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ABSTRACT

High voltage transformers have specific characteristics, since the effect of some parasitic
elements is highlighted, due to its high number of turns, in order to reach the desired voltage
levels.

High frequency operation reduces the volume of magnetic devices, making the systems more
versatile, however it can give rise to other problems such as switching noise, electromagnetic
interference and resonances.

In this dissertation a high voltage converter, with high frequency operation was developed for
power transferring to resistive loads with unpredictable variation, from the short circuit to
the open circuit condition, taking in account the High Voltage High Frequency Transformer’s
particularities.

Simulations and theoretical calculations were made to characterize the system’s behavior.
Protection, control and supervision systems were developed to minimize the effects of parasit-
ic elements and resonances, as well as to ensure the safe and correct converter’s operation.

A conceptual prototype was built to validate the simulations and calculations performed.

Keywords: High Voltage Transformer, High Frequency Transformer, High Voltage Convert-

er, Resonant Converters, Parasitic Elements, Transformer Model.



RESUMO

Transformadores de alta tensdo possuem algumas caracteristicas especificas, uma vez que o
efeito de elementos parasitas é amplificado, devido ao elevado nimero espiras, necessario
para se atingir os niveis de tensdo desejados.

A operacdo em alta frequéncia reduz o volume de dispositivos magnéeticos, tornando os siste-
mas mais compactos, o que pode, no entanto, dar margem a outros problemas, como ruidos
de alta frequéncia, interferéncia eletromagnética e manifestacao de ressonancias.

Nesta dissertacdo foi desenvolvido um conversor de alta tensdo, com operagdo em alta fre-
quéncia para transferéncia de poténcia para uma carga resistiva com variacdo imprevisivel,
desde uma situacdo de curto-circuito até a de circuito aberto, levando em consideracdo as
particularidades do transformador de alta tensdo operando em alta frequéncia.

SimulacGes e célculos tedricos foram realizados para caracterizagdo do comportamento do
sistema. Sistemas de protecdo, controle e supervisdo foram desenvolvidos para minimizar os
efeitos de elementos parasitas e ressonancias, bem como para garantir a operacéo segura do
conversor.

Um protdtipo conceitual foi construido para validacao das simulacdes e célculos realizados.

Palavras-chave: Transformador de Alta Tensdo, Transformador de Alta Frequéncia, Conver-
sor de Alta Tensdo, Conversores Ressonantes, Elementos Parasitas, Modelo de Transforma-

dor.
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1 INTRODUCTION

Transformer is an electrical device of great importance in Electrical Engineering and
has its operation based on the Faraday’s law of Electromagnetic Induction. There are several
applications for these devices, like measurement instruments (potential and current transform-
ers), electrical insulation (pulse transformers), and power transmission [1] [2].

There are many aspects that must be considered for the transformer’s operation, like
its thermal behavior, magnetic coupling, parasitic elements, insulation level between primary
and secondary windings, etc. These characteristics depend on the application and power to be
transferred. Thus, for their correct design, several models and simulations are adopted, de-
pending on the application’s particularity [2].

Transformers used in transmission lines have a low operating frequency (generally 50
or 60 Hz), with a high voltage ratio, being heavy and bulky, transferring high power levels.

If the frequency increases to the order of kHz or MHz, the transformer weight and
volume reduces considerably, as can be seen in high frequency transformers used in switched-
mode power supplies [3], although it leads to the necessity of a power electronics circuitry to
produce high-frequency waveforms [4].

There are several challenges for the high frequency transformers design, especially
when the application involves high voltage ratio. In this case, it’s usual the strong manifesta-
tion of parasitic effects, which can lead to undesired operating conditions, such as overcur-
rent, overvoltage, waveform distortion, resonances and electromagnetic interference [5] [6]
[71[8] [9] [10] [11] [12] [23].

High frequency transformers can be classified in three categories, according to the op-
erating frequency and transferred power [14]. Transformers commonly used in telecommuni-
cations and some computer systems are known as Low Power Ultra High Frequency Trans-
formers, and typically operate below 1 kW and above 1 MHz. Devices used in avionics and
vehicular systems, known as High Power Mid Frequency Transformers, operate below 100
kHz and transmit above 10 kW. The third category is the Mid Power High Frequency Trans-
formers, which operating transmitting up to 10 kW and operating in the intermediate frequen-
cy between the two other categories.

Several authors had highlighted the importance of High Voltage Transformers operat-
ing in a high frequency range (HFHPT-High Frequency High Power Transformers), although

a general modeling have not been achieved yet, due to the different effects caused by the par-
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asitic elements manifestation and operating frequency noises, in each particular application
[1] [15].

In [16] a HFHPT design was proposed for high power DC-DC converters, for medium
(MVDC) and high voltage (HVDC) direct current applications. The proposed model is based
on a bi-dimensional simulation with a regression algorithm, using the finite elements tech-
nique. The methodology also provides an analytical approach which enables the leakage in-
ductance calculation, core dimensions and optimum operating frequency determination. The
methodology was validated by a 1 MW prototype.

A methodology for High Voltage High Frequency Transformers (HVHFT) construc-
tion for switched-mode power supplies is developed in [3]. The construction procedures are
based on a thermal modeling and graphical-algebraic tools. For the procedure’s validation,
two transformers for microwave heating sources were designed and tested. The values found
in the prototypes’ measurements agreed with those determined by calculation.

Other applications for the HFHPT are resonant converters [14] [17] [18] [19] [20] [21]
[22], due to the possibility of magnetic devices parasitic elements exploration in the applica-
tions. In the LCC converter operation for example, the transformer parasitics are used as the
converter resonant elements. Ferrite cores in E format were used for the transformer’s design
and the primary and secondary windings were built in a co-centric way, to reduce the leakage
inductance value [22].

In [14] it was explored the use of litz wire to minimize the proximity and skin effect,
caused by the windings’ high frequency currents [23]. A leakage inductance calculation
methodology was developed for transformers using this kind of conductor. Examples about
the use of these elements can be found in the literature, like sources for pulsed laser [24],
ozone generation [25] [26], ballast for discharge lamps [27] [28], RF amplifiers [29].

For the pulsed laser sources in [24], the converter always operates in a transient condi-
tion, obtaining a maximum voltage gain by operating at the resonance frequency, with high
power factor and low commutation losses as additional benefits. For the ozone generation
[25] [26], the ozonizer device behaves like a variable capacitance, the transferred power be-
haves like a resistance, for the transformer. Therefore, the power can be changed modulating
the frequency, so controlling the ozone production.

There are some applications in which the load can vary from the short circuit to the
open-load condition, unpredictably [30] [31] [32]. If the load variation is slow, control strate-

gies can be implemented for compensating the perturbation. However, when the variation is
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too fast, protection against dangerous situations that can damage the system, like overcurrent
and overvoltage, must be guaranteed by the converter itself.

A practical example for load with unpredictable variation is the device for plant elec-
trocution, used for controlling weeds [33] [34]. The traditional implementation consists of a
60 Hz transformer whose low voltage side is fed by a generator. The device is driven by a
tractor or truck, and the transformer’s high voltage side is connected to the applicators and
grounders electrodes.

As the tractor moves, the grounders electrodes are kept connected at the soil, and the
applicators electrodes touch the aerial part of the plants. The electrical current circulates
through the plant heating and killing it. As the plant is electrocuted its “resistance value” de-
creases, tending to short-circuit, and when the applicator electrodes change from a plant to
another, they stay “in the air”, causing an open circuit condition. Such changes aren’t predict-
able and can be so fast that it’s impossible to wait for the control loop reaction.

The proposed converter makes possible the adaption of these systems to high frequen-
cy technologies, turning the device more versatile and slighter, amplifying its possibilities and
varieties of applications.

Considering the scenario and the challenges exposed above, the main focus of this
work was the design and definition of criteria for the safety operation of a converter that feeds
a High Voltage High Frequency Transformer connected to a resistive load with unpredictable
variation, taking in account the HVHFT particularities. Taking this general objective, the fol-
lowing specific objectives are given:

e Study, modeling, design and application of a single-phase converter for varia-
ble load;

e Study and characterization of behavior particularities of high voltage trans-
formers in a high frequency range;

e Simulate the converter, to get a better understanding and general characteriza-
tion of the system;

e Protection and supervisory systems development to guarantee the converter’s
safety operation;

e Studies validation by experimental measurements in conceptual prototypes.

This dissertation is divided as follows: Chapter 1 gives a brief introduction, contextu-

alize the problem, gives the practical motivation and the objectives to be achieved in the
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work; Chapter 2 focus on the high voltage transformer with high frequency operation, its
modeling, the parasitics, the definition of its technical specifications and characterize its be-
havior; Chapter 3 presents the converter topology, characterize its dynamics and defines crite-
ria for its safety operation through simulations and analytical calculations; Chapter 4 validate
the studies developed in Chapter 3 by experimental measurements in prototypes of 1 and 3
kW, and Chapter 5 presents the achieved conclusions and propositions of this work’s continu-
ity from the achieved points.

This work generated the publication of the paper “Overvoltage protection procedures
for high voltage high frequency transformers ” in the 14™ Brazilian Power Electronics Confer-
ence (COBEP), at Juiz de Fora, MG, Brazil, in 2017.
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2 HIGH VOLTAGE HIGH FREQUENCY TRANSFORMER

Various high frequency transformer models can be used depending on the analysis to
be performed. When the interest is the transient behavior and the propagation time is relevant,
distributed parameters models can be used [10] [11]. If the frequency is not too much high
(below 1 MHz) and the propagation delay can be neglected, lumped models can be used [7]
[81 [9].

This dissertation uses a lumped model, as in Figure 2.1. The transformer parameters,
reflected to the primary (low voltage) side, are listed below. The winding capacitance repre-
sents the total effect of the intrinsic adjacent winding turns and is mainly due to the secondary
winding capacitance reflected to the primary side Cp. Other lumped models can use additional

capacitances and inductances [7] [8] [9] [35].

