 
avoiding dangerous situations like overcurrents and 
overvoltages [21]. 

In [22] the overvoltage problem in the open load condition 
of HF HV transformers was investigated and some 
approaches to avoid this effect were considered. Simulations 
showed the effectiveness of each procedure and they were 
experimentally validated only in low voltage, low power 
tests. 

 A deeper understanding of the strategies is presented in 
this paper, showing their effectiveness through experimental 
measurements in high voltage high power applications. Their 
working and design procedure are showed through analytical 
approach and waveform analyses. The strategies were 
developed for a situation in which the load presents a really 
fast variation, and so the system must react instantaneously 
to disturbances. Their working principle is showed in a 
comparative way, highlighting and relating the effectiveness 
with transformer parameters.    

Section I gives a brief introduction, contextualizing and 
defining the problem; Section II describes the methodology 
to obtain the transformer parameters; Section III defines and 
simulates the protection strategies; Section IV derives 
analytical expressions and shows waveforms that highlight 
the strategies and the project criteria; Section V shows the 
experimental results and Section VI concludes the paper. 

 
II. HF HV TRANSFORMER MODEL 

 
Different high frequency models can illustrate the 

transformer operation. When the interest is the transient 
behavior and the propagation time is relevant, distributed 
parameters models can be used [23] [24], otherwise, lumped 
models are available [25] [26] [27]. 

A lumped model is showed in Figure 1. The parameters 
are reflected to the primary side. The windings capacitance 
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Cp represents the effect of the intrinsic capacitances among 
the adjacent winding turns and is mainly due to the high 
number of secondary turns. Other lumped models use 
additional capacitances and inductances [25] [26] [27]. 
Besides its simplicity, the lumped model in Figure 1 is 
adequate and precise enough to represent the transformer 
power transferring and instantaneous load change 
phenomena and so, it’s adequate for power electronics 
application without any further complexity addition [28]. 

The windings resistance Rd has a small value and can be 
determined with a DC source (ohmmeter). Nevertheless, in 
high frequency, the skin and proximity effect must be taken 
in consideration [29] [30]. The transformer of this work uses 
litz wire to minimize the skin effect [31]. The AC resistance 
would be almost 64% more than the DC value for the solid 
conductor at 20 kHz, while it is only 19.1% with the use of 
litz wire, about 3 times less. 

The Rp value can be estimated using an adaptation of the 
Steinmetz’s equation [32] and has a high value. The data 
from the manufacturer allows estimating the losses and so, 
the equivalent shunt resistance. 

 
Fig. 1.  Lumped model representation of the HV transformer. 

 
Neglecting the core saturation, the remaining parameters 

are estimated through spectral analysis, applying a sinusoidal 
signal at the primary, with the secondary in open load 
condition. With the measurement of the primary voltage and 
current, the input impedance can be determined.    

In low frequency range, the winding capacitance can be 
neglected, because of its high reactance. The resulting input 
impedance is the sum of the magnetizing and leakage 
reactances. As the magnetizing inductance is much higher 
than the leakage’s, its approximated value is determined. 

Using the same approach in the high frequency, where the 
capacitive reactance is so small that cancels the effect of the 
magnetizing inductance, the equivalent input impedance is 
only due to the leakage reactance. After this calculation, the 
magnetizing inductance is determined more precisely. 

The low frequency resonance fp (parallel resonance) 
occurs between Lm and Cp. At this point the maximum input 
impedance regards Rp. Nevertheless, as this essay uses a low 
voltage source, it’s difficult to get the correct value of Rp. 

Above this frequency, the input impedance presents a 
capacitive behavior. The high frequency resonance fs (series 
resonance) occurs between Ld and Cp and gives the minimum 
input impedance. This minimum value represents the 
resistance at this frequency, which, due to the skin effect, 
doesn’t represent the resistance at lower frequencies.  

The Cp value can be calculated using both parallel and 
series resonances by (1) and (2) respectively, and the values 
must be close. The transformer’s input impedance and the 
voltage gain are given by (3) and (4) respectively. 
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A. Transformer’s Parameters 

The analysis uses the 1 kVA, 311 V, 20 kHz ferrite 
transformer showed in Figure 2. The core has a cross-section 
of 6.4 cm2 and maximum flux density of 0.15 T. The primary 
and secondary number of turns are respectively 42 and 512, 
so the voltage ratio is 12. The secondary is divided in two 
equal layers, with the primary between them, improving the 
magnetic coupling. A signal generator feeds the primary, the 
secondary is open. Figure 3 shows the primary waveforms at 
1 kHz.  

