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ABSTRACT

This thesis proposes the analysis of two single-stage high-frequency- isolated converters
suited for grid-tied applications. Firstly, a new modulation strategy to the bidirectional flyback
converter with differential output connection is introduced. This improved modulation provides
better performance by reducing the RMS current values for every circuit element, thereby
contributing to reduced conduction losses. The static analyses of the converter operating in
both the original and the alternative switching strategies are presented. Dynamic analysis is
also performed, providing the output-current-to-duty-cycle transfer function of the converter
connected to a resistive load and coupled to an output voltage source. A 500 W, 20 kHz,
70 V input voltage and 727 V_, . output voltage prototype is presented and experimental
results comparing the new modulation strategy to the original confirm the theoretical analyses
and superior performance of the alternative switching strategy. A low THD output voltage is
achieved for both switching strategies, operating in open loop and in continuous conduction
mode. The second converter is an active-clamping flyback converter suitable to be used as
a microinverter in renewable energy applications. The main features of the topology are the
relatively low component count, high-frequency isolation, voltage step-up capability and zero
voltage switching. The active clamping allows to recover most of the energy stored in the
flyback inductors’ leakage inductance and thus an improvement on the system efficiency is
achieved. The static analysis for CCM operation is provided. In addition, an output-current-
to-duty-cycle transfer function for a resistive load connected to the output of the converter is
presented. Two switching frequencies of 100 kHz and 50 kHz were tested in a prototype built
for 500 W, 70 Vinput voltage and 127 V. output voltage.

KEYWORDS: Flyback converter. Soft-switching. Single-stage. Differential output connection.
High-frequency-isolated.
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RESUMO

Esta dissertacdo propde a andlise de dois conversores de estagio Unico, isolados em
alta frequéncia e adequados para aplicacbes de conexdo a rede elétrica. Inicialmente, &
introduzida uma nova estratégia de modulagdo para o conversor flyback bidirecional com
conexao diferencial. Esta modula¢éo melhorada proporciona melhor desempenho, reduzindo
os valores de corrente RMS para cada componente do circuito, contribuindo assim para
a reducdo das perdas por condugéo. As andlises estaticas do conversor operando em
ambas estratégias de modulacao alternativa e original sdo apresentadas. A analise dinamica
também é realizada, fornecendo a funcao de transferéncia da corrente de saida pela razao
ciclica do conversor ligado a uma carga resistiva e acoplado a uma fonte de tensdo. Um
protétipo com poténcia de saida de 500 W, 20 kHz, com tensdo de entrada de 70 Ve 127
Vs Na tenséo de saida é apresentado e os resultados experimentais que comparam a nova
estratégia de modulagéo confirmam a analise tedrica e desempenho superior. Uma tensao
de saida com baixa THD é alcancada para ambas estratégias de modulagdo, operando em
malha aberta em no modo de condugéo continua. O segundo conversor € um flyback com
grampeamento ativo adequado para ser utilizado como um micro-inversor em aplicacdes de
energias renovaveis. As principais caracteristicas da topologia sdo o relativo baixo numero de
componentes, o isolamento em alta frequéncia, possibilidade de ser utilizado como elevador
de tenséo de saida e operacédo em ZVS. O grampeamento ativo permite recuperar a maior
parte da energia armazenada na indutancia de disperséo dos indutores flyback e, assim,
uma melhoria na eficiéncia do conversor é atingida. A andlise estatica é fornecida para o
conversor operando em CCM. Além disso, uma fungéo de transferéncia da corrente de saida
pela razao ciclica € apresentada para uma carga resistiva na saida. Para este conversor duas
frequéncias de comutacé@o de 700 kHz e 50 kHz foram testadas num protétipo construido
para 500 W, com tenséo de entrada de 70 V e tenséo de saida de 127 V.
PALAVRAS-CHAVE: Conversor flyback. Comutacdo suave. Estagio Unico. Conexao
diferencial. Isolagédo em alta frequéncia.
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INTRODUCTION

In recent years, growing concerns for the environment along with the present
legislation have increased the attention to renewable energy sources. With the constant
economy growth and development of the industry, the demand for sustainable energy has
been a recurring theme. In this context, the industry and society, heavily dependent on the
energy yielded from sources like oil, gas, coal, hydropower and biomass, has its best choice
in the renewable energy sources for its future progress.

According to (IEA STATISTICS, 2016), in 2013, 67.2% of the global electricity
production was from fossil fuel-power plants. Hydroelectric plants provided 16.6%, nuclear
plants 10.6%, biofuels and waste a total of 2%, while geothermal, solar, wind and other
sources made up the remainder 3.6%. In 2014, electricity production in OECD (Organization
for Economic Co-operation and Development) countries fell by 0.8%, mainly the result
of a decrease in the usage of fossil fuels for electricity production. On the other hand,
electricity generation from wind (8.1%), nuclear (0.9%) and solar (26.9%) increased in the
same period. For the countries that are not members of the OECD, which includes Brazil,
there are still incomplete information on the energy production in 2014, though in 2013 the
gross electricity production increased 5.4% from 2012. In 2013, as presented in Graph 1,
73.8% of the non-OECD electricity production was generated from fossil fuels, 19% from
hydroelectric plants, 4.1% by nuclear plants and 3.1% by biofuels, waste, geothermal/solar,

and wind capacity.

World Non-OECD
Biofuels Biofuels
and and
Other  \wastes Wastes

Other
2.0%

3.7% 2.0%

1.2%

Hydro Hydro
16.6% 19.1%
Coal
41.1%

Nuclear
10.6%

Natural ] 19.5% Coal
Gas oil Qil 48.6%
21.7% 4.4% 5.6%

Graph 1 - Fuel shares in electricity production.