Aetin 1T
L.3u2u3E |-

Figure 2.1- High Voltage Lumped Model Transformer.

Rd = Total Windings Resistance;
Ld = Leakage Inductance;

Cp = Winding Capacitance;

Lm = Magnetizing Inductance;
Rp = Core Loss Resistance

n = turns ratio.
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2.1 PARASITIC ELEMENTS

2.1.1 Leakage Inductance

Figure 2.2 shows a magnetic core with the primary (N1) and secondary (N2) windings.
When one of the windings is excited, a magnetic flux is generated and “flows” through the
core, achieving the other winding. If the two windings have a perfect magnetic coupling, all
the flux generated by one will link the other. The magnetic flux linked by the two windings is
called mutual flux (¢,,) and is essentially confined in the magnetic core.

The perfect magnetic coupling is never possible, and part of the flux generated by a
winding does not link the other. This flux is generally lost in the air and is called leakage flux
[36]. Figure 2.2 shows the leakage flux for primary and secondary windings as being ¢, and
¢, respectively. An inductance is used for modeling this behavior in simulations and design
procedures [37] [38] [39]. The leakage inductance appears connected in series with the prima-

ry side, as showed in Figure 2.1.

7~ hl ™ !
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Figure 2.2 -Two windings magnetic circuit with imperfect magnetic coupling.

The primary and secondary disposition [40] has stray influence on the leakage induct-
ance value. If a high insulation level is needed between the two windings, they must be allo-
cated in separated branches, like in Figure 2.2, what increases the leakage flux and, conse-
quently, the leakage inductance.

The primary and secondary windings can be allocated in a convenient way to improve
the magnetic coupling between them, like in Figure 2.3. The windings disposition is normally

made in U or E core format. The dashed lines show the core branch in which the windings are
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allocated. All these winding dispositions have lower leakage inductance compared to Figure

2.2, for the same number of turns. Although, they have more thermal and isolation issues.

. Secondary Secondary

flepuooag
Aewud
flepuooag

Primary
Primary

Secondary
(@) (b) (c)

Figure 2.3-Cross-section representation of primary and secondary windings disposition with lower leakage in-
ductance: (a) primary between a secondary divided in two layers; (b) primary and secondary in the same branch;
(c) primary winding surrounded by the secondary.

To illustrate the winding disposition influence on the leakage inductance, its value was
measured (by the procedure described in Section 2.2) for a 1 KVA @311 V @ 20 kHz ferrite
core transformer with the winding disposition of section a of Figure 2.3 and compared with a
similar transformer with the winding disposition of Figure 2.2, the total number of turns for
the primary and secondary windings were the same in both transformers. The leakage induct-
ance measured in the first case was 63.5 pH and in the second one was 656 pH. The great
discrepancy between both values reflects how the first windings disposition is better magneti-

cally coupled compared to the second. Figure 2.4 shows the two transformers.

Figure 2.4 - 1 kVA @311 V @ 20 kHz ferrite core transformers with different windings disposition: Primary
between secondary layers at the same core branch (left), and primary and secondary in different core branches
(right).
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2.1.2 Windings Capacitance

Wherever there are two electrical conductors separated by a dielectric, there is the
manifestation of a capacitive effect. High Voltage Transformers secondary windings are gen-
erally built in several layers, separated by an insulation material from each other, so they can
support the high voltage. Figure 2.5 shows an example of the cross-section of a secondary

construction when it’s the high voltage side.

- Core

[ | Secondary Winding

- Dieletric Material

Figure 2.5-Cross-section of a High Voltage Transformer Secondary construction.

There are several stray capacitances in the non-ideal transformer’s operation, but the
most considered for its modeling are the capacitance between the two windings and the de-
termined by each winding [6] [7]. The capacitance calculated by (5), (6), (11) and (12) takes
all the transformer capacitive effects in consideration, and is due mainly to the secondary
winding capacitance, because of its high number of turns.

The capacitances seen from the primary side are responsible for the resonance fre-
guencies, and the parasitic capacitances between the windings may mainly contribute to elec-
tromagnetic interference [2] [41].

Table 1 shows different values of winding capacitances measured for three ferrite
cores transformers. The 20 kHz transformers have the winding disposition of Figure 2.3, sec-
tion a, and the 15 kHz transformer of section ¢ of Figure 2.3. The winding capacitance in-
creases when the secondary voltage is higher, because in this situation, a higher number of

turns is necessary, what increases the capacitive effects.
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Table 1- Winding Capacitance measurement for different types of High Frequency High Voltage Transformers.

Nominal Power Frequency Primary Nominal Voltage (V) Turns Ratio Capacitance
(kVA) (kHz) Reflected to
the Primary
(nF)
1 20 311 12.19 2.36
3 20 311 20.14 6.26
10 15 600 18.48 31

2.2 PARAMETERS ESTIMATION PROCEDURES

The winding resistance Rd has, in general, a relatively small value and can be deter-
mined by direct measurement, with a DC source (Ohmmeter). Nevertheless, in high frequency
range, the skin and the proximity effects must be taken in consideration for the effective de-
termination of the resistance [42] [43]. Both effects vary with the frequency, making difficult
to include the correct value in the circuit model.

The skin depth can be determined for any conductor by (1), where p is the conductor
electrical resistivity and f is the operating frequency. The AC resistance factor can be calcu-

lated by (2), for a solid conductor with circular cross-section area of radio r [44] [45].

p

0= 1
o f W
R T
_ac _ 2
Ry 26 @)

All transformers used in this work have their primary windings made of litz wire to
minimize these effects. In [23] is presented a simplified approach to determine the number
and diameter of strands in a litz wire based on the skin depth, the frequency of operation, the
number of turns, the breadth of the core window and a constant. The approach was applied
here in a reverse way to determine the effective winding resistance at the nominal operating

frequency.
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The AC resistance factor for a litz wire can be calculated by (3), where d is the strand
diameter, N the number of turns, n; the number of strands and b is the breadth of the core
window. The AC resistance can be estimated at any frequency, once the transformer parame-

ters are known and the DC winding resistance is measured.

216

Figure 2.6 shows the AC resistance factor variation with frequency for a common sol-

id conductor and a litz wire with the same cross-section area. The ac resistance increases fast-
er in the case of the solid conductor. Considering the operating frequency of 20 kHz, the AC
resistance would be almost 64% more than the DC value for the solid conductor, while it
would only 19.1% with the use of litz wire, about 3 times less. The graphs of Figure 2.6 show

the effectiveness of litz wire to minimize the skin effect.

3
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Figure 2.6-AC resistance factor variation with frequency for a common and litz wire.

The core loss resistance Rp can be determined by using an adaptation of the
Steinmetz’s equation [46] and, in general, has a high value. The data from the core manufac-
turer allows the losses estimation and so, the shunt equivalent resistance.

Since the magnetic design guarantees the core will not saturate, the parameters of the
transformer’s model can be estimated through a spectral analysis, by applying a sinusoidal
signal at the primary winding, with the secondary in open load condition. For example, at low
frequency, the measurement of the applied voltage, current and frequency, allows to determi-

nate the input inductance by (4).
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L =T @
input Winput

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

Using the same approach, but in the high frequency range, the capacitive reactance is
too small, canceling the effect of the magnetizing reactance (once they are both in parallel), so
the equivalent input impedance is only due to the leakage reactance and the Ld value can be
determined. After this calculation, the magnetizing inductance value can be determined more
precisely, correcting the value calculated in the low frequency analysis.

The low frequency resonance fp (parallel resonance) occurs between Lm and Cp. At
this point the input impedance achieves its maximum value, which regards Rp. Nevertheless,
like 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, so the pri-
mary current leads the voltage. The high frequency resonance, at fs (series resonance), occurs
between Ld and Cp and gives the minimum input impedance. This minimum value represents
the resistance at this frequency. However this value, 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 (5) and (6) respectively, and the resulting values must be close, if the

model correctly represents the device.

1

Cp, = G L, (5)
1

C (6)

P @2nf)?lg

The input impedance of the transformer showed in Figure 2.1 is given by (7) and the

voltage gain can be determined at any operating point by (8).
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§3LmLgCp + %Ly, (é—i + Cde) +s [Lm (1 + 2—2) + Ld] + R,
Zin = (7)
S%LyCy + s%—m +1
P
Vour snLy R, ®)

Vin ~ $3LpLaCyRy + 52Ly(Lg + RaRyCp) + S[RaLum + Ry(Lg + Lm)] + RyRy

The transformer open circuit analysis, as described before, doesn’t take in considera-

tion the secondary leakage inductance. A lumped model with this inductance and without the

respective resistive losses is presented in [35]. To measure the secondary leakage inductance,

the transformer’s input impedance is measured in the high frequency range, with the second-

ary in a short-circuit condition. As the magnetizing reactance is too high, and the capacitive

reactance was “removed” by the short-circuit, the total leakage reactance is determined. As

the primary leakage inductance can be determined by the open-circuit analysis, the secondary

leakage inductance can be determined by this approach. By adding the resistive losses to the

model presented in [35], the lumped model shown in Figure 2.7 is derived. The input imped-

ance and voltage gain for this model are given by (9) and (10) respectively, and the windings

capacitance can be calculated by (11) and (12) using the parallel and series resonance fre-

quencies respectively. Which model is more adequate will be discussed later.

Rd Ld Lds __ Ideal -

W 4113 | |

I |

_ | |
Vin 3 % | ég é | Vout

Lm~> Rp _——cp | |

I I

I I

I I

I I

I |

1 1in

—_—— e ——

Figure 2.7-High-Voltage Transformer lumped model considering the secondary leakage inductance and resistive

losses.