 
Fig. 2.  HF HV transformer used in the spectral analysis performed 
in this section and in the experimental measurements. 

 

 
Fig. 3.  Primary voltage (yellow) and current (blue) at low 
frequency range, used to estimate the magnetizing inductance value. 

 
Figure 4 shows the situation at 50 kHz, the parallel 

resonance, in which the primary current achieves its 
minimum value. At 411 kHz occurs the series resonance. 
Figure 5 shows this situation, regarding the minimum input 
impedance. After the series resonance the input impedance 
presents an inductive behavior, as shown in Figure 6.  The 
leakage inductance can be estimated at frequencies higher 
than the series resonance. Table I summarizes the estimated 
parameters for the model of Figure 1.  

 

 
Fig. 4.  Primary voltage (yellow) and current (blue) at the parallel 
resonance. 
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Fig. 5.  Primary voltage (yellow) and current (blue) at the series 
resonance. 

 

 
Fig. 6.  Primary voltage (yellow) and current (blue) used to 
determine the leakage inductance. 

 
TABLE I 

Estimated Parameters for the Model of Figure 1 
Parameter Value  

Rd 0.329 Ω  
Ld 63.5 µH  
Cp 2.3 nF  
Lm 5.64 mH  
Rp 880 Ω  
f 20 kHz  
fs 411 kHz  
fp 50 kHz  
n 12  

 
The windings capacitance calculated by (1) and (2) are 1.8 

nF and 2.3 nF, respectively. One of the reasons for the 
discrepancy is the secondary leakage inductance, that’s not 
considered in the model [28] [33]. The considered value is 
2.3 nF, since the critical situation is the excitation of the 
series resonance, that produces secondary overvoltage and 
primary overcurrent.  

Figures 7 and 8 show the behavior of the input impedance 
and the voltage gain respectively for the open and nominal 
load, obtained from (3) and (4) with the parameters of Table 
I. The input impedance of Figure 7 could be directly obtained 
from an impedance analyzer, and so the transformer 
inductances and capacitances directly estimated from it [34], 
however the spectral analysis as it was performed reproduces 
the analyzer behavior with the use of simple devices, as 
signal generator and oscilloscope. 

Figure 9 shows the waveforms for open load condition. 
The harmonics in the square input voltage nearest the series 
resonance are amplified and distort the secondary voltage, 
that achieves a peak more than two times the expected value. 
The magnetizing current is also affected by the resonance 
manifestation, causing the current stress shown in Figure 9.  

The load has an important role for minimizing such 
behavior. As it appears in parallel with the magnetizing 
branch, it damps the series resonance. However, if the 
transformer operates without load, some procedure must be 
adopted in order to comply with the isolation capability. 

 
Fig. 7.  Transformer’s input impedance.  

 

 
Fig. 8.  Transformer’s voltage gain. 

 

 
Fig. 9.  Primary Voltage (yellow), Secondary Voltage (pink) and 
Primary current (blue), for the secondary open load condition. 

 
III. RESONANCE EXCITATION AND PROTECTION 

STRATEGIES 
 
Figure 10 shows a full bridge inverter feeding a HF HV 

transformer with a variable resistive load. The series 
capacitor Cext blocks DC components from the inverter, 
avoiding the transformer saturation [35]. The transformer 
parameters are the same of Table I, RL is a resistive variable 
load. The inverter parameters are listed in Table II.  

Figure 11 shows the secondary voltage and the primary 
current for a PSIM simulation of Figure 10, with the 
parameters estimated by the spectral analysis. When the 
secondary is in open load condition, the primary current is 
the magnetizing current plus the resonant component, not 
damped by the load. The voltage peaks are more than two 
times the nominal voltage. This situation leads to the 
necessity of an overvoltage protection strategy, since the cost 
for increasing the isolation capability would be excessive. 

 

  
Fig. 10.  Inverter feeding the transformer with a variable resistive 
load. 

 

Cp represents the effect of the intrinsic capacitances among 
the adjacent winding turns and is mainly due to the high 
number of secondary turns. Other lumped models use 
additional capacitances and inductances [25] [26] [27]. 
Besides its simplicity, the lumped model in Figure 1 is 
adequate and precise enough to represent the transformer 
power transferring and instantaneous load change 
phenomena and so, it’s adequate for power electronics 
application without any further complexity addition [28]. 