Source: (IEA STATISTICS, 2016)

In Brazil, current data (Graph 2) show that 61.1% of the electricity production is
generated from hydroelectric plants, 17.4% from fossil fuels, 8.7% from biomass and

Introduction

6



wastes, 6% from wind and 1% by nuclear plants (ANEEL, 2016). Considering that 5.3%
of the electricity consumed is imported from countries like Paraguay, Argentina, Venezuela
and Uruguay, countries that have as its primary energy source hydropower, only 0.01%
of the electricity available in Brazil is generated from solar capacity (ANEEL, 2016). The
perspective, on the other hand, is encouraging. Of all the energy plants under construction,
33.8% correspond to wind power plants. According to the national governing body of
electrical energy (ANEEL), the number of homes that generate electricity connected to the
utility grid have risen from 424 connections in 2014 to 1731 in 2015 with power capacity of
16.565 kW, being 96.7% from solar power (CIASOLAR). In addition, ANEEL states that an
increase of 800% of connections is expected for the current year of 2016 in comparison to
2015.

BRAZIL

Biofuels and

. Imported _

Wind 5 \ Wastes
6% '

Solar ?:%:,Coal
0% )

2%
S — ||
7%

"._Natural Gas
2%

E _Nuclear
1%

Hydro
61%

Graph 2 - Fuel shares in electricity production in brazil
Source: (ANEEL, 2016)

Although the electricity production from renewables like wind and solar energy
around the world are still diminutive in comparison to other sources, the International Energy
Agency (IEA) states that these two are currently the fastest-growing sources of electricity
globally (IEA, 2016).

Electricity is generated from the solar energy converting the radiation into electricity
in photovoltaic (PV) systems. A PV system employs solar panels to supply electricity, which
are connected to the power grid by means of an inverter that converts the panel’s DC output
power into AC power. Likewise, wind power is converted into electricity using wind turbines.
In a similar way, the photovoltaic systems and the wind turbines are better integrated to the
power grid using power electronics to meet the requirements of the electric grid.

In Brazil, for photovoltaic systems below 10 kW, the INMETRO #17 decree of January
14t 2016 states that grid-tied inverters are not required to have galvanic isolation from the
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input to the output. Similarly, the technical norm NTC 905200 from the power distribution
company in the Parana state (COPEL) states that inverters that perform the connection of a
generator to the utility line does not require galvanic isolation for the same power range of
10 kW. The non-isolated system configuration, concerning its connection to the utility grid,
can be performed in a single stage or in two stages, considering a dc power source, as in
Figure 1.

___________ ar

| | UTILITY LINE |

Figure 1 — (A) Two-stage configuration. (B) Single-stage configuration.

Source: Self-authorship

However, for isolated configurations, considering a dc power source, the system
configuration may vary from multiple stages to a single stage, as depicted in Figure 2.
The most simplistic way to connect a DC voltage source to the power grid using power
electronics is a system that connects a DC link step-up converter to a DC- AC inverter
isolated by a low frequency transformer at its output, as Figure 2 (A) shows. The main
advantages of this system are the robustness and the low cost of implementation. However,
in systems where higher efficiency is required, better configurations that does not require a
low frequency transformer are preferred. In this case, either of the converters can provide
galvanic isolation to the system. One of the advantages of this solution is that the size
of a transformer decreases as the operating frequency increases. Thereby, either a high-
frequency isolated DC-DC step-up converter or a high-frequency isolated DC-AC inverter
replaces its respective counterpart. Figure 2 (B) shows a system that operates with a high-
frequency isolated DC-DC step-up converter. Ultimately, in order to increase the levels of
efficiency and to meet the requirements of reduced cost and volume, the energy conversion
can be performed in a single stage. This configuration consists of a DC-AC inverter that
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connects the DC source to the utility grid, as shown in Figure 2 (C).

pcPOWER [~ — — — — — — — — — — T -
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Figure 2 - (A) Two-stage low-frequency-isolated configuration. (B) Two-stage high-frequency- isolated
configuration. (C) Single-stage high-frequency-isolated configuration.

Source: Self-authorship

11 OBJECTIVES

Although not required for the range of the application, the objectives of this work are
to study, design and implement single-stage high-frequency isolated micro- inverters suited
for grid connection of renewable energy sources. Thereby, the rated output power of the
inverters studied and implemented are below 1 kW, which means that galvanic isolation
is not required by any of the current standards in Brazil. However, considering that the
inverters proposed in this study are based on the flyback topology, therefore an isolated
version of the buck-boost converter, the coupled inductor can benefit the design of the
converter by means of the turns ratio, which can be used to bolster the efficiency levels of
the converter.

Because the output voltage of most photovoltaic panels varies from 6 to 24 V, the
voltage step-up required for a buck-boost inverter in a 127 VRMS grid connection would
depend heavily on the duty cycle of the converter to reach certain static gain. For a 220
VRMS grid connection, the problem becomes even more pronounced. On the other hand,
when the dc power source is a small wind turbine, the voltage levels are usually higher and
the problem can be minimized. Therefore, the turns ratio of the flyback inductor can help
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reach higher static gains without degrading the efficiency of the converter.

2| STATE OF THE ART

The most common way to obtain a sinusoidal output from a converter is to use either
a two-level sinusoidal pulse width modulation (SPWM) or a three-level PWM in a full bridge
converter. According to (CARDOSO, 2007), the main disadvantage of the configuration
presented in Figure 3, is that this topology cannot be isolated in high frequency due to
the asymmetric relation of the switching frequency and the waveform of the voltage in the
primary of the transformer.

SGE]E SEC]EE ; o sPWM
Va (il

L

[
5

SEF

Figure 3 - Low-frequency-isolated full bridge inverter.

Source: Self-authorship

The solution for this problem is to use the converter in order to generate a high-
frequency-isolated ac bus, as previously shown in Figure 2 (B) and (C).

Regarding renewable energy applications, usually researchers have explored the
two-stage solution as a boost type converter to step-up the voltage to a higher value for
the first stage and a full-bridge converter for the second stage to inject current to the grid,
using a low frequency transformer for grid connection, as in (CAO, MA, et al., 2013), (JAIN
e SINGH, 2014) and Figure 4. Others have used a low-frequency- isolated full-bridge
connected to a buck converter that does not require an additional transformer for grid
connection, as in (CHEN, AMIRAHMADI, et al., 2013). Figure 5 presents a single-phase
version of the converter presented in (CHEN, AMIRAHMADI, et al., 2013).