§*LimLaLasCp + s3[RpLasCy (L + Lg) + LinCy(RgLas + RyLa)] +

_ 5?[RgRyCy(Lag + L) + LiyLg] + s[Lim (R, + Ra) + LaRp| + R4R,,

in 3L,y LgCp + 5?RyCp(Lygs + L) + SLy + Ry

€)
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Vout _ shlyR, (10)
Vi $*LmLaLasCy + s3[RpLasCp(Lim + Lg) + LinCp(RaLas + RypLa)] +
S2[RaRyCp(Lgs + L) + LiLg] + s[Lin(Ry + Ry) + LaR,| + RaR,
C, = ! (11)
P (ani))z(l‘ds + Lm)
Lg+L
C, = — ¢ (12)
(27 fs)*[LymLas + La(Lgs + Liy)]

2.3 DETERMINATION OF THE TRANSFORMER’ SPECIFICATIONS

The transformer’s adequate design must take in consideration the several features de-
manded by the application. First, the device must not saturate at normal operating conditions,
what is fundamentally determined by the number of turns of the primary winding. Figure 2.8
shows the magnetic flux waveform, considering a N,, turns winding fed by a T period square
wave voltage.

mmﬂx
Yoo

0 t(s)

-0
max T

Figure 2.8- Magnetic Flux waveform considering a square wave voltage.

Considering the linear behavior, the magnetic flux may be represented by a simple row

equation, as showed in (13):

0(t) = ~Ba (7 1) (3)
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The Faraday’s Law of Electromagnetic Induction is given by (14), where V¢, is the in-

ducted electromotive force:

do(t
Vg = Np d(t ) (14)

The magnetic flux is given by (15), where A, is the core cross section area and B,y 4 IS

the maximum allowed magnetic flux density, whose value is given by the core manufacturer.
Dmax = BmaxAc (15)

Combining the expressions (13) and (15) with the Faraday’s Law in (14), the mini-

mum number of turns is given by (16).

N. = V;q(T/LL)
P BmaxAc

(16)
If the primary number of turns is below the value determined by (16), the magnetic

flux density has a value higher than B,,,, and will not be possible operate at the specified
voltage and frequency (1/T). Once the primary number of turns is determined, the secondary

can be calculated by using the turns-ratio. Another important feature is the expected power to
be transferred, because the windings’ conductors must have the correct cross-section, to sup-

port the necessary current without overheating.

2.4 SPECTRAL ANALYSIS OF THE HIGH VOLTAGE HIGH FREQUENCY TRANS-
FORMER

A sinusoidal voltage with low amplitude was applied on the primary side of a 1 kVA
@311 V @ 20 kHz ferrite core transformer, with the secondary opened. The expected turns-
ratio is 12. The current was measured by a probe with enough frequency band.

Figure 2.9 shows the primary and secondary voltage for the sinusoidal excitation. The

measured voltage ratio is 12.19. Figure 2.9 also shows primary voltage and current at 1 kHz.
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Neglecting the resistances, the sum of the magnetizing and leakage inductances is given by
(4), using the values of Figure 2.9:

Ly + Ly =5.71mH
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Figure 2.9 — Primary (yellow) and secondary (green) voltages (a) and primary voltage (yellow) and current
(blue) (b) for the transformer excited by a low amplitude sinusoidal signal at 1 kHz.
Figure 2.10 shows the waveforms at 50 kHz at the first resonance (parallel resonance).
The primary current achieves its minimum value, since the transformer’s input impedance has
its maximum value. As the current probe resolution is not high enough, the calculated Rp has
not a precise value. After the parallel resonance, the input impedance presents a capacitive

behavior. At 411 kHz, occurs the series resonance, as can be seen in part (b) of Figure 2.10.
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Figure 2.10 - Primary voltage (yellow) and current (blue) at the parallel (a) and series (b) resonances.
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After the series resonance, the input impedance again presents an inductive behavior,
as showed in Figure 2.11. For a higher frequency, the estimated leakage inductance can be

calculated by adapting (4) for the values of Figure 2.11 and the found value is:

So, a more precise value for the magnetizing inductance is:

L,, = 5.71 mH — 63.5pH = 5.64mH

a.00V/ 2 3 B0R/ 4 0.0 500.08/ fato 5 -195%
Acquisition
Horrmal
4.00G3als
Channels
0C 1001
0 1001

0C 100:1
Ieasurements
AC RWS - Cycl 1)

- 3.178Y

#™| Freql 1)

799.8kHz
AC AS - Cycl3)
9.95m4

FreqlS):
[abcdefghiiklmnopgrstuvwxyz0123456 ngj 813.2kHz

Figure 2.11- Primary voltage (yellow) and current (blue) to estimate the leakage inductance.
Figure 2.12 shows the primary voltage and current in a high frequency value, with the
secondary at short-circuit. The “total” leakage inductance is:

Ld + Lds =774 HH

So, the secondary leakage inductance, reflected to the primary side, can be estimated

as:

Lgs = 77.4 uH — 63.5uH = 13.9 pH

o850y 3 osoe 4 0.0s 1.0008/ Auto L 0.0V
Aoquisition &
Morrmal
f 4.006Sa/s
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Figure 2.12- Primary_volt'ége (green) and current (blue) to estimate the secondary leakage inductance.
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Besides its low value seen from the primary side, the secondary leakage inductance
has a value of almost 2.1 mH, when reflected to the secondary.

The windings capacitance value determined by (5) is 1.8 nF, and the value determined
by (6) is 2.3 nF. The discrepancy presented in the values (21.7%) is due to the secondary
leakage inductance neglecting in this model. The capacitance values determined by (11) and
(12) are 1.79 nF and 1.96 nF, respectively, showing that the addition of the secondary leakage
inductance increases the precision in the winding capacitance estimation procedure. In both
cases, the considered values were the determined by the series resonance, once its excitation
produces secondary overvoltage and primary overcurrent. The shunt-loss resistance estimated
for the transformer is approximately 880 Q and the winding resistance at 20 kHz is 0.329 Q.

The resonances are not observed in the spectral analysis when it is performed with the
secondary short-circuited. As the winding capacitance and the “primary equivalent parallel
circuit” are cancelled, the remaining circuit only has the windings resistance and the leakage
inductance, which always shows an inductive behavior.

The input impedance is shown in Figure 2.13 and the voltage gain in Figure 2.14 for
the transformer model of Figure 2.1 for two situations, the open and nominal load. The volt-
age gain is amplified in the region next the series resonance, because of the low input imped-
ance value, what can lead to overvoltage problems if this resonance is excited. The load has
an important role for minimizing such behavior. As it appears in parallel with the magnetizing
branch, it damps the resonance. However, if the transformer operates without load, as the res-

onance increases the voltage peak, the isolation capability may be compromised if an over-

voltage protection procedure is not adopted.

80

No Load
Nominal Load

Phase (deg)
o
T

103 104 10° 108 107
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Figure 2.13-Input impedance of the transformer model of Figure 2.1 at nominal (black) and open-load (red)
conditions.
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Figure 2.14 - Voltage gain for the transformer model of Figure 2.1 at nominal (black) and open-load (red) condi-
tion.

Figure 2.15 shows the open circuit input impedance for the third and fourth order
transformer models of Figure 2.1 and Figure 2.7 respectively. The curves format is almost the
same, but the parallel resonance frequency is not correctly identified, due to the little discrep-
ancy between the capacitances calculated by (5) and (6). The series resonance was correctly

identified in both cases.
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Figure 2.15-Open circuit input impedance for the third and fourth order transformer models.

The voltage gain for both models is showed in Figure 2.16, where it can be seen that
the behavior is almost the same in both open and nominal conditions. As the series resonance
is correctly identified in both models and the secondary leakage is small in comparison to the
other parameters, the third order transformer lumped model is good enough for the system

representation.
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Figure 2.16-Voltage gain at open (left) and nominal (right) conditions, for third and fourth order transformer

models.

The ferrite core of this transformer has a cross-section of 6.4 cm? and the adopted
maximum flux density is 0.15 T, so the minimum number of turns determined by (16) is 41
turns. The number informed by the manufacturer was 42, because one of the transformer re-
quirements was the minimum volume and parasitic effects manifestation.

The Faraday’s Law equation can be rearranged to show that the magnetic flux is di-
rectly proportional to the voltage peak value, and inversely proportional to the operating fre-

quency, as shown in (17), a modified form of (16).

_ Y 17
®max—4pr (17)

The flux can be kept constant if the voltage and frequency have the same variation
rate. That’s the main idea behind the approach used here to verify if the transformer will or
not saturate at nominal operating conditions.

If the transformer is supposed to work with an input voltage of 311 V at 20 kHz with-
out core saturation, the same would occurs with 31.1 V at 2 kHz. This situation is shown in
Figure 2.17, where it can be seen by the primary current waveform that the saturation is about

to begin, confirming the transformer can operate at nominal conditions without saturation.

107



40

2 32008 4 200w/ 0.0s 100.08¢ Auto £ 4 0.0v
AN | A f\ N | A ;
Bequisition
Vl \/ \/f \/ Normal
7 A B00MSars
p
2 h )
gy // I \ // | Channsls E
Y L o 1001
| | oC 10.0:1
s v " 4 iy v \" 4 oC 100:1
I Measurements &
oS /] AL AMS - Cye(3)
282 .08mA
Freq(3)
2.0004kHz
AC AMS - Cyc(4]
29.131v
Freq(d)
2.0003kHz

Figure 2.17 - Primary voltage (purple) and current (blue) at 10% of the nominal voltage and frequency.

Figure 2.18 shows the same condition of Figure 2.17 for less than 10% of the operat-
ing frequency, showing the saturation’s beginning. The voltage distortion presented in the

primary voltage is due to the voltage drop on the source internal resistance.
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Figure 2.18 - Primary waveforms for 10% of the nominal voltage and less than 10% of the operating frequency,
showing the beginning of the saturation.

Figure 2.19 shows the transformer waveforms for the open load operation. Due to the
series resonance excitation, the voltage gain increases for the frequencies next to it, achieving
more than two times the expected value, what can damage the secondary isolation. The mag-
netizing current is also affected by the resonance manifestation, causing the current stress

shown in Figure 2.19.
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situation.