The windings resistance Rd has a small value and can be 
determined with a DC source (ohmmeter). Nevertheless, in 
high frequency, the skin and proximity effect must be taken 
in consideration [29] [30]. The transformer of this work uses 
litz wire to minimize the skin effect [31]. The AC resistance 
would be almost 64% more than the DC value for the solid 
conductor at 20 kHz, while it is only 19.1% with the use of 
litz wire, about 3 times less. 

The Rp value can be estimated using an adaptation of the 
Steinmetz’s equation [32] and has a high value. The data 
from the manufacturer allows estimating the losses and so, 
the equivalent shunt resistance. 

 
Fig. 1.  Lumped model representation of the HV transformer. 

 
Neglecting the core saturation, the remaining parameters 

are estimated through spectral analysis, applying a sinusoidal 
signal at the primary, with the secondary in open load 
condition. With the measurement of the primary voltage and 
current, the input impedance can be determined.    

In low frequency range, the winding capacitance can be 
neglected, because of its high reactance. The resulting input 
impedance is the sum of the magnetizing and leakage 
reactances. As the magnetizing inductance is much higher 
than the leakage’s, its approximated value is determined. 

Using the same approach in the high frequency, where the 
capacitive reactance is so small that cancels the effect of the 
magnetizing inductance, the equivalent input impedance is 
only due to the leakage reactance. After this calculation, the 
magnetizing inductance is determined more precisely. 

The low frequency resonance fp (parallel resonance) 
occurs between Lm and Cp. At this point the maximum input 
impedance regards Rp. Nevertheless, as this essay uses a low 
voltage source, it’s difficult to get the correct value of Rp. 

Above this frequency, the input impedance presents a 
capacitive behavior. The high frequency resonance fs (series 
resonance) occurs between Ld and Cp and gives the minimum 
input impedance. This minimum value represents the 
resistance at this frequency, which, due to the skin effect, 
doesn’t represent the resistance at lower frequencies.  

The Cp value can be calculated using both parallel and 
series resonances by (1) and (2) respectively, and the values 
must be close. The transformer’s input impedance and the 
voltage gain are given by (3) and (4) respectively. 
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A. Transformer’s Parameters 

The analysis uses the 1 kVA, 311 V, 20 kHz ferrite 
transformer showed in Figure 2. The core has a cross-section 
of 6.4 cm2 and maximum flux density of 0.15 T. The primary 
and secondary number of turns are respectively 42 and 512, 
so the voltage ratio is 12. The secondary is divided in two 
equal layers, with the primary between them, improving the 
magnetic coupling. A signal generator feeds the primary, the 
secondary is open. Figure 3 shows the primary waveforms at 
1 kHz.  

 
Fig. 2.  HF HV transformer used in the spectral analysis performed 
in this section and in the experimental measurements. 

 

 
Fig. 3.  Primary voltage (yellow) and current (blue) at low 
frequency range, used to estimate the magnetizing inductance value. 

 
Figure 4 shows the situation at 50 kHz, the parallel 

resonance, in which the primary current achieves its 
minimum value. At 411 kHz occurs the series resonance. 
Figure 5 shows this situation, regarding the minimum input 
impedance. After the series resonance the input impedance 
presents an inductive behavior, as shown in Figure 6.  The 
leakage inductance can be estimated at frequencies higher 
than the series resonance. Table I summarizes the estimated 
parameters for the model of Figure 1.  

 

 
Fig. 4.  Primary voltage (yellow) and current (blue) at the parallel 
resonance. 
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Fig. 11.  Simulated waveforms of the transformer secondary voltage 
(top) and input current (bottom) for nominal power and open load 
conditions.  

 
TABLE II 

Inverter’s Parameters of Figure 10 
Parameter Value  

Vdc 311 V  
Cext 2 µF  

Switching frequency 20 kHz  
 

A. Voltage Clamper 
Since the capacitance, Cp is unreachable, it’s impossible 

to, directly, limit its voltage. As such voltage is applied to the 
magnetizing inductance, it appears on the secondary side. To 
limit the voltage during open load operation, a voltage 
clamper [36] can be put at the secondary, as Figure 12 
shows. 