The two-stage configuration in Figure 4 can also be achieved by using different
topologies for either DC link step-up, such as the Cuk converter proposed in (SYAM e
KAILAS, 2013) and the boost type converters proposed in (MAROUANI, ECHAIEB e MAMI,
2012) and (MARIKKANNAN, MANIKANDAN e JAYANTHI, 2014). The possibilities for the
two-stage configuration are countless for either the first stage or the second stage where the
combination of different topologies will give different results.
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Figure 4 - Conventional two-stage configuration.

Source: Self-authorship

G

first stage second stage

Figure 5 — Single-phase two-stage configuration

Source: Self-authorship

Itis in the single-stage configuration that lower component count, increased reliability
and overall higher efficiency levels are observed. Although the DC-AC boost converter
presented by (CACERES e BARBI, 1999) in Figure 6 is not isolated, the low component
count, simplicity, low harmonic distortion and the possibility of operating as bidirectional
converter makes this an attractive design for uninterruptible power supply (UPS) systems.
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Figure 6 - Boost DC-AC converter

Source: Self-authorship

In (HU, CHANG e XUE, 2008) two non-isolated buck-boost converters intended for
the connection of small wind turbine to the utility grid are presented. Whilst there are no
isolation between the input and output voltage, the low component count, most directed to
the switching devices, leads to low cost and potentially higher efficiency levels.

It is observed that both converters in Figure 7 have coupled inductors in its circuits,
which can also be used as a flyback inductor in order to provide galvanic isolation between
input and output, as presented by (CIMADOR e PRESTIFILIPPO, 1990) and shown in Figure
8. In this converter, the requirements of low component count, possibility of operating as a
boost converter and low harmonic distortion are satisfied, as well as the galvanic isolation,
absent in the converters presented in Figure 6 and Figure 7 (A) and (B).
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Figure 7 - Single-stage buck-boost converter. (A) 4 switches. (B) 3 switches.

Source: Self-authorship

Furthermore, the single-stage configuration benefits the flyback converter as a DC-
AC inverter because of its simplicity, low component count, reliability and low harmonic
distortion in most cases observed. Figure 9 shows a flyback inverter presented in (KASA,
IIDA e CHEN, 2005), in which all the discussed advantages of the flyback converter are
observed for a single-stage grid connection.
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Figure 8 - DC-AC flyback converter with differential output connection.

Source: Self-authorship
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Figure 9 - DC-AC flyback inverter.

Source: Self-authorship

This research aims to study two topologies of converters for the single-stage

high-frequency-isolated configuration presented in Figure 2 (C). Chapter 2 presents two

modulation strategies for the high-frequency-isolated DC-AC flyback converter with

differential output connection previously shown in Figure 8. Simulation and experimental

results for both modulation strategies for this topology are presented in Chapter 3. An

intermediate discussion of the results presented in Chapter 3 are presented in Chapter

4 as well as a new active-clamping circuit for the converter shown in Figure 9. Chapter

5 exhibit the simulation and experimental results for the converter studied in Chapter 4.

Finally, Chapter 6 presents the conclusions drawn for the study hereon.

Introduction

13



DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL
OUTPUT CONNECTION

The flyback converter is a well-known example of isolated converter, which can be
used as a single-stage converter for grid application. This chapter presents the topology
proposed by (CIMADOR e PRESTIFILIPPO, 1990), its operating stages for the original
switching strategy, voltage conversion ratio, dynamic behavior and the efforts in all elements
in the circuit. Next, an alternative switching strategy that aims to reduce the current stress
and voltage levels in all switching devices in the circuit is proposed. Both converters are
studied operating in continuous conduction mode (CCM).

11 INTRODUCTION

The original DC-DC flyback converter is derived from the buck-boost converter.
However, as an advantage the flyback inductor offers galvanic isolation that the buck-
boost converter does not have. In addition, the turns ratio of the flyback inductor offers an
additional degree of freedom in relation to the static characteristics of the converter, which
means that the voltage conversion ratio is not solely dependable on the duty cycle.

The differential connection of two DC-DC bidirectional converters switching at
high frequency allows to create a bidirectional DC-AC isolated converter (CIMADOR e
PRESTIFILIPPO, 1990). By this definition, these converters produce a DC biased sine wave
output, so that each converter produces a unipolar voltage. The topology of the converter
proposed by (CIMADOR e PRESTIFILIPPO, 1990) is shown in Figure 10. This converter
is originally switched using the complementary switching modulation, whereupon switches
S,,and S, receive the same command as well as switches S, and S,,, regardless of the
output. That is, assuming that S,, and S,, remains on in DTs seconds, S,, and S,, will
conduct during an interval of (1- D)T_ seconds.

DC-AC flyback converter with differential output connection
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Figure 10 - Bidirectional DC-AC flyback converter with differential output.

Source: self-authorship

In (SKINNER, 1993), the author proposes a simplification of the model presented
by (CIMADOR e PRESTIFILIPPO, 1990), as Figure 11 shows. This converter presents
an interesting modulation strategy in which one of the switches in the secondary of the
flyback inductor has to remain turned on for a whole semi-cycle of the AC output while its
counterpart in the primary winding of the flyback inductor remains blocked. Meanwhile, the
other two switches are commanded with complementary pulses. In other words, while one
conducts during DT, seconds the other remains on in (7-D)T_ seconds, as Figure 12 (B)
shows. This modulation strategy allows reducing the switching losses in the secondary as
well as reducing the RMS value of the current in each one of the switches. Figure 12 (A)
presents the switching strategy for the converter of Figure 10, while Figure 12 (B) presents
the switching strategy for the converter shown in Figure 11.

DC-AC flyback converter with differential output connection
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Figure 12 - Modulation strategies. (A) Complementary switching strategy proposed by (CIMADOR e
PRESTIFILIPPO, 1990). (B) Switching strategy proposed by (SKINNER, 1993).