The oscilloscope “High Voltage Probe” at the secondary side has a capacitance of 15
pF, which represents an effective value of 2.23 nF, reflected to the primary side. This capaci-
tance value cannot be neglected in comparison to the winding capacitance and affects the se-
ries resonance in the open load condition.

Figure 2.20 shows a zoom of the waveforms in Figure 2.19. The period of the oscilla-
tion showed in the primary current is next to 1+4/5 divisions, given a resonance frequency
near 290 kHz. Figure 2.21 shows the same situation, without the high voltage probe. The pe-
riod this time is next to 1+2/5 divisions, what leads to a resonance frequency of 372 kHz,
that’s a value closer to the obtained in the spectral analysis.

The voltage probe changes the resonance frequency to nearly 300 kHz and the value
measured by the spectral analysis is 411 kHz. The differences between these values and the
measured in Figure 2.20 and Figure 2.21 are probably due to the damping factor, introduced

by the transformer resistive losses.
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Figure 2.21 - Detail of Figure 2.19 without the voltage probe at the secondary winding.

Although the analysis made here has been performed for a specific transformer, the
behavior is the same for any HFHVT. The parameters for all transformers used in this work

were determined by the procedure.
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3 THE CONVERTER

3.1 PRELIMINARY ANALYSIS OF THE CONVERTER’S POWER

A simplified approach can be adopted to determine the maximum power the converter
can transfer, taking in account only the fundamental frequency of the input voltage and the
respective reactance values.

If the transformer circuit in Figure 2.1 has a resistive load at the secondary side, it can
be reflected to the primary. The magnetizing branch reactance is too high at the working fre-
quency and can be neglected. So, ignoring the transformer losses, the equivalent circuit can be

regarded as a simple RL circuit, as Figure 3.1* shows.

Figure 3.1 - Simplified RL circuit to determine the maximum power that can be transferred by the transformer.

The input current of the circuit shown in Figure 3.1 can be calculated by (18) and the
power transferred to Ry, by (19). Differentiating the power equation in (19) and making it
equal zero, the maximum power occurs when the resistive load is equal the leakage reactance,
and its value can be calculated by (20). The voltage used in the calculation is given by (21),

that determines the rms value of the fundamental harmonic component of a square wave.

VRL? + (Xa)?

p= (Vin)ZRL
(RL)? + (Xa)?

(18)

Iin

(19)

! Ferrite core @ 1 kVA @ 20 kHz @ 311V transformer’s reactances:
XLd b 8 Q
X, =708 Q
X =3.4kQ
12
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(Vin)?
Brax = 2§d (20)
V., = 4Vp (21)
in — T[\/E

The voltage value determined by (21) for the transformer characterized in section 2.4
is 280 V and its leakage reactance at 20 kHz is 7.98 Q, reflected to the primary side. The
maximum power that can be transferred to the load is 4.9 kW. Figure 3.2 shows the power
transferred for several resistive load values, where it can be confirmed the maximum value
calculated. It’s important to note that the power values in Figure 3.2 can only be transferred
by the system if the physical elements, like transformer, power switches, etc., can support.
The Figure 3.2 also shows the power expected to be transferred to a resistive load of 12.5 kQ
connected at the transformer’s secondary side, that corresponds to 84.12 Q reflected to the

primary.

X: 84 7]

1 1 1 1 1 1 1

30 40 50 60 70 80 90 100
RL(Q)(primary side)

Figure 3.2 - Power Transfer Curve for the 1 kVA @ 20 kHz Transformer.

Figure 3.3 shows the power factor variation for the 1 kVVA transformer, depending on

the resistive load. For the maximum power transfer, the power factor is only 0.7, so high pri-
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mary currents are necessary at this point. The power factor tends to the unity, at resistive

loads next to the transformer nominal value.

Power factor variation in function of the resistive load (1 kVA)
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Figure 3.3 - Power factor variation for the curve of Figure 3.2.

The Power Transfer and power factor curve for the 3 kVA transformer are shown in
Figures 3.4 and 3.5 respectively, where it can be seen the maximum possible power achieva-
ble, respecting the same circuit conditions. Figure 3.4 also shows the expected power to be
transferred for a resistive load of 25 and 12.5 kQ, that reflects 61.6 and 30.8 Q to the primary
side respectively. Figure 3.6 shows the expected power to be transferred to these same loads,
but also shows the expected power for a 10 kQ load (30.1 Q reflected to the primary), consid-
ering the 10 kVA transformer. Figure 3.7 shows the corresponding power factor curve.
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Figure 3.4 - Power Transfer Curve for the 3 kVA @ 20 kHz Transformer.

Power factor variation in function of the resistive load (3 kVA)
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Figure 3.5 - Power factor variation for the curve of Figure 3.4.
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Figure 3.6 - Power Transfer Curve for the 10 kVA @ 15 kHz Transformer.
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Figure 3.7 - Power factor variation for the curve of Figure 3.6.
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3.2 OVERVIEW AND OPERATION

Figure 3.8 shows a full bridge voltage inverter feeding a high voltage, high frequency
transformer with a variable resistive load connected at the secondary side. The inverter pro-
duces, in principle, a square wave output voltage, whose amplitude is the DC voltage.

In general applications the objective is to control the power transfer to the load, so
control and command strategies are implemented for that [14] [16] [18] [24] [47] and are very
effective if the load is know or have a slow variation. However, in this work the load varies in

a large range, creating some new challenges for the inverter design [33].

e ® ‘ i T 32y %

Figure 3.8-Full bridge voltage inverter feeding a HVHFT with a variable resistive load.

The series capacitor Cex has the function of blocking DC components from the invert-
er, avoiding the transformer saturation [48] [49]. It must have a low impedance value at the
operating frequency and a low voltage drop at nominal conditions [48]. If I,, is the primary
nominal current and V,,; is the capacitor voltage drop, the capacitance of the series capacitor
is calculated by (22). The input impedance and the voltage gain with the series capacitor are

given by (23) and (24) respectively.

Iy

Covp = ———— 22
ext anVext ( )

$*LimLgCoxtCoRy + 3Ly Coxe(La + CoR4R,) +
S2(LmRpCoxt + LmRaCoxt + LaRyCoxt + CoLmR,) +
S(Lyn + RgRyCoxt) + Ry

7. = 23
o $3LmCoxt CyRp + 52 L Coxr + SRy Coxt (23)
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Vout _ SanmeCext
V; $*LinLgCoxtCoRy + 53LiCoxt(La + CoR4R,) +
S2(LmRpCoxt + LinRgCoxt + LaRyCoxt + CoLmR,) +
S(Ln + RaRyCoxt) + Ry

(24)

Considering a primary current of 3.22 A (1000 W/311 V), and a voltage drop of 15V
(4.8 % of the nominal voltage), the series capacitor value is determined as 1.7 pF. Figure 3.9
shows the input impedance with the addition of the series capacitor with a value of 2 pF, and
Figure 3.10 the respective voltage gain. The capacitor adds a series resonance at 1.5 kHz, af-
fecting predominantly the low frequency region. As the region next to the operating frequency

did not have its behavior changed, the capacitor can be adequately used.
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Figure 3.9 - Input impedance of the transformer considering the series capacitor.
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Figure 3.10 - Voltage gain with the series capacitor.

A simulation circuit in the software PSIM® is shown in Figure 3.11. The transformer
parameters were obtained in section 2.4. When the converter operates at nominal condition, 1
kW should be transferred to the load. For the open or short circuit situations, the transformer

can be damaged by overvoltage or overcurrent due to this extreme load conditions.
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L Yl fonte 01
: UL
. 20000 i

2u

=

'4.3?’kL 1437k

P g

0 o K ¢ ki

Figure 3.11 - Simulation for the converter proposed, with variable load.

Figure 3.12 shows the transformer output waveforms for the converter feeding a resis-

tive load whose value was determined for a power dissipation of 1 kW at secondary nominal
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voltage. The apparent power is 1 KVA, and the power factor is nearly 1, showing that’s possi-
ble for the converter transfer the expected power.
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Figure 3.12 - Secondary voltage and current for the converter operating at nominal conditions.

For open circuit load situation, the series resonance is excited by the input voltage
harmonic components, amplifying the voltage gain and giving the oscillatory aspect to the
output waveform, as Figure 3.13 shows. The voltage peak is almost two times the expected
value, what can compromise the isolation. The primary current, that should be only the mag-
netizing current with a triangular aspect, is affected by the resonance as well, showing the
oscillatory behavior that can be seen in Figure 3.13.

Like the resonance is due to leakage inductance and the equivalent winding capaci-
tance, it happens “inside” the transformer. It is not possible to access the tank elements, so
their effects can be mitigated only by external procedures, to guarantee the safety operation.
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Figure 3.13 - Secondary voltage and primary current for nominal condition, for an open circuit load situation.

The secondary voltage and primary current for the transformer operating at nominal
conditions when occurs a short-circuit in the secondary winding is shown in Figure 3.14. The

primary current quickly increases, what can damage the inverter and the transformer.

Voutlrsfo

2K

2K

100

-100

Figure 3.14 - Secondary voltage and primary current, for a short-circuit situation.

The overvoltage and overcurrent situations impose the necessity of protection strate-

gies to guarantee the system safety operation. The limitation in the open load condition can be
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made by reducing the primary voltage, changing the input impedance, or a combination of
both. The primary voltage reduction could be made on real time by implementing a phase-
shift modulation, that produces a three-level voltage when a secondary overvoltage is detect-
ed. Nevertheless, this reduction would depend on the control lope response time.

As a matter of fact, any control strategy used to limit the open load voltage peaks
would have a response time, and the voltage limitation would not be obtained until the effec-
tive action of the control loop. As the load presents a fast and unpredictable variation, the sys-
tem needs the fastest overvoltage limitation, to guarantee the windings integrity. So, a direct
action made by fixed components associated to the converter may have a better effect for this
application, once they respond instantaneously to the disturbances.