The clamper uses high voltage high frequency diodes, a 
high voltage capacitor (Ccl) and enough resistive load (Rcl). 
During normal operation, the capacitor charges with the 
nominal voltage. During the resonance, the clamper absorbs 
the energy associated with the Ld-Cp tank and dissipates it on 
the resistor. There’s a slightly increase peak voltage, but the 
AC output remains limited. Figure 13 shows the primary 
current and secondary voltage, for nominal and open load 
conditions with the clamper. The clamper resistance must be 
high to limit the losses but not so high in order to limit the 
overvoltage. Main drawbacks of this solution are the cost of 
HF HV components as well as the additional losses. 

 
B. External Inductor 

If the leakage inductance would be zero, the inverter 
would impose directly the voltage on the magnetizing 
branch, and no overvoltage would occur, even in the open 
load condition. However such ideal case is impossible, it can 
be approximate if the leakage inductance has a small value. 
In such situation an external inductor can be connected in 
series with the primary. Its value must be significantly higher 
(as around two to ten times) than the leakage inductance. The 
value can’t be excessively high to not limit the primary 
current and, consequently, the power transfer.  

The point between the inductor and the transformer is 
connected to the intermediary point of a diodes branch and 
connected to the inverter’s DC link as Figure 14 shows [37].  

The diodes branch operates as a clamper and limits the 
voltage on the primary to +/- Vdc. As the leakage inductance 
is small compared to the external inductor, the voltage at the 
magnetizing branch and at the output is limited, reducing the 
transformer high voltage peaks.  

Figure 15 shows the output voltage limitation with the 
external inductor. The main drawback of this solution is the 
power factor reduction, due to higher series inductance. So, 
for a given output power, the input current will be higher 
than without the external inductor.  

 

 
Fig. 12.  System of Figure 11 with the voltage clamper at the 
secondary side. 

 

  
Fig. 13.  Input current (top) and secondary voltage (bottom) with 
the clamper at open load. 

 

 
Fig. 14.  External inductor strategy. 

 

 
Fig. 15.  Secondary voltage (top) and primary current (bottom) with 
the external inductor.  

 
C. Harmonic Reduction 

The series resonance won’t be excited if the primary 
voltage doesn’t have the respective harmonic. Without 
compromising the switching frequency, it’s possible to 
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produce a three-level waveform, including a zero-voltage 
step. The length of the zero interval allows eliminating one 
specific harmonic. For example, if the zero-voltage interval 
is 1/21 of the period, the 21st harmonic is cancelled.  

Figure 16 shows the primary and secondary voltages and 
the primary current for this strategy, the 21th harmonic was 
removed from the input signal, because the series resonance 
frequency is 411 kHz and the operating frequency is 20 kHz. 

As expected, the overvoltage has been reduced. The 
oscillation is the 19th harmonic that remains in the applied 
rectangular voltage. The elimination of additional harmonics 
is possible, at the cost of increase the transistors switching 
frequency [38] [39] [40].   

 

 
Fig. 16.  From top to bottom: Primary voltage; secondary voltage 
and primary current for the harmonic control strategy. 

 
IV. CRITERIA DESIGN FOR THE PROTECTION 

STRATEGIES 
A. Voltage Clamper 

The magnetizing current with the series resonance 
manifestation is shown in Figure 17. The magnetizing 
current peak with the resonance manifestation is Ip. This 
value is achieved in a quarter of the wave-cycle at the 
resonant frequency. To determine Ip, the “natural” 
magnetizing current peak Im must be taken in consideration 
and its value subtracted from the total current in the resonant 
circuit. The value of Im can be estimated using the switching 
frequency, the DC link and Lm values. 

The resonant circuit may be regarded as a simple LC 
without losses. Its characteristic impedance is given by (5), 
the total current is given by (6) and Ip is calculated by (7). 
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The total charge delivered by the “resonant current” 

during this time interval is calculated by (8) and determined 

by (9). Considering the transformer secondary can handle an 
overvoltage ΔV, the clamper capacitor is given by (10). 
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The energy absorbed by Ccl in a half period is given by 

(11) and must be dissipated on the clamper resistor. 
Considering the voltage on the resistor constant and equals to 
Vo, the power dissipate during the resonance is given by (12), 
and its value can be calculated by (13). 
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Fig. 17.  Magnetizing current with the series resonance 
manifestation. 