Source: self-authorship

This chapter studies the operation of both modulation strategies shown in Figure 12
for the converter presented by (CIMADOR e PRESTIFILIPPO, 1990) and shown in Figure
10.

2|1 COMPLEMENTARY SWITCHING STRATEGY

The circuit of the DC-AC flyback converter with differential output connection consists

of two switches located in the primary of the flyback inductor: S,, and S,,; two flyback

1N;
inductors (T, and T,) with their magnetizing inductances (L,,, and L,,, respectively) and turns
ratio of 7:n. In the secondary windings of both flyback inductors there are two bidirectional

switches: S,, and S,,; and two output capacitors CA and CB acting as output filters.

2N;
The complementary switching strategy in this converter, consists in switching S, and
S, in DT_seconds and both S,,and S, in (1-D)T, where D represents the duty cycle of the

converter and T_is the switching period. However, to generate an alternate output the PWM

DC-AC flyback converter with differential output connection
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carrier is compared to a sine wave that varies from 0 to 1 with its origin placed in 0.5. The
output of the converter is positive when D>0.5, which means that the angular variation (a)
of the sine wave varies from 0 to p . Similarly, the output is negative when D<0.5, meaning
that m< a < 2m. Figure 13 presents the desired output voltage response of the converter
operating under the complementary switching strategy.
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Figure 13 — Switching signals and output voltage for the complementary switching strategy.

Source: self-authorship

2.1 Operating Stages for the Complementary Switching Strategy

To simplify the analysis, all semiconductors are considered ideal; the flyback
inductors are modeled as an ideal transformer with their magnetizing inductances L,,, and
L, The turns ratio is defined from the primary to the secondary winding, which reads 17:n.
The turns ratio is equal to n and is the same for both inductors.

Figure 14 shows the equivalent circuit of the converter during the first operating
stage. The dashed lines represent the absence of current in that circuit branch.

DC-AC flyback converter with differential output connection 17



o F 1 90— —
Is1p ® Is2p
L1 d Vimg
Vin ! ®
+| l
-— I
: Iin | °
: Lip D Vime
| Sin + ® Son +
——0 O =" 1:n co—/—°
Isin Isan

Figure 14 - First operating stage with complementary switching strategy.

Source: self-authorship

In the first operating stage, S, turns on, charging the magnetizing inductance L,,,.
Considering that S, and S, turn on at the same time (see Figure 13), the magnetizing
inductance L,, transfers energy to the secondary and to the output of the converter. The
output current in this stage circulates through the capacitor C,, which is connected in series
with the output load, while C, charges. In this operating stage, S,,and S, are blocked.

In the second operating stage of the converter, switch S, is turned off, and the
energy in L, is transferred to the secondary as S, turns on. Switch S, turns on to charge
the magnetizing inductance L,, and S, is turned off. In this operating stage, the output
current passes through the capacitor C, while C, charges. Figure 15 shows the equivalent
circuit of the converter during the second operating stage.

DC-AC flyback converter with differential output connection

18



I'__'°\°'::__+ 1n oTo— + —=
: Isip ® Isap lo
| Lard Vime Ca=—— Va
: Vin
® lIA
| +| | +
-— I 1 Vo
Iin | ® f Ig -
LMZ VLMZ CB — VB
Sin o Son +
+
T ——° 10 L=——0 o= ——
Isin Ison

Figure 15 - Second operating stage with complementary switching strategy

Source: self-authorship

In summary, the complementary modulation strategy corresponds to the condition
where the duty cycles of the two flyback modules are complementary to each other. For
example, if the upper flyback module is driven by a duty cycle D, the lower by (7-D), and
vice-versa.

It is noteworthy that the implementation of this switching strategy is only possible if
there is a dead time between the operating stages of the converter, so there is no overlap
of the control pulses to the switches, which causes short circuit between the primary and
secondary windings of the flyback inductor. However, neither the dead time nor the impact it
possibly has on the converter are considered for the analysis of the operating stages.

Based on the analysis of the two operating stages and the theoretical waveforms
presented in Figure 16 and Figure 17, the voltages on the magnetizing inductances L,,, and
L,,, and the currents through the capacitors C, and C, can be determined as presented in
Table 1.

1st Power Stage 2nd Power Stage
Vg = Viy Vi = _VA/n
Vip = _VB/n Viz =Viy
Iep = Iszp — 1o Iea=—1,
Ieg = =1, Ieg = Isan — 1o

Table 1 — Inductors current and capacitors currents for CCM operation — complementary modulation
strategy.

Source: Self-authorship

DC-AC flyback converter with differential output connection
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Figure 16 — Theoretical waveforms for CCM operation — complementary switching strategy — currents

and voltages on the switches.

Source: self-authorship
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2.2 Static Analysis

Using the principle of the volt-second balance in both magnetizing inductances L,,,
and L,, and the values provided in Table 1, it is possible to obtain the equations of the
voltages V, and V,, as given by (2.1) and (2.2), respectively.

_nD 51
(s (2.1)
n(l—=D)
v o= =7 2.2
, = 22)

From the analysis of the circuit presented in Figure 10, it is possible to verify that V|
=V, - V, . The static gain g is defined as the ratio between the output voltage V, and the

input voltage V,,, as presented in (2.3).

N?

DC-AC flyback converter with differential output connection
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V, _ 2D-1
nV, D(-D)

q= (2.3)

Isolating D in (2.3) results in (2.4), which provides the duty cycle value that ensures
the operation with a given static gain g.

D_q—2n+\/q2+4n2
2q

It is desired that the output voltage behaves as a sine function, where Vp refers to

(2.4)

the peak value of the output voltage, as given by (2.5).
V,(a)=V,sin(a) (2.5)

Considering that a sinusoidal voltage is expected at the output of the converter, the
duty cycle D for any given angle of the output voltage is obtained by replacing the definition
(2.5) into the duty cycle equation (2.4), as shown in (2.6).

_ 1 L-/“, V,sin(a) o
2 VP sin(&) Vv

IN

D(a) (2.6)

It is noteworthy that the same sinusoidal behavior is expected at the output current.
Figure 18 presents the resulting curve of the duty cycle as the voltage conversion
ratio increases, given by equation (2.4).