3.3 PROTECTION STRATEGIES FOR THE CONVERTER’S SAFETY OPERATION

3.3.1 Overvoltage Protection Strategies

To protect the transformer against the high voltage peaks caused by the series reso-
nance manifestation, overvoltage limiting strategies must be implemented. Since the equiva-
lent capacitance reflected to the primary side is unreachable, it’s impossible to limit its volt-
age directly on the magnetizing branch. As such voltage reflects to the secondary side, the

overvoltage protection strategies can act directly on that winding.

3.3.1.1 High-Voltage Clamper

A Voltage Clamper [50] can be used at the secondary side to limit the voltage during
the open load operation, the clamper configuration is shown in Figure 3.15. The clamper uses
high voltage high frequency diodes, as well as a high voltage capacitor (Cc) and enough resis-
tive load (Ra).

During the normal operation, the clamper capacitor charges with the secondary nomi-
nal voltage. When the series resonance is excited, the clamper absorbs the energy associated
with the L4-Cp tank circuit and dissipates it on the resistor. There’s a slightly increase in the

voltage peak, but the output AC voltage remains limited by the capacitor voltage peak.
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Figure 3.15-Voltage Clamper at the secondary side to protect the transformer against overvoltage.

The magnetizing current “contaminated” by the series resonance manifestation is
shown in Figure 3.16. The leakage inductance current peak value with the resonance manifes-
tation is Ip. This value is achieved in a quarter of the wave-cycle at the resonant frequency.

To determine Ip, the 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 esti-
mated by (25).

TV

(25)

1A}

Ip

n A A
1 e |

Figure 3.16-Magnetizing current with the series resonance manifestation.

The resonant circuit may be regarded as a simple LC, as Figure 3.17 shows, neglect-
ing the resistive losses, so its characteristic impedance is given by (26), the total contaminated

current is given by (27) and the Ip value by (28).
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Ld

Cp

Figure 3.17 - Simplified resonant circuit neglecting the resistive effects.

L
Z,= |2 (26)
Cp
2Vyc
I. = 27
Cc Zc ( )
L =1, —In (28)

The energy accumulated in L, during a half-cycle can be used to determine the clamp-
er components’ values. The total electrical charge delivered by the “resonant current” during
this time interval, if f; is the series resonance frequency, can be calculated by (29) and is de-
termined by the expression in (30). Considering the transformer secondary can handle an

overvoltage of AV, the clamper capacitor is determined by (31).

1

Qs =2 J 2s I, sin(2nfit) dt (29)
0
21

s = n—;’ (30)
N

C., = 2y 31

The energy absorbed by C,; in a half period is given by (32) and must be dissipated on
the clamper resistor. Considering the voltage on the resistor constant and equals the secondary
output voltage V, in normal operation, the power the resistor must dissipate during the reso-

nance is given by (33), and its value can be calculated by (34).
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o LAV 32)
S T[f:g
p, = (33)
R T/Z
_ (V,)?’nfs
Rer = 2L,AVf (34)

For the 1 kVA transformer analyzed, the output voltage expected at normal operation
is nearly 3.8 kV. The magnetizing current given by (25) is 0.69 A. The characteristic imped-
ance given by (26) is 164 Q and the total resonant current through is 3.79 A, so the Ip value
determined by (29) is 3.10 A.

The clamper capacitor determined by (31), considering an overvoltage of 200 V (a
secondary voltage peak of 4 kV) is 24 nF and the minimum clamper resistor, at these condi-
tions, calculated by (34) is 748.29 kQ. The power dissipated on the clamper’s resistor, deter-
mined by (33) is 19.21 W.

A simulation of the voltage clamper strategy is shown in Figure 3.18. The transformer
input current and output voltage at nominal and open load conditions with the clamper are
shown in Figure 3.19. The waveforms validate the clamper design procedure and confirm the
expecting results. The clamper resistance must be high enough to limit the losses, but not so

high in order to limit the overvoltage.
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Figure 3.18-Voltage Clamper at the secondary side to protect the load against overvoltage.
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Figure 3.19-Primary current and secondary voltage with the clamper.

Figure 3.20 shows several currents for the simulation of Figure 3.18. The “large initial
peak” in the primary current is due to the diodes conducting interval, that causes the peak at
the secondary current, and this behavior is reflected to the primary side. This effect is not so
expressive at normal operation, once the diodes current are small in comparison to the prima-

ry, and their addition don’t have much expression when reflected to the primary current. The
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main drawbacks of this solution are the cost of the high voltage high frequency components,

as well as the additional losses.
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Figure 3.20-High voltage clamper currents. From top to bottom: Primary, diodes, clamper’s resistor and capaci-
tor, and secondary currents.

3.3.1.2 External Inductance

If the magnetic coupling between primary and secondary windings was perfect (zero
leakage inductance), the voltage would be imposed directly on the magnetizing branch by the
inverter and no overvoltage would occur, even in the open circuit situation. Although this
ideal case is impossible, an approximation can be made, if the leakage inductance has a small
value.

When this is the case, an external inductor, with an inductance value significantly
higher than the leakage’s, can be connected in series with the primary side to obtain the over-
voltage limitation. The external inductance can’t be excessively high; otherwise it would limit

the primary current and, consequently, the power transfer. The point between the external
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inductor and the transformer is connected to the intermediary point of a diode branch and then
connected to the inverter’s DC link [51]. Figure 3.21 shows the connections for this strategy.

Vexi
+ ;-
-+ Cext Lext ¥ Rd Ld
(H)vde vo

Figure 3.21-External inductor strategy for overvoltage protection.

The diodes branch operates as a clamper and limits the voltage amplitude on the pri-
mary to the dc link. 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.

The efficacy of this strategy is directly related to the ratio between the external and
leakage inductances. Figure 3.22 shows a simulation for this strategy and Figure 3.23 the out-

put voltage limitation with the external inductor.
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Figure 3.22-Simulation for the external inductor strategy.
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Figure 3.23-Secondary voltage and primary current with the external inductor.

To better understand the converter’s behavior with the external inductor, an analysis
based on the waveforms will be made at nominal and open load conditions. Figure 3.24 shows
the waveforms for the external inductor and the primary winding at nominal conditions, as
well as the inverter voltage output.

During the positive half-cycle, the inverter’s output is Vgc. The external inductor is
initially uncharged, so it behaves like an open circuit and its voltage drop is a little more than
Vdc. The primary voltage is the difference between the inverter and external inductor voltages,
so the primary voltage at this moment is 0. The voltage on the diode D1 is -Vqc and on the
diode D2 is 0, as can be seen in Figure 3.25. The additional initial voltage on the external in-
ductor is due to the capacitor Cex effect. If the capacitor is removed, the initial voltage drop
on the inductor is Vqc, and its behavior is the same as described above.

The inductor voltage tends to zero and the primary voltage increases gradually to Vgc.
The voltages on D1 and D2 tend to 0 and -Vqc respectively. When the half-cycle changes, the

behavior is similar, but the voltage values are opposite, as can be seen in Figure 3.24 and Fig-
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ure 3.25. The primary, inductor and diode currents for this situation can also be seen in Figure
3.25. There’s a slight difference between the inductor and primary currents, because of the
current circulation trough the diodes during their conduction.

The diodes polarization (and consequently their conduction intervals) depends on the
voltage at the point between the external inductor and the primary, during the positive half-
cycle the diode D2 is conducting, and during the negative, the diode D1, as can be seen in the
waveforms of Figure 3.25. When the primary voltage achieves its peak, the voltage on the
diode D1 is 0 during the positive (consequently in D2, during the negative) half-cycle, but

there’s no current flowing through the diodes in this situation.

Figure 3.24 - From top to bottom: Inverter output voltage; Primary and external inductor voltages, at nominal
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Figure 3.25 - From top to bottom: Diodes voltages, diodes currents, primary and external inductor currents for
the external inductor strategy at nominal conditions.

The converter’s behavior described above can be represented by two equivalent cir-

cuits, one for each half-cycle, as Figure 3.26 shows. In that representation, the primary volt-

age is represented as a voltage source.

+

D1

Vext
+

O

D2
|

“(3)

>
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|
+ Vext

Vp

b

(b)

Figure 3.26 - Equivalent circuits for the external inductor strategy: Positive (a) and negative half-cycles (b).

The inductor current increases more quickly when the secondary is in the open load

condition, as can be seen in Figure 3.27. The external inductor charges faster, as Figure 3.28

shows. The primary voltage takes less time to achieve its peak value and remains limited to
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Vuc. The diodes currents and voltages are affected by the resonance manifestation, as shown in
Figure 3.27 and Figure 3.28 respectively.

As the primary voltage reaches its peak quickly, the diode D1 conducts before the
nominal operation shown in Figure 3.25, and most of the additional current flows through it,

reducing the primary current peaks during the open load situation.