 
For the 1 kVA ferrite transformer, the output voltage at 

normal operation is 3.8 kV. The magnetizing current is 0.69 
A, the characteristic impedance 164 Ω and the total resonant 
peak current 3.79 A. The Ip value is 3.10 A. The clamper 
parameters, considering an overvoltage of 200 V are showed 
in Table III. 

TABLE III 
Determined Parameters for the High Voltage Clamper 

Parameter Value  
Ccl 24 nF  
Rcl 748.29 kΩ  

 
B. External Inductor 

Figure 18 shows the waveforms for the external inductor 
and the primary voltage at nominal conditions, as well as the 
inverter output voltage. 

 During the positive half-cycle, the inverter’s output is Vdc. 
The external inductor is initially uncharged, behaving as an 
open circuit with a voltage drop higher than Vdc. The primary 
voltage is the difference between the inverter and inductor 

 
Fig. 11.  Simulated waveforms of the transformer secondary voltage 
(top) and input current (bottom) for nominal power and open load 
conditions.  

 
TABLE II 

Inverter’s Parameters of Figure 10 
Parameter Value  

Vdc 311 V  
Cext 2 µF  

Switching frequency 20 kHz  
 

A. Voltage Clamper 
Since the capacitance, Cp is unreachable, it’s impossible 

to, directly, limit its voltage. As such voltage is applied to the 
magnetizing inductance, it appears on the secondary side. To 
limit the voltage during open load operation, a voltage 
clamper [36] can be put at the secondary, as Figure 12 
shows. 

The clamper uses high voltage high frequency diodes, a 
high voltage capacitor (Ccl) and enough resistive load (Rcl). 
During normal operation, the capacitor charges with the 
nominal voltage. During the resonance, the clamper absorbs 
the energy associated with the Ld-Cp tank and dissipates it on 
the resistor. There’s a slightly increase peak voltage, but the 
AC output remains limited. Figure 13 shows the primary 
current and secondary voltage, for nominal and open load 
conditions with the clamper. The clamper resistance must be 
high to limit the losses but not so high in order to limit the 
overvoltage. Main drawbacks of this solution are the cost of 
HF HV components as well as the additional losses. 

 
B. External Inductor 

If the leakage inductance would be zero, the inverter 
would impose directly the voltage on the magnetizing 
branch, and no overvoltage would occur, even in the open 
load condition. However such ideal case is impossible, it can 
be approximate if the leakage inductance has a small value. 
In such situation an external inductor can be connected in 
series with the primary. Its value must be significantly higher 
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The diodes branch operates as a clamper and limits the 
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is small compared to the external inductor, the voltage at the 
magnetizing branch and at the output is limited, reducing the 
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Figure 15 shows the output voltage limitation with the 
external inductor. The main drawback of this solution is the 
power factor reduction, due to higher series inductance. So, 
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Fig. 12.  System of Figure 11 with the voltage clamper at the 
secondary side. 

 

  
Fig. 13.  Input current (top) and secondary voltage (bottom) with 
the clamper at open load. 

 

 
Fig. 14.  External inductor strategy. 

 

 
Fig. 15.  Secondary voltage (top) and primary current (bottom) with 
the external inductor.  

 
C. Harmonic Reduction 

The series resonance won’t be excited if the primary 
voltage doesn’t have the respective harmonic. Without 
compromising the switching frequency, it’s possible to 
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voltages, so it is 0. The voltage on D1 and D2 are -Vdc and 0 
respectively, as seen in Figure 18. The higher initial voltage 
on the external inductor is due to Cext effect. 

As the inductor charges, its voltage tends to zero and the 
primary increases gradually to Vdc. The voltages on D1 and 
D2 tend to 0 and -Vdc respectively. When the semi-cycle 
changes, the behavior is similar, but the voltage values are 
opposite, as seen in Figures 18 and 19. The primary, inductor 
and diode currents are also shown in Figures 20 and 21, for 
the open load condition. There’s a slight difference between 
the inductor and primary currents, because of the current 
circulation trough the diodes. The diodes polarization 
depends on the voltage at the point between the external 
inductor and the primary.  

 

 
Fig. 18.  From top to bottom: Inverter output voltage; Primary and 
external inductor voltages, at nominal conditions. 
 

 
Fig. 19.  From top to bottom: Diodes voltages; Diodes current; 
Primary and external inductor currents, for the external inductor 
strategy at nominal conditions. 
 

 
Fig. 20.  Waveforms for the external inductor strategy at open load 
condition. From top to bottom: Primary and inductor currents; 
Diode currents. 