0.9

D(q) /
0.7 /
/

0.6

0.5
0 1 2 3 4 5 6 7 8 9 10

Figure 18 - Complementary switching strategy - voltage conversion ratio vs duty cycle.

Source: Self-authorship
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Similarly, a modulation index M can be defined as the relation of the output voltage
by the input voltage, leaving the turns ratio of the flyback inductor as a separate constant of
the voltage conversion ratio defined in (2.3), as presented in (2.7).

Vi M
= =— (2.7)
nv, n

Considering this, the duty cycle can be calculated for different turns ratio by the
variation of the modulation index. Figure 19 presents the duty cycle calculated for n=1, 2,
3 and 4, respectively as D (M), D,(M), D,(M) and D (M), for the variation of the modulation
index M.

1
" e
D; (M) /| A=
/
D(M) =
D3 (M)

Ds(M) 04 S
/// /
=1/

6 8 10

e

0
-10-8 -6 -4 -2 0 2
M

Figure 19 - Complementary switching strategy — modulation index vs duty cycle for different values of n.

Source: Self-authorship

2.3 Magnetizing Inductances (L, and L )

To obtain the equations that determine the magnetizing inductances L,,, and L,,,
the relationship V, = - 91/  is used. For continuous conduction mode, the inductance values
that guarantee a given specified current ripple (A/ , and A/ ) in the currents /,,, and /,,,, are
given by (2.8) and (2.9), respectively.
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Ly, _Nu.f.\ (2.8)
:Vm(liD) (2 g)
M2 A]sz\ .

Where fs is the switching frequency. From the converter analysis and considering
that the output voltage frequency is much lower than the switching frequency, it is possible
to compute the average values of / , and / , for every output current angle of a, as given by
(2.10) and (2.11), respectively.

__ Lo
!Ll(a)_m (2.10)
ILz(a)—% (2.11)

Both maximum and minimum levels of the current in the magnetizing inductance are
derived from the values of I , I ,, Al , and Al ,. Respectively, equations (2.12) and (2.13)

L1 L2

provide the maximum and minimum values for the current in the magnetizing inductances.

Al

ILKJnux (a) = [LX (a)+ 2 (2-1 2)
Jor K=1 or 2

Al
l!,h',mln (a) = !.’.K (a)_ 2""\ (21 3)

for K=1 or 2
From (2.8) it is possible to conclude that the maximum value of Al , occurs when D
is maximum (a = 72) and the maximum value of A/, occurs when D is minimum (a = 3172).
In the particular case of a sinusoidal output voltage, it can be verified the validity of D=
(1-D,,). Inthiscase,if L, =L,, =L, the maximum values of Al , and A/, are equivalent,
as given by (2.14).

— VIN Dln:uc — V.W (] - Dlniu )
f:\ Lﬂ! f:\'L{?!

(2.14)

Ll L2

2.4 Output Capacitors (C, and C,)

The value of the output capacitance is selected to ensure that the output voltage
ripple is constrained within the required specification. The relationship /I = &9/  is used to
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obtain the equation that determines the output capacitance of the converter. In steady state
and continuous conduction mode, the output capacitances C, and C, are given by (2.15)
and (2.16), respectively.

= —l"D (2.15)
“TAVf '
1,(1-D)
Cyp=—t—- 2.16
AT (2.16)

Where, |, is the average value of the output current and AV, is the output voltage
ripple.

For a positive DC output voltage, the maximum voltage in capacitor C, is given by
(2.17).

D
Vy= Vw”m (2.17)

Whereas equation (2.18) gives the maximum voltage for C,.

(1-D)
Vo =Vpn—— (2.18)

For an alternate current operation, the maximum voltage across the output capacitor
C, occurs when a = 172, in other words, the peak voltage over C, occurs when the output
voltage reaches its maximum value in the positive semi-cycle. Similarly, the maximum
voltage across C, occurs for a = 3172, when the output voltage reaches the minimum (most
negative) value in the negative semi-cycle. Equations (2.19) and (2.20) give the average
voltage over C, and Cj, respectively, for any given angle value of the output voltage.

D(a)

V;\(a) :Vm'nm (2.19)
_, 1-D(a))
Vs (a) = VIN”W (2.20)

Therefore, the output voltage for both capacitors C, and C,, with the converter
operating an AC output, is given by (2.21).

Vfﬂ(a)zvﬂ(a)_vﬂ(a) (2.21)

2.5 Switch S,

To specify the semiconductor technology used in the converter, maximum, RMS
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and average current values, as well as the maximum voltage applied in each one of the
semiconductors must be known.
Based on the theoretical waveforms presented in Figure 16, the average current in

S, for a single switching period is determined by (2.22).

1
IS]P :(ISle:l.( +1}[1Pm|n)5D (222)

The maximum current is obtained from the equation of the magnetizing inductance,
defined by (2.8). Therefore, for Al, = [l is given by (2.23).

1Pmax IS1Pmin]’ ISYPmax

_ V:'ND + I
S1Pmax — L f S1Pmin
S

(2.23)

Concerning the output current reflected to the primary, or I.n, and the relation that
the average currentin S, has with the input current /,
/

S1Pmin

the equation that defines the current

is given by (2.24).

! VD
ISlein = ”n - - (224)
(1_ D) 2LM f.\

As the converter operates an AC output, the current / assumes the variation of

S1Pmin
the output current as a product of the sinusoidal variation of the duty cycle, as presented in
(2.25).

lo(a)n V,D(x)

L) p i (a) = (l _ D(a)) 2](;-LM (2-25)

as described by (2.26).

The same applies to the current I,

VwD(a)
ISIP[IIELK(a)zISIPII]i[l(a)+ fL (226)
To obtain the average current in S, from 0 to 21, the equation that defines the line

from I, .. to I, has to be known, as given by (2.27).