0.5
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-1

1.5

0.01008 0.0101 0.01012 001014 0.01018 0.01018 0.0102
Time (s)

Figure 3.27 - Waveforms for the external inductor strategy at open load condition. From top to bottom: Primary
and inductor currents; Diodes currents.
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The main drawback of the external inductor strategy is the reduction of the power fac-

tor due to the higher series inductance. So, for a given output power, the input current will be

higher than without the external inductor. If the leakage inductance is high, this solution can’t

be applied. Tables 2, 3 and 4 show the output power with the nominal load connected at the

secondary and the secondary voltage peak in the open load condition for the 1 kVA, 3 kVA

and 10 kVA transformers respectively. It can be seen that higher the external inductor, higher

the voltage peak reduction at the open load condition, but lower the power delivered to the

load. The resistive load considered in each case is the enough expected to dissipate the nomi-

nal power in the nominal conditions, considering the system ideal characteristics.
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Table 2- Power and overvoltage variation according to the external inductor value, for the 1 kVA transformer (Lq

= 63.5 uH).
External inductor Output Voltage Output power Secondary open load
(uH) rms value (kV) (W) voltage peak (kV)
0 3.68 944 9.2
100 3.46 834 6.3
150 3.34 778 5.8
200 3.21 720 5.2
300 2.96 610 4.5
600 2.22 350 3.8

Table 3- Power and overvoltage variation according to the external inductor value, for the 3 kVA transformer (Lq

=5.99 uH).
External inductor Output Voltage rms Output power Secondary open load
(UH) value (KV) (kW) voltage peak (kV)
0 6.17 2.94 12.9
20 5.34 2.2 8.4
50 5.73 2.5 6.8
100 5.04 1.9 6.3
150 4.26 14 5.8

Table 4- Power and overvoltage variation according to the external inductor value, for the 10 KVA transformer

(Lg = 48.3 uH).
External inductor Output Voltage Output power Secondary open load
(uH) rms value (kV) (kW) voltage peak (kV)
0 10.26 10.5 29.3
100 9.52 9.1 18.8
150 8.86 7.8 17.8
200 8.11 6.6 15.9
300 6.56 4.3 13.1
450 4.79 2.3 12.8

Figure 3.29 shows how the input power transferring and the corresponding power fac-
tor values are damped for the same loads as the external inductor increases, Figure 3.30 and
Figure 3.31 show the similar behavior of the 3 kVA and 10 kVA transformers respectively.
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Figure 3.29 - Input power curves and corresponding power factors evolution for the values of Table 2.
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Figure 3.30 - Input power transferring and power factors curves with various external inductor values, for the 3
kVA transformer.
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Power factor variation in function of the resistive load (10 kVA)
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Figure 3.31 - Input power curves and corresponding power factors evolution for the values of Table 4.

The power factor reduction caused by the external inductor use may be overcame by
redesign the transformer anticipating its necessity, adapting the winding conductors for the
new current levels. Of course this adapting will change the transformer parasitics and, conse-
quently, the transformer dynamics. Thus, a commitment relationship must be found between

the external inductor and the transformer dynamics change.

3.3.1.3 Inverter Voltage Conditioning

The series resonance won’t be excited if the voltage applied to the transformer doesn’t
have the respective spectral component. Without compromising the switching frequency, it’s
possible to 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 inter-
val is 1/21 of the period, the 21st harmonic is cancelled.

Figure 3.32 shows the primary waveforms and secondary voltage for the 1 kVA trans-
former, using this strategy. The 21st harmonic was removed from the input signal because the
series resonance frequency is 411 kHz and the operating frequency is 20 kHz (20x21 = 420

kHz). The simulated waveforms validate the overvoltage limitation by this procedure.



68

Vintrafo

200

Figure 3.32-From top to bottom: Primary voltage, secondary voltage and primary current, for the harmonic elim-
ination strategy.
It can be seen that the overvoltage was reduced. The frequency associated with the

remaining oscillation is due to the components next to the resonance frequency, like the 19th,

that remains in the applied rectangular voltage.
Figure 3.33 shows the Fourier Transformer of the primary voltage of Figure 3.32,

where it can be verified the effectiveness of the method to eliminate the 21% harmonic from

the voltage spectrum.
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Figure 3.33-Fourier Transformer of the primary voltage of Figure 3.32.

To prove how a zero-step timing equivalent to a period fraction can eliminate a specif-
ic harmonic, the Fourier analysis is performed for a square wave with such condition, as
showed in Figure 3.34. The total zero time is equal the period divided by the harmonic order

to be eliminated, so the zero-time ty is given by (35) where K is the order of the harmonic to

be eliminated.
A
Vdc
T/2 T
0 « — > «—> "
t: t:
-Vdc

Figure 3.34-Square wave with a zero-step timing.

th=5% (35)
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The Fourier series is given by (36), where a, is the average value, and a; and b, are
the Fourier Coefficients, determined by (37) and (38) respectively [52] [53]. If the function
has half wave symmetry, its average value is 0. Besides if the function has odd symmetry, the

values for a;, are all 0. The signal showed in Figure 3.34 has both properties.

a, 2nkt ~-  2mkt
f) = > + z y COS— + Z by, sin T (36)
k=1 k=1
_?2 f "o (ant)dt 37
w=7 | F@cos( 37
b —ZfT (t) si (ant)dt 38
=7 f@sin(= (38)

Figure 3.35 shows the same square wave of Figure 3.34, but in a different representa-
tion. The equation for a period of this waveform is given by (39). The symmetry makes that
the average value and the Fourier coefficients determined by (37) be zero. The coefficients

determined by solving (38) are given by (40).

1~ =t
—Vac, > <t< >
f(t) = ; T+ (39)
v 2ct< !
de 2 2
4VdC T[ktl

(40)



71

Vdc |

—t
2 Lf 2 T)f 2

t
Y. 2 2

-Vdc

Figure 3.35-Signal of Figure 3.34 in different representation.

By putting (35) in (40), the expression in (41) is obtained. Not only by, but all the
harmonic orders multiples of K, that is, all yK coefficients’ orders, where y is an integer odd

number, were eliminated.

_ 4Vd€ T[k 41
k= Tk %2k (4D

Besides the non-complete elimination of the overvoltage, other drawback of this solu-
tion is the reduction of the applied RMS voltage, which impacts the maximum power that can
be transferred to the load. For the 1 kVA transformer, if this strategy is applied, the secondary
RMS voltage value is reduced to 3.6 kV and output power to 899 W. When this strategy is
used, it’s necessary to redesign the transformer for the specific input voltage waveform.

The elimination of additional harmonics is possible, at the cost of increase the transis-
tors switching frequency and the reduction of the fundamental component [54] [55] [56] [57]
[58]. By chopping a square wave m times, using m+1 chopping angles in a quarter period, m
chosen harmonics can be eliminated [57] [58]. Figure 3.36 shows the situation for two har-

monics removing.
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Figure 3.36-Primary waveform with three chop angles, to eliminate two harmonic components.

The Fourier series for the chopped waveform is given by (42) and the Fourier coeffi-
cients are given by (43). For the elimination of m harmonics, a nonlinear system of m equa-

tions with m variables is obtained, where the variables are the chopping angles.

V, () = z by, sin ket (42)
k=1
4V
d
by = krtc 2:1(—1)’"+1 cos kay, (43)
u=

There’s no analytical solution for such system, so a numeric iterative approach known
as the Newton-Raphson method is generally used. In this method initial values for the chop-
ping angles are guessed, and the values are updated in each iteration until a precision criteria
for each angle be achieved. The direct disadvantage of this method is the divergence risk. In
[57] a suggestion for the initial chopping angles guess is proposed but it’s not quite suitable
for the elimination of a great number of harmonics.

Considering the elimination of two harmonics (Figure 3.36 case), like the 19" and 21%,

the system in (44) is obtained, where M is the ratio between the fundamental component am-

plitude and the DC link. For a full square wave, M presents its maximum value of 4/n, when
harmonics are eliminated by notching the wave, M will decrease, because of the fundamental

component reduction.

cosa; —cosap +cosag =M7/,

cos 19a; — cos19a, + cos19a; = 0 (44)
cos 21a; — cos 21a, + cos21la; =0
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Considering M = 1.26 (3.96 / m), the angles determined by solving (44) are:

al == 590
a, = 10.9°
a; = 12.6°

The waveforms for these harmonics’ elimination in the 1 kVA transformer are showed
in Figure 3.37. It can be seen the oscillation reduction at the secondary voltage, for the open
load condition, due to the less harmonic content. Figure 3.38 shows the spectrum of the pri-

mary voltage, where it can be verified the desired harmonics elimination.

Vintrafo

WVouttrafo

b 0.00025 0.000275 0.0002 0.000225
Time (s}

=
0.0002 0.000

m

Figure 3.37 - Waveforms for the 1 kVA transformer with the 19" and 215 harmonics elimination. From top to
bottom: Primary voltage, secondary voltage and primary current.
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Figure 3.38-Spectral distribution for the primary voltage of Figure 3.37.

Figure 3.39 and Figure 3.41 show the waveforms eliminating respectively three and
four harmonic components near the series resonance frequency, with the respective spectra in
Figure 3.40 and Figure 3.42. The modulating index M was 1.236 (3.88 /) and 1.18
(3.7 / m) respectively. The less harmonic content can be verified, as well as the voltage peaks
reduction in the open load condition.

Table 5 shows a comparative analysis of the transformer output power for the different
number of eliminated harmonics. The fundamental component amplitude is reduced with the
elimination of additional harmonics, reducing the output voltage RMS value and, consequent-
ly, the output power. The secondary open load voltage peak is reduced in all cases. By com-
paring the tendency between the harmonics’ elimination output power variation and the open
load voltage peak reduction, it can be seen that the better compromising relationship is for the

elimination of the two harmonics nearest the resonance.
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Figure 3.39 - Waveforms for the 1 kVA transformer with the 17™, 19" and 21 harmonics elimination. From top
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Figure 3.41 - Waveforms for the 1 kVA transformer with the 17", 19", 215 and 23 harmonics elimination.
From top to bottom: Primary voltage, secondary voltage and primary current.
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Table 5- Comparison among the harmonic elimination technique for different number of eliminated harmonics.

Chopping Harmonics | Fundamental | Output RMS | Output power | Secondary
angles eliminated | Component Voltage at nominal open load
Amplitude (kV) conditions voltage peak
\%) (W) (kV)
al=8.57° 21 394.9 3.6 899 4.5
al=5.9% a2=10.99 19, 21t 391.2 35 854 3.94
a3=12.6°
al=4.1% a2=43.1%, | 17" 19" 384.4 35 865 4.77
a3=44.4°, a4=89.4° 21
al=17.2% a2=20.4% | 17", 19", 366.7 3.18 703 4.45
a3=23.8% a4=48.8% | 21%, 23"
a5=49.2°

As a general approach, if the primary voltage waveform doesn’t contain high frequen-

cy components, the resonance, perhaps will not be excited. One way to reduce the harmonic

content is to produce a trapezoidal waveform or, at the limit, a sinusoidal waveform, instead

of a rectangular or square wave. As the operation in the transistor active region is forbidden

due to the losses, similar waveform only can be produced including an inductor or more com-

plex circuitry in series with the primary, as a low-pass filter. However, the simplest alternative
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is the use of a single inductor. A combination of different strategies can also be applied, for

example, eliminating a harmonic and using a voltage clamper, with reduced losses.