 

 
Fig. 21.  Voltages at open load condition. From top to bottom: 
Primary and external inductor; Diodes. 

 
If the leakage inductance is high, this solution can’t be 

applied. Table IV shows the output power obtained from 
simulations of the external inductor strategy with nominal 
load at the secondary and the respective voltage peak in the 
open load condition. It can be seen that higher the external 
inductor, lower the open load voltage peak, but lower the 
power delivered and the output RMS voltage. The results 
confirm that the best system performance (more overvoltage 
and less output power reduction) is when the inductor is 
nearly between around two to ten times the leakage 
inductance. 

TABLE IV 
Power and Voltage Variation With the External Inductor  

External 
Inductor 

Outut Voltage 
rms value  Output Power  Secondary open 

voltage peak  
0 µH 3.68 kV 944 W 9.2 kV 

100 µH 3.46 kV 834 W 6.3 kV 
150 µH 3.34 kV 778 W 5.8 kV 
200 µH 3.21 kV 720 W 5.2 kV 
300 µH 2.96 kV 610 W 4.5 kV 
600 µH 2.22 kV 350 W 3.8 kV 

 
C. Harmonic Reduction 

The waveform is shown in Figure 22, the half-wave and 
odd symmetry result the Fourier series given by (14). The 
Fourier coefficients are given by (15), with t1 being the zero 
interval per half-period and determined by (16).  By putting 
(16) in (15), the expression in (17) is derived. Not only bN, 
but all the harmonics multiple of N are eliminated. 

A drawback of this solution is the reduction of the applied 
RMS voltage, which impacts the power transfer. For the 1 
kVA transformer, the output power is 899 W. When this 
strategy is used, it’s necessary to redesign the transformer for 
the specific input voltage waveform. 

 

 
Fig. 22.  Square wave with zero-step. 
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V. EXPERIMENTAL RESULTS 

 
Figure 23 shows the prototype, where it’s seen the HF HV 

transformer, the voltage inverter, the HV clamper and the 
measurement setup. A high voltage probe Tektronix P 6015A 
is used to measure the secondary voltage. The probe has a 
capacitance of 3 pF, that changes the resonance frequency to 
nearly 380 kHz, reducing the tank circuit impedance and 
increasing the resonant current. So, there will be some 
mismatches between simulations and experimental results.  

 

 
Fig. 23.  Experimental setup for the practical measurements of the 
overvoltage protection strategies. 

 
 Figure 24 shows the primary waveforms for a resistive 

load of 12.5 kΩ and Figure 25 the respective secondary 
voltage. The input power was almost 1.1 kW. 

  

 
Fig. 24.  Primary voltage (yellow), primary current (green) and 
input power (pink) for a resistive load of 12.5 kΩ. 

 
Figure 26 shows the primary waveforms for a load of 75 

kΩ and Figure 27 the corresponding secondary voltage. The 
secondary approximates the open load condition when the 
load value increases, reducing the damping and increasing 

primary current and secondary voltage peaks. In this case, 
the voltage peak is already two times the value of Figure 25.  

 

 
Fig. 25.  Secondary voltage corresponding to the primary 
waveforms of Figure 24. Vertical scale 1:1000. 

 

 
Fig. 26. Primary voltage (yellow), primary current (green) and input 
power (pink) for a resistive load of 75 kΩ. 

 

 
Fig. 27.  Secondary voltage for the primary waveforms of Figure 
26. Vertical scale 1:1000. 

 
A. Secondary Clamper 

The primary waveforms for the HV clamper strategy at the 
open load condition are showed in Figure 28 and the 
corresponding secondary voltage in Figure 29, For the 
clamper capacitor prototyping it was used a combination of 
five capacitors of 4.7 nF in parallel and, for the resistor, eight 
of 100 kΩ in series. The secondary voltage peak is nearly 4.5 
kV and the primary current peak almost 5 A. The waveforms 
show the effectiveness of this strategy. The input power was 
56.2 W, 5.62% of the nominal power. 

 

 
Fig. 28. Primary waveforms for the voltage clamper strategy. From 
top to bottom: Primary voltage, Primary current and input power. 

 

voltages, so it is 0. The voltage on D1 and D2 are -Vdc and 0 
respectively, as seen in Figure 18. The higher initial voltage 
on the external inductor is due to Cext effect. 