Ioipo —1 t
Is”:l — ( S1Pmax Slem) +151Pmin (227)
DT,
If integrated from Oto DT, as presented in (2.28), (2.27) results in (2.22).
l br, (I.\'I."mm - Iﬁ']{’min )!

Igp = fj" [ DT + L pmn |l (228)

Thus, the average current in S, for an AC output is defined by the integral equation
in (2.29).
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{ 1 T(ISIPmax (ﬂf) +ISIP|11in (a)) D(a) da (229)

SIP_AC o ! B

Regarding the RMS current in S, in case of an alternate output operation, an

1P
equation is obtained from the RMS current definition applied to (2.28), which reads as given

by (2.30).

l D, I mn(il min ! i
Is\p_gus = an E( 37 'DTSIP ) _ISlem] di (2.30)

]

Resolve the integral presented in (2.30) to obtain (2.31).

1 2 2
I.S'I.”_RM.S‘ = ;ﬁ\/(lﬂl’mux- + !.S'I."max lSl."min + [.‘ill’mm- )D (2'31)

Finally, the RMS value of IS,, can be obtained using the RMS definition from 0 to ,
applied to (2.31), as given by (2.32).

P

1 T (I.S'Il'nun (a)l

+ [.\‘I."mm (a)].‘.'ll’m.lx (a) + [.\'Il'm:ﬂc (a)z) D a
Lsip wus = P

3 )da,' (2.32)

0

The maximum voltage across the switch also varies with the output voltage of the
converter and it reaches a maximum value when a =7,, as given by (2.33).

V.la) AV (a
VSIP(a):VW-}_ A( )+ 02( )
n

Ultimately, the method adopted to obtain the equations that define the average

(2.33)

and RMS current values presented in this section are used throughout this work for every

component of the circuits presented.

2.6 Switch S,

Considering that S, is turned on during the second operating stage, the average
current in S, according to the hatched area in Figure 16 for a voltage V>0 is given by
(2.34).

Iy = (151,\' max T 510 min ) d ;HD) (234)

and /

The values of / S1Nmin

S1Nmax

are given by (2.35) and (2.36), respectively.
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Iy, =1, Vn(d=D) (2.35)
P N max D ZLU f‘

_In Vyd-D)

Lo nmin = 2.36
S1Nmin D 2 LM_ fs ( )

For an AC output the current value of | has its value dependent on the angle a,

S1Nmin

as presented in (2.37).

nly (@) Vy (1-D(@)) (2.37)
D(a) 2fLy,

].S'I.’\"min (a) =

Therefore, in accordance to (2.35), /g, .. (& ) can be determined by (2.38).

10 (a)n + VI-\’ (l_D(a))
D(a) 2f,Ly

I.S'Ie'\’nmx (a): (238)
The average value of the current in the switch S, in AC operation can be calculated
by the integral in (2.39).

I, = LT (]Sl.\'mn ((Z) g1y i (a))(l - D(a})da (2.39)
2z 2

0

Equation (2.40) provides the RMS value of the currentin S, .

l EH(I.S‘INHIM (a«)l + ].SIN max (a)].SIN min (a)+ I.\'l"\' min (a”)2 )(] - D(a))
2z -[ 2

0

do

1

SIN _RMS —

(2.40)

The maximum voltage across S, is observed when the output voltage reaches its
minimum in the negative semi-cycle (V,<0) when a =7, as given by (2.41).
Vo) , AV, (a)

n 2

Vo (@) =Vyy + (2.41)

2.7 Switch S,

Figure 20 shows that the current in the magnetizing inductance during the first
operating stage circulates through S, .. During the second operating stage, the current / , .
is reflected to the secondary winding, circulating through S, and transferring the energy to

the output.
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V>0 V,<0

ISmeax_ ______

Is1Pmin 4 DT, (1-D) Ts t
ILM1 - e 1 ___—-I_STF'm/n' s =
DTS I (1-D) Ts "S7Pmax l

IS1Pmax
l IS1Pmin-
S1P - e — — — 0 =

t WS 1Pmin t

ls2Pmax pgg— — — !STPmax/ n “Is1Pmax
1. .
! S2P SZPmm_% Is1pmin/N
gt 77 e{
’ t _ISZPm/'n g - 'IS 1Pmln/n
Iszpmex T~ == 'IS1F'max/n

Figure 20 - Current through switches S, and S,

Source: self-authorship

Therefore, a relation between the current in S, and S, in respect to the charge/
discharge of the magnetizing inductance can be described as given by (2.42) for /., . and
by (2.43) for Iy, ..

1 — I.S'Il‘m;n (242)

S2Pmax
n

1 — I.SI." min (243)

S2Pmin
n
Similar to the previous switches, the average current value of S,, is equal to the
area under the trapezoidal form of the current in Figure 20. Thus, /., can be determined

by (2.44).

(1-D)
[SZI‘ = (1S2f‘max + 152."’111in)T (244)
The values of I, . and I, can be written in terms of alpha, as given by (2.45)
and (2.46), respectively.
7151Prmn (a)
L5 prin (a) :f (2.45)
_1 max (a)
[SEsz\)\ (a) :Wf (246)

Therefore, equation (2.47) provides the means for calculating the average value of

the currentin S,
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I — 1 :f(l.s'l.”mxn (a)+[52[’m|n (a))(liD(a))da (247)

S2P
27y 2

In a similar approach, one can determined the RMS value of I, as given by

l 2T (ISI."IJHH (a)z + I,Yll)mm (a)lﬁll'tll.nx (a) + li][’m;n& (a)z)(l - D(a))
Lsap wus = 7 da
Ty 3

(2.48)

The maximum voltage over switch S, is observed when a =7, in accordance to the
result provided by (2.49).

AV,
+—

Vi (@) =Vyn+V, (@) (2.49)

2.8 Switch S,,

Figure 21 shows that the current in the magnetizing inductance during the second
operating stage circulates through S, . The current /,, . is reflected to the secondary winding
in the first operating stage, circulating through S, and transferring the energy to the output.