3.3.2 Overcurrent Protection Strategy

The primary overcurrent manifestation (besides the overcurrent presented in the mag-
netizing current due to the resonance excitation) happens when the load connected at the sec-
ondary side has a low resistance. The primary current must be monitored, so the converter is
not damaged. Figure 3.43 shows the block diagram of the general overcurrent protection idea

for the developing converter.

Primary current Supervisory Protection
Monitoring System Actuation

Figure 3.43-Overcurrent protection strategy general idea.

The primary current is measured, then a supervisory system verifies if the value is bel-
low a protective limit, and the converter operates normally. If an overcurrent is detected, the
system is turned off immediately, turning off all the transistors. The current will flow through
the diodes, until drops to zero.

As the load is variable, the overcurrent condition can be transient. So, after a while,
the protection system verifies if the overcurrent event persists. If it seems to be permanent
after some continuous verification (three, for example), the converter is permanently turned-
off, and an alert signal is sent.

The primary current can be interrupted by different approaches, like turning off the in-
verter or disconnecting it from the transformer. The first can be made by interrupting the in-
verter switches’ driving signals, and the second by putting a switch between the inverter and
the transformer.

To implement the first approach a shunt resistor can be used to measure the inverter
and so the primary current. The measured current is compared to a pre-determined limit. If so,
the gate drive signals will be interrupted, turning off the inverter. This protection system is

quite simple, and will be implemented in the 1 kVA converter, where the primary current is
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not so high, and the shunt resistor and circuitry necessary will not significantly change the
general system dynamics. For the 3 and 10 kVA converter’s version, a different protection
system was developed, as shown in Figure 3.44. This protection system can also be applied in
the development of a more powerful converter, with several transformers connected in paral-

lel, fed by a single inverter [13] [47].

-{ -{ Bidirectional

Switch
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Figure 3.44-Overcurrent protection strategy based on an isolated current sensor and a bidirectional switch.

The primary current is measured by an isolated current sensor (as a Hall effect sensor),
rectified and its value compared to a limit. If the current is above this limit, the protection and
control system open the bidirectional switch. As the converter load is variable, maybe the
overcurrent is temporary. A timer and a counter are activated. If the counter is not overflowed
and the overcurrent situation disappears, the converter returns to its normal operation, if the
counter is overflowed, what suggest that the short-circuit is permanent or will stay for a long
time, the bidirectional switch opens permanently, sending an alert signal. The fluxogram for

this overcurrent protection strategy is showed in Figure 3.45.
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Figure 3.45 - Fluxogram for the overcurrent protection idea.

The current signal is converted to voltage and sent to a precision rectifier, as showed
in Figure 3.46. The rectifier output is the input signal for a hysteresis comparator with a limit
value determined by its reference value.

In the overcurrent occurrence, the comparator output changes its logical state, turning
the timer on and opening the bidirectional switch. As the scale factor of the isolated sensor is
high (like 1000:1 for example), the signal sent to the resistor is very small, that’s the reason
why a conventional rectifier topology could not be used in this case, once the voltage drop on

the diodes could compromise the correct protection system working.
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Figure 3.46-Measurement and monitoring circuits for the system represented by the fluxogram of Figure 3.44.

To implement the bidirectional switch [59] [60], two IGBTSs are connected as in Figure
3.47. When the timer, that’s going to be the enable signal, changes its logical state, the IGBTs
gate signal is interrupted, taking them to the open circuit situation. The transistors association
behaves as a controlled bidirectional switch. The RC snubber is used to absorb the energy
delivered when the “inductive current” is interrupted, otherwise sparks could arise and dam-

age the system.

C_r) B Signal M

Enable
Signal

Figure 3.47-Bidirectional switch topology.

4 EXPERIMENTAL RESULTS AND ANALYSIS

To validate the theoretical calculations and the simulation analysis, experimental set-

ups were built. Figure 4.1shows a block diagram of the system’s main parts, Figure 4.2 shows
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the prototype for the 1 kVA converter feeding the resistive load, with its constituent parts
identified according to Figure 3.8. Figure 4.3 shows the same converter, but with a more
powerful inverter, and the external inductor and bidirectional switch already connected at the

transformer primary.

(Invzgeflé%]lﬁlink) ——| \Voltage Inverter (——»| HV HF Transformer ——» Load

T

IGBTSs switching
command

Figure 4.1 — System’s general block diagram, identifying its main constituents.

| _,
; 11,
[

=

|

Figure 4.2 - Experimental setup for the 1 kVA version of the HV HF proposed converter.
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Figure 4.3 - Experimental setup for the 3 kVA version of the HV HF proposed converter.

To measure the secondary voltage when the rated primary voltage is supplied, a High
Voltage Probe Tektronix P 6015A was used [61]. This voltage probe has a relatively high
capacitance (3 pF), that changes the resonance frequency to nearly 380 kHz for the 1 kVA
transformer, and reduces the tank circuit impedance, increasing the current. Besides, there is a
note in the probe instruction manual saying that for high frequency signal (as fast transients)
ringing may occurs due to resonance between the probe’s capacitance and the ground lead
inductance, distorting the actual waveform [61]. Consequently, there will be some mismatch-
es between simulation and experimental results. The voltage probes influence on the resonant

behavior was already discussed in Figures 2.20 and 2.21.

4.1 1 KVA CONVERTER

Figure 4.4 shows the primary waveforms for the 1 kVA converter feeding a resistive
load of 12.5 kQ, for the same conditions of Figure 3.11, i.e., an inverter DC link of 311 V.
The corresponding secondary voltage is shown in Figure 4.5. The waveforms have a well-
defined square wave aspect, and the input power was almost 1.1 kW. The primary and sec-

ondary rms values were close to the expected, according to the transformer’s specifications.
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Figure 4.6 shows the primary waveforms for resistive loads of 25 kQ and 50 kQ, and
Figure 4.8 the corresponding secondary voltages. Figure 4.7 shows the same waveforms for
75 kQ and 100 kQ, and Figure 4.9 the secondary voltage. As the resistive load value increas-
es, the transformer secondary approximates to the open load condition, reducing the reso-
nance damping and increasing the primary current and secondary voltage peaks. For a resis-

tive load of 75 kQ, the voltage peak is already two times the peak obtained in Figure 4.5.
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Table 6 shows a comparison between the simulated and measured input power. The er-
ror increases as the load approximates to the open load condition, but the difference between
the measured and simulated values is almost constant and is probably due to transformer loss-
es that were not accurately represented in the lumped model and are more evident for high
resistive values. This loss is maybe associated to the thermal behavior, that was not consid-
ered in the modeling. As a matter of fact, the lumped model is only an approximation of the

real phenomena, which is an “infinite” distribution of RLC branches.
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Table 6 - Comparison between the simulated and measured input power.

Resistive Load Simulated Measured Power Variation Error (%)
(kQ) Power (W) Power (W) (W)
125 1169 1083 86 7.3
25 663 568.5 94.5 14.2
50 398 313 87 21.3
75 307 201 106 345
100 264 161.2 102.8 38.9

4.1.1 HV Clamper

The experimental setup with the high voltage clamper connected at the 1 kVA trans-
former secondary side is shown in Figure 4.10. To build the clamper’s capacitor, 5 high volt-
age capacitors of 4.7 nF available at the lab were connected in parallel and 30 kV diodes were
used for the diode bridge. For the clamper’s resistance 6 resistors of 22 kQ and 7 resistors of
100 kQ were connected in series. The primary waveforms for the open load condition with
the HV rectifier are shown in Figure 4.11 and the corresponding secondary voltage in Figure
4.12.

The secondary voltage peak was nearly 4.5 kV, 19 % more than the nominal peak and
12.5 % higher than the expected from the analytical calculations. The measured waveforms
show the effectiveness of this strategy and validate the simulation results obtained in Figure
3.19. The total power dissipated in the primary windings for this strategy was 56.2 W, 5.62%

of the transformer’s nominal power and are the losses added by the clamper’s resistor.



Figure 4.10 - Experimental setup for the HV Clamper strategy.
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The primary waveforms for the feeding of resistive loads of 12.5 kQ and 25 kQ with

the clamper are shown in Figure 4.13 and the corresponding secondary voltage in Figure 4.14.

The primary current and secondary voltage had their aspect a little changed, because of the

dynamics added by the clamper. The input power is higher compared to Figures 4.3 and 4.5,

because of the power loss in the clamper.
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Figure 4.13 - Primary waveforms for the 1 kVA converter feeding resistive loads with the clamper connected:

Secondary loads of 12.5 kQ (a) and 25 kQ (b).
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4.1.2 External Inductor

A prototype for the external inductor strategy is shown in Figure 4.15 and the primary
waveforms and the corresponding secondary voltage are shown in Figures 4.16 and 4.17, re-
spectively. The experimental waveforms validate the external inductor simulation results,
presented in Figure 3.23 and Table 2. The secondary voltage peak was 4.5 kV, 19% more than

the nominal value. The primary input power loss in this case was only 10.2 W.

Figure 4.15- Experimental implementation of the external inductor strategy.
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The primary waveforms for the resistive loads feeding are shown in Figure 4.18, with
the corresponding secondary voltages at Figure 4.19. The primary waveforms have the “dead-
time” introduced by the inductor charging, as expected by the simulation results of Figure
3.24. The primary RMS voltage and current are reduced, reducing the transferred power, be-
ing the reduction higher for low resistive loads values, once the system presents an inductive
behavior more evident in these cases. The power transferred to 12.5 kQ and 25 kQ were 879.5
W and 529.8W respectively, 18.8% and 7% less than the same situation without the external
inductor.
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4.1.3 Harmonic Elimination

Figure 4.20 shows the primary waveforms for the selective harmonic elimination and
Figure 4.21 the corresponding secondary voltage. The output wave form oscillation was re-
duced, due to the less harmonic content at the primary voltage, and the secondary open load
voltage peak was 4.3 kV, 13% more than the output nominal value, showing the effectiveness
of this strategy to protect the system against the overvoltage peaks and validating the simula-

tion results of Figure 3.32. The primary input power loss was 17.6 W for this strategy.
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Figure 4.22 shows the primary waveforms with the selective harmonic elimination

feeding resistive loads, and Figure 4.23 the corresponding secondary voltage. The transferred

power for 12.5 kQ were 955 W, 11.8% less than the case with a full square-wave. The power

reduction for 25 kQ was not so expressive.
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Figure 4.22- Primary waveforms for the 1 kVA converter feeding resistive loads with the SHE implementation:
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Figure 4.23- Corresponding secondary voltages for the primary waveforms of Figure 4.22: Secondary loads of
12.5 kQ (a) and 25 kQ (b).