As the inductor charges, its voltage tends to zero and the 
primary increases gradually to Vdc. The voltages on D1 and 
D2 tend to 0 and -Vdc respectively. When the semi-cycle 
changes, the behavior is similar, but the voltage values are 
opposite, as seen in Figures 18 and 19. The primary, inductor 
and diode currents are also shown in Figures 20 and 21, for 
the open load condition. There’s a slight difference between 
the inductor and primary currents, because of the current 
circulation trough the diodes. The diodes polarization 
depends on the voltage at the point between the external 
inductor and the primary.  

 

 
Fig. 18.  From top to bottom: Inverter output voltage; Primary and 
external inductor voltages, at nominal conditions. 
 

 
Fig. 19.  From top to bottom: Diodes voltages; Diodes current; 
Primary and external inductor currents, for the external inductor 
strategy at nominal conditions. 
 

 
Fig. 20.  Waveforms for the external inductor strategy at open load 
condition. From top to bottom: Primary and inductor currents; 
Diode currents. 

 

 
Fig. 21.  Voltages at open load condition. From top to bottom: 
Primary and external inductor; Diodes. 

 
If the leakage inductance is high, this solution can’t be 

applied. Table IV shows the output power obtained from 
simulations of the external inductor strategy with nominal 
load at the secondary and the respective voltage peak in the 
open load condition. It can be seen that higher the external 
inductor, lower the open load voltage peak, but lower the 
power delivered and the output RMS voltage. The results 
confirm that the best system performance (more overvoltage 
and less output power reduction) is when the inductor is 
nearly between around two to ten times the leakage 
inductance. 

TABLE IV 
Power and Voltage Variation With the External Inductor  

External 
Inductor 

Outut Voltage 
rms value  Output Power  Secondary open 

voltage peak  
0 µH 3.68 kV 944 W 9.2 kV 

100 µH 3.46 kV 834 W 6.3 kV 
150 µH 3.34 kV 778 W 5.8 kV 
200 µH 3.21 kV 720 W 5.2 kV 
300 µH 2.96 kV 610 W 4.5 kV 
600 µH 2.22 kV 350 W 3.8 kV 

 
C. Harmonic Reduction 

The waveform is shown in Figure 22, the half-wave and 
odd symmetry result the Fourier series given by (14). The 
Fourier coefficients are given by (15), with t1 being the zero 
interval per half-period and determined by (16).  By putting 
(16) in (15), the expression in (17) is derived. Not only bN, 
but all the harmonics multiple of N are eliminated. 

A drawback of this solution is the reduction of the applied 
RMS voltage, which impacts the power transfer. For the 1 
kVA transformer, the output power is 899 W. When this 
strategy is used, it’s necessary to redesign the transformer for 
the specific input voltage waveform. 

 

 
Fig. 22.  Square wave with zero-step. 
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Fig. 29.  Secondary voltage for the clamper strategy. Vertical scale 
1:1000. 

  
B. External Inductor 

Figure 30 shows the primary waveforms for the external 
inductor strategy at the open load condition, and Figure 31 
the corresponding secondary voltage, the external inductor 
value is 150 µH. The secondary voltage peak was 4.5 kV and 
the primary current peak less than 2 A. The input power was 
10.2 W. 

 

 
Fig. 30. Primary voltage (yellow), Primary current (green) and input 
power (pink) for the external inductor strategy, with the secondary 
in the open load. 

 

 
Fig. 31.  Secondary Voltage in the open load condition for the 
external inductor strategy. Vertical scale 1:1000. 

  
C. Harmonic Control 

Figure 32 shows the primary waveforms for the selective 
harmonic elimination and Figure 33 the corresponding 
secondary voltage for the open load condition. As the 
primary voltage period is 50 µs and the harmonic to be 
eliminated is the 21st, the value of t1 determined by (16) is 
1.19 µs. The secondary voltage peak was about 4.3 kV and 
the primary current peak almost the same as in the external 
inductor strategy. The input power was less than 20 W. The 
waveforms show the effectiveness of this strategy. 

Table V summaries some important information about the 
protection strategy. The external inductor and voltage 
clamper have similar performance in terms of overvoltage 
reduction. The external inductor has less power loss, but can 
only be applied if the leakage inductance has a small value, 
as the voltage clamper does not have this project restriction. 

The harmonic elimination had the best overvoltage 
reduction, but it can’t be applied if the series resonance 
happens in harmonics too far from the switching frequency.  