Therefore, a relation between the current in S, and S, in respect to the charge/
discharge of the magnetizing inductance can be described as given by (2.50) and (2.51),

respectively, for I, and I, ..
I
— 'SINm:
I.S' 2N max — — (250)
n
— ISIN min (251)
S2Nmin — n
V>0 V<0

| Y S
| DT ((1-D)Ts| ISS1N o |
L2 1 teee b
-l 'min o e 3 t
o A DT, ¥ (1-D)Ts |

_IS1Nmax I

/S’JNmax
Isin 000 Isimn
I g
"S?Nmm

'IS 1Nmax
lSZNmax ______ ’S 1Nmax/n
C tose | o2 byt
e =m0 "t
S1Nmi
"SZNmax T - - == - IS1Nmax/n

Figure 21 - Current through switches S, and S,,.

Source: self-authorship
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The average current value in S,,, based on the waveforms presented in Figure 21,
is given by (2.52).

D
1" Slz\’fmin)?

v = (1 +1 (2.52)

S2N _max

Equations (2.53) and (2.54), respectively, provide the minimum and maximum current
values in S,,,.

I / min a
Ty (@) = L5002 () (2.53)
n
7
Ly () _Lwem ) (2.54)
n
The average current [, for an AC output is given by (2.55).
1\-1” — L]" (]SZNm;U( (a)+ ISI\ min (a))D (a) d{Z (255)
U 2m oy 2

The calculation of the RMS current values of /,,, can be performed as presented in
(2.56).

) 2

1 T(ISL'\' min (a)“ + ISZN min (a)ISENrnux (a) + ISE.Vrnax (a)“ )D(a)

I =,|—
27 3

S2N _RMS

do

0

(2.56)

The maximum voltage across switch S, is observed when a given by (2.57).

V_Q_\.(a)=an+V8(a)+% (2.57)

2.9 Small-signal Analysis for the Complementary Switching Strategy with
Resistive Output Load

In this section, a transfer function is obtained for the converter operating with a
resistive output load as depicted in Figure 22. In this work, the transfer functions obtained
follow the small-signal analysis proposed by (ERICKSON, 1997).
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s1p IS2P
Lmy VLM1 —= V4
Vin
LM1 IA
+
+|| l Vv
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—_— hd 1:n JE——
=T Isiv T s

Figure 22 — DC-AC flyback converter with differential output connection operating a resistive load.
Source: self-authorship
From the volt-second balance in the magnetizing inductances L,,, and L,,,, one can
obtain equations (2.58) and (2.59).

<v,ﬂ,,l>:d(r)<m(r)>+d'(r)<“’f* (r)} 2.58)

n

M2

<vm.,a>=d(r)<"( )>+d ()Y (1) 2.59)

Where d ‘(t) stands for (1- d (1)) .
Assuming that AC variations are much smaller than the respective quiescent values,
the nonlinear equations (2.58) and (2.60) above can be linearized by perturbing the DC

components (V,,

V, and V), resulting, respectively, in (2.61) and (2.62).

A A A

g di v .o v [ ey
L, | Sy oo py — DA 4 Dyt dVy — DA+ d A |+ d vy +d A
dt dt ) n n n i n

(2.61)

A A A

. di,, , v a SR 72 N R
L,,| —2E+—H2 :[D V,I\-Di:|+ D'vy—dVy—-D-*2—-d-2|+|dvy—-d-*
n n n n

(2.62)

The small-signal equations are defined by the 1 order terms of the equations (2.61)
and (2.62), determined as given by (2.63) and (2.64), respectively.

DC-AC flyback converter with differential output connection

32



A

d li..\t 1

'y

LM 1

=Dv,+dV,, —D'%‘+d% (2.63)

A A

L, L _p gV _p¥s_ gy (2.64)

Toodt n n n
The variable v, is considered null from this point on because it is assumed that there

will be no variation in the input voltage of the converter. Thus, the Laplace transform of
equations (2.63) and (2.64), returns (2.65) and (2.66), respectively.

SLy iy (s) = —DYals) (S)+d( =2 +d(s)V, (2.65)

A

v, (s)

A

SLy, 20,0, (s)==D

A

_d(s)v_g_d(“s)% (2.66)
n

Similarly, using the principles of the capacitor charge balance over one switching
cycle, one obtain the equations (2.67) and (2.68).

(iga) =d (1) (=i, (1)) +d " (1) {~i5,p () =iy (£)) (2.67)

(i('r;> =d (r)<_i.¥2f\: (t) 'H.u ( )) +d' ( )(‘0 ( )) (2'68)
Applying perturbations to the equations (2.67) and (2.68), results in (2.69) and (2.70).

dv d A ~ A A A
Cy d: +% =[-D'I,, _Io]+|:_D'iszp+d153p _inj|+[dfsz.u} (2.69)

dV dV ' . Iy A A A
B T:+d_: :[_D ].‘;m+IU]+|:_DISLV_d].s'2:\ :L |:d‘swj| (2-70)

The second order terms of (2.69) and (2.70) are neglected while the DC terms vanish
as they satisfy the steady state analysis of the converter. The remaining 1%t order terms in
(2.69) and (2.70) are as shown, respectively, in (2.71) and (2.72).

A

dv .

C, 7__13 ’sw"'dlwf ly (271)
d‘) L) A

C, drB =-Dij _d[sw iy (2.72)
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Applying the Laplace transform in (2.71) and (2.72) result, respectively, in (2.73) and
(2.74).

SCova(8) = =D Yigy ()4 d () Iy — iy (5) (2.73)

SCuvy(s)==Dig,y (5)=d(s) g,y +i,(5) (2.74)

The relation between i ., (s) and i (s) is described by (2.75) and the relation

between i ., (s) and i ,,, (5) is presented in (2.76).

LM

A

) a1 D'

Isop (S‘) - (:) (2.75)
s (5)D

Isyy (9) = IL‘ _’(Iq) (2.76)

Therefore, isolating the equations (2.65) and (2.73), in respect to the relation
presented in (2.75), for iALM1 ('s), one obtains, respectively, (2.77) and (2.78).