4.2 3 KVA CONVERTER

The parameters values for the 3 kVA transformer are shown in Table 7, they were es-

timated using the same procedure described in section 2.2 and exemplified in section 2.4 for
the 1 kVA transformer.
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Table 7 — Estimated parameters values for the 3 k\VA transformer.

Parameter Value
n 20.14

Rd 0.126 Q

Ld 5.99 uH

Lm 2.52 mH

Rp 880 Q

fp 47 kHz

fs 822 kHz

The primary waveforms for the 3 k\VA converter considering resistive loads of 13 kQ
and 25 kQ connected at the transformer’s secondary are shown in Figure 4.24 and the corre-
sponding secondary voltage in Figure 4.25. The inverter’s DC link is 311 V and the wave-
forms RMS values are next to the expected by the transformer’s specifications. The power
delivered to the first and second loads were about 2.7 kW and 1.5 kW, respectively, practical-

ly the same obtained by simulation results.
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Figure 4.24 - Primary waveforms for the 3 kVA converter feeding different secondary resistive loads: 13 kQ (a)
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Figure 4.26 shows the voltage waveforms at open load condition for the 3 kKVA sys-

tem, with a reduced primary voltage, for an inverter’s DC link of 30 V. The expected peak-
peak voltage at normal operation for the conditions of Figure 4.26 is 1.3 kV and it was 2.13

kV due to the resonance. Operating like that the “effective voltage ratio” is practically 33.3 at

such frequency, so for the nominal primary voltage, the secondary voltage peak is nearly 10.4

kV, 65% more than the expected at normal operation.
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Figure 4.26 - Voltage waveforms for the 3kVA transformer open load condition, with a reduced primary voltage.
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4.2.1 External Inductor

Figure 4.27 shows the primary waveforms for the open load condition, and the corre-
sponding secondary voltage is shown in Figure 4.28. The secondary voltage peak was almost
the same as expected at normal conditions. The power dissipated at the primary side was 44
W, 1.5% the transformer’s nominal power. The external inductor performance was better for
the 3 KVA transformer in terms of the overvoltage reduction, once this transformer has lower
leakage inductance than the 1 kVA.
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Figure 4.27- Primary waveforms for the 3 kVA converter at open load condition with the external inductor.
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Figure 4.28- Secondary voltage for the 3 kVA transformer at open load condition with the external inductor.

Figure 4.29 shows the primary waveforms for the same situation of Figure 4.24 with

the external inductor connected, and Figure 4.30 the corresponding secondary voltage. The
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waveforms square-wave aspect is affected, due to the high value of the series external induct-
ance (almost 23 times the transformer’s leakage inductance).

The power delivered for 13 kQ and 25 kQ were 1.27 kW and 1 kW, respectively, only
47% and 62.7% than the same conditions without the external inductor. The less power trans-
ferring is due to the voltage and current rms values reduction, caused by the external inductor
strategy dynamics.
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Figure 4.29 - Primary waveforms for the 3 kVA converter with the external inductor feeding different secondary
resistive loads: 13 kQ (a) and 25 kQ (b).
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Figure 4.30 - Secondary voltage corresponding to the primary waveforms of Figure 4.29: Secondary loads of 13
kQ (a) and 25 kQ (b).
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4.2.2 HV Clamper and Harmonic Elimination

Table 8 shows the clamper components for the 3 kVA transformer, according to the
overvoltage admissible. The capacitances are too high, expensive and difficult to obtain for
the frequency and voltage level necessaries. Besides, the diodes must be fast enough to re-
spond at the resonant period and support the voltage levels, which are higher than for the 1

kVA transformer.

Table 8-Parameters of the HV Clamper according to the overvoltage admissible

Overvoltage (kV) Clamper Capacitor Clamper Resistor
0.2 1.72 uF 1.2 MQ
0.5 688 nF 480 kQ
1 344 nF 240 kQ
2 172 nF 120 kQ

The series resonance happens near 820 kHz for the 3 kVA transformer, so the harmon-
ic to be eliminated is the 41%. As this harmonic happens in an elevated order, it won’t signifi-
cantly damp the overvoltage. Figure 4.31 shows the simulated secondary voltage with the 41%
harmonic eliminated. The voltage peak is still almost 10 kV. The elimination of additional
harmonics won’t help in the overvoltage reduction, as already showed for the 1 kVA trans-

former and because of the high frequency location of the resonance.

Vouttrafo ™

Figure 4.31- Secondary voltage for the elimination of the 41 harmonic from the input voltage of the 3 kVA

transformer.
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4.2.3 Overcurrent Protection System

The overcurrent protection system as described in Figure 3.45 was implemented in the
form of two electronic boards. The first implementation had the bidirectional switch accord-
ing to the configuration shown in Figure 3.47, as well as the DC source, a Hall effect current
sensor and the decoupling capacitor Cext. The schematic for this board is shown in Figure 4.32
and the corresponding PCB in Figure 4.33.

Figure 4.33- PCB for the schematic of Figure 4.27.

The second board has the protection circuit described in Figure 3.46 and the timer
that is the enable signal for the switches. Figure 4.34 shows the schematic for the protection
system, and Figure 4.35 the corresponding PCB.
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The protection board receives the measured current signal from the switches board and
monitors if the current peak overcomes a specified limit. The limit established for testing the
circuit with the 3 KVA converter is 20 A.

Figure 4.34 - Schematic for the protection system electronic circuit board.

Figure 4.35 - PCB for the schematic of Figure 4.29.

Figure 4.36 shows the primary voltage and current when the protection system acti-
vates. Although the showed value is 10 A, the value measured by the Hall sensor is 20 A,
once the primary conductor passes two times through the sensor, what was made to prove the
system’s working and good calibration in a more safety way.

The current was interrupt as expected, showing the effectiveness of this protection sys-
tem for overcurrent protection. As the current is oscillatory, the system tries to turn on again
every half-cycle, when the peak is again achieved, and the protection activates again, as

showed by the little pulses presented in Figure 4.36.
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This protection system has the advantages of easy implementation and calibration, and
the isolated measurement of the current sensor. Nevertheless, the system may be sensitive to
electromagnetic interference. The implementation of the parallel version of this converter will

enable this analysis.
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Figure 4.36 - Waveforms showing the actuation of the overcurrent protection system.
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5 CONCLUSIONS AND FUTURE PERSPECTIVE

A high voltage high frequency converter for resistive load, with unpredictable varia-
tion, was detailed investigated, taking in account the high voltage high frequency converter
particular behavior. Design and criteria for the converter’s safety operation were defined.
Simulation results and analytical calculations were performed and validated by experimental
results.

The simplified approach to determine the converter’s maximum power proved to be a
good tool to give a general first view of the system’s power transferring dynamics.

The series resonance happens inside the transformer and is caused by the leakage in-
ductance and winding capacitance, whose are strongly dependent on the transformer building
procedures. This resonance can cause high overvoltage peaks at the transformer’s secondary
and can only be mitigated by external procedures and, as the load dynamics is too fast for this
converter, control strategies are not effective.

The HV clamper has a good result, but may be too expensive for high power applica-
tions, because of the high voltage high frequency components necessity and must be verified
if the clamper’s components determined by the design equations are reasonable with the
commercially available. The external inductor is easy to implement and have a good effect in
the overvoltage damping, but can only be applied when the leakage inductance has a low val-
ue.

The selective harmonic elimination is easy to implement, but has only a good result if
the resonance happens in a low frequency range, where the harmonic amplitudes are higher,

and must be carefully implement, taking in account the dynamics that the parasitic capaci-
tances add to the open load behavior, once the dV/ d¢ @ssociated to them can delay the prima-

ry voltage turning off, making the zero time interval lower than necessary, and not effectively
eliminating the desired harmonic . The elimination of several harmonics doesn’t have signifi-
cant impact in the overvoltage damping when compared to one or two harmonics elimination,
and increases the switching stress on the inverter’s transistors.

The accurate measurement of the secondary voltage with the resonance manifestation
is a challenge, once the voltage probe capacitance cannot be neglected when the series reso-

nance happens in a high frequency range.
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The electronic protection system based on the transistors’ bidirectional switch and
precision rectifier has a good result for the overcurrent protection.

In the continuity of this work, a more powerful converter can be built, with a more
powerful inverter feeding several transformers, each one with an individual overvoltage pro-
tection and bidirectional switch, or even several individual converters, working in parallel, fed
by the same energy source to deliver high power levels. This configuration would be interest-
ing specially from the application point of view, once the several branches could work inde-
pendently, and if a branch fails, the other continue to deliver power. Electromagnetic noise
may be generated by this converter’s configuration, and the effects of these noises in each
“converter’s module” must be analyzed.

In terms of the transformer, new studies can be made to minimize the effects of the se-
ries resonance excitation. This work showed the effectiveness, limitations and drawbacks of
three different strategies. Continuing from that point, the combination of strategies can be
explored, like the elimination of harmonics and the use of a clamper with reduced losses and
simpler components, or the use of an external inductor and a clamper or a SHE, as the induc-
tor changes the resonance frequency, the use of low pass filters etc. All the alternatives must

be analyzed in terms of facility and cost of implementation, effectiveness and drawbacks.
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