The harmonic elimination and external inductor reduce the 

power transfer, once they decrease the RMS value of the 
primary voltage, so besides the overvoltage protection, the 
application efficiency necessity must be taken in 
consideration. 

 

 
Fig. 32. Primary waveforms for the selective harmonic elimination. 

 

 
Fig. 33.  Secondary voltage corresponding to the selective harmonic 
elimination strategy. Vertical scale 1:1000. 

 
 

TABLE V 
Comparison Among the Overvoltage Protection 

Strategies for Open Load 

Strategy 

Secondary 
Overvoltage (% 
above expected 
rated voltage) 

Input 
Power 

Loss (% of 
rated 

power) 

Primary 
Current 
Peak (A) 

Primary 
Current 

RMS Value 
(A) 

Voltage 
Clamper 18.4% 5.62% 4 0.67 

External 
Inductor 18.4% 1% 1.8 0.36 

Harmonic 
Reduction 13.1% 2% 1.8 0.31 

 
VI. CONCLUSIONS 

 
In this paper the nature and problems of overvoltage in the 

open circuit operation of High Voltage High Frequency 
transformers were explored and different protection 
strategies to limit the voltage stress were proposed, 
depending on the transformer parasitic elements values, 
mainly the leakage inductance and the windings capacitance. 
The strategies apply in situations in which the load varies 
instantaneously, asking for an overvoltage protection 
implemented in hardware, since no closed loop control 
would be so fast in order to protect the devices.  

The strategies were simulated and validated by 
experimental results. The operation of each strategy was 
analyzed, and design criteria were established. 

The high voltage probe capacitance impacts the 
measurements, however it doesn’t affect the comparison, 
since all the results were acquired at the same conditions. 
The probe capacitance probably is one of the reasons for the 
damping differences between the measured and simulated 
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waveforms. Another reason could be system losses that were 
not modeled. For sure, the lumped parameters model is not 
able to perfectly represent the internal behavior of the 
transformer, although it represents with a good precision the 
power transferring phenomena.   

The external inductor is the simplest strategy, but it’s only 
indicated when the leakage inductance value is small. The 
selective harmonic elimination is more effective if the series 
resonance happens in a low frequency range. The HV 
clamper has the disadvantage of HF HV components 
necessity and can be expensive in high power applications. 
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B. External Inductor 

Figure 30 shows the primary waveforms for the external 
inductor strategy at the open load condition, and Figure 31 
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C. Harmonic Control 
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1.19 µs. The secondary voltage peak was about 4.3 kV and 
the primary current peak almost the same as in the external 
inductor strategy. The input power was less than 20 W. The 
waveforms show the effectiveness of this strategy. 

Table V summaries some important information about the 
protection strategy. The external inductor and voltage 
clamper have similar performance in terms of overvoltage 
reduction. The external inductor has less power loss, but can 
only be applied if the leakage inductance has a small value, 
as the voltage clamper does not have this project restriction. 

The harmonic elimination had the best overvoltage 
reduction, but it can’t be applied if the series resonance 
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Fig. 32. Primary waveforms for the selective harmonic elimination. 

 

 
Fig. 33.  Secondary voltage corresponding to the selective harmonic 
elimination strategy. Vertical scale 1:1000. 

 
 

TABLE V 
Comparison Among the Overvoltage Protection 

Strategies for Open Load 

Strategy 

Secondary 
Overvoltage (% 
above expected 
rated voltage) 

Input 
Power 

Loss (% of 
rated 

power) 

Primary 
Current 
Peak (A) 

Primary 
Current 

RMS Value 
(A) 

Voltage 
Clamper 18.4% 5.62% 4 0.67 

External 
Inductor 18.4% 1% 1.8 0.36 

Harmonic 
Reduction 13.1% 2% 1.8 0.31 

 
VI. CONCLUSIONS 

 
In this paper the nature and problems of overvoltage in the 

open circuit operation of High Voltage High Frequency 
transformers were explored and different protection 
strategies to limit the voltage stress were proposed, 
depending on the transformer parasitic elements values, 
mainly the leakage inductance and the windings capacitance. 
The strategies apply in situations in which the load varies 
instantaneously, asking for an overvoltage protection 
implemented in hardware, since no closed loop control 
would be so fast in order to protect the devices.  

The strategies were simulated and validated by 
experimental results. The operation of each strategy was 
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