A A A V
i () =022 | g Ya | g Y (2.77)
sl n sLyn sLy,,
0 sC,v,(s)n i(s)n |
i (s) = “D'*, + “D, +d(s) D (2.78)

And isolating both (2.66) and (2.74), in respect to (2.76) for fLM2 ( s) give, respectively,
(2.79) and (2.80).

A

A V A V
i (9) =—D2 _ a5y Yo g5y L (2.79)
SLyy ot Syt Ly
Ll sC,v n(s)n iA(s)n ~ T,
I1y2(8) = 85 - D _d(s)% (2.80)

By substituting (2.77) into (2.78) it is possible to derive (2.81),which provides the
small-signal behavior of the voltage v , (s) .

1%
[Vm + /J”D' 2
" " n sL,.1..,.n sl n
va(8)=d(s)| 5 2 e le = 2 D( s) % (2.81)
D" +s°L, C.n D" "+s°L, C.n +s°L, Cn
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Similarly, substituting (2.79) into (2.80) gives the small-signal variation of the voltage
across the output capacitor C,, as given by (2.82).

1%
. . [VW+ %J)‘:D . 2
n KV B . sL, n
v, () =d(5)| ~5— Fm M () | (2.82)
D +s°L,,C;n® D +5°L,,Con” D" +s°L,,,Cyn”

Knowing that L, =L, =L, and C,=C,=C_, one can determine (2.83) and (2.84)

Vv
N . (Vw + /)nD' ‘ R o
n sLy 1,1 iy (S){ sLyn

v.(s)=d(s T 5 N2, 27 o2 2.
A( ) ( ) Dlz_l_Szl‘f'rFCnn'- DI‘+S_I‘M'CUH2 DI-+S2LMCU”_:| ( 83)

A
" (VW+ n)nD_ sL, 1

—v,;(s) =d(s)

san? ¢ sLyn’
5 3 B P ) 7| b (T) 3 2 B (284)
D +s°L,Cn" D +sL,Cn D" +s°L,Cn”

From the converter analysis it is possible to verify the validity of (2.85).

v(,Es) = VAES)— VBES) (2.85)

Then, the small-signal variations of the output voltage can be considered v ,( s) by
substituting (2.83) and (2.84) into (2.85)., which results in (2.86).

v / ‘ v /
V. 4’4 D Ve + 8 D
( 4 n ]" SLy 1 n ( r.\ n )” shy Issyn

vo(s)=d(s) - + - —i“(s)[

sLyn’ " sLyn’
D®+s'L,Cn*  D"+5°L,Cn*  D*+s5°L,Cn* D’+s°L,Cn’

D*+§°L,Con* D'+5°L,Cn’

(2.86)

For the particular case of a resistive output load, where v, (s) =, ( s) R, , the duty
cycle to output current transfer function is given by (2.87).

iOES) Bs'+Bs’+Bs+B,
G ()= =—F— > (2.87)
d(s) As +AS +AS +AS+A

Where:

B, :_LMZCJ,HB Ly H pn)

Bz = LMCun3 [Va _VAD"-V.wn-l'VBD]
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2

B, :_LMH(D:‘{LMI +1,,,,-2DI,,, +D~ILM2)

B,=(1-D) DV, D+V, ~V,D+V,n]

AJ— = LWZC:JEH4R)

A =2L,°Cn'

2

A, =L,C’R (D +(1-D)’)

A =L, (D +(1-D)')

-

A =R, (1-D) D’

2.10 Small-signal Analysis for the Complementary Switching Strategy Coupled
to an Output Voltage Source

It is possible to divide the spectrum of the converter in two portions, one related
to the fundamental frequency harmonics and the other that concerns the switching
harmonics (CALZO, LIDOZZI, et al., 2013). The alternate output voltage/current operates
in the fundamental frequency of the grid, but the ripple of this output presents undesired
frequencies that are related to the converter switching behavior. The analysis presented in
section 2.2.9 for an output linear load is not well suited for grid- tied applications because
of the intrinsic high-frequency harmonics caused by the switching frequency of the
semiconductors. Therefore, a filter is needed for reducing the high-frequency harmonics,
allowing low frequencies to pass through, at the output of the converter. Figure 23 presents
the circuit of the converter with an inductive filter to reduce the high-frequency harmonics.

The operating stages of the converter remains the same, although the voltage across
the output inductive filter must be analyzed.
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S,
[ f | _IL__1n | ! | Lo
_!_— g Y Y

= | ° [opo/n == Isin T Vo
t I | L [ +
S1P | M1 | C — VA
Yin L ’ Ty
"'||I B l g VG—t_—
| _Jodd Fie
1IS1N | e | CB ::+ Vs
|
9 L7 e o
T T2 1:n lm/n = lsan

Figure 23 — Complementary switching strategy coupled to an output voltage source.

Source: Self-authorship

In the first operating stage (Figure 24), what differs from the analysis presented in
section 0 is that the current previously identified as /, is identified here as /, to indicate
the presence of the inductive filter. Therefore, the voltage on L is obtained from the mesh

analysis of the circulating current /, , which gives (2.88).

Lo

Vo =Vi=V, -V, (2.88)
Sip .. Sop Ly
oTo— ¥ = =1, = +V
Isip ° I/ lszp lp ™Yo
Lyrd Vime Ca 1~ Va
Vin ® l IA
+|| ! v
- | P
: I ® 1/3
I L D Vime Cg =— Vg
L Sin + o San +
——o o =—g——= 1n —= O ==
Isin lima/n Ison

Figure 24 - 15t operating stage - complementary switching strategy coupled to an output voltage source.

Source: Self-authorship

The same considerations of magnetizing inductances’ voltages and capacitors’

currents are valid for the second operating stage (Figure 25). The resultant voltage V,, from
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the mesh analysis of / , is the same as the voltage presented in (2.88).

Sip i Sop L,
,———-O\o-—_:——_l_' . — 00— — LY Y X
I Is1p ® I/ lsp + I +Vio
l Lap1 d Vi Ca—~ Va
I Vin ° lIA
! +||

-— |I 1 Vo —+—
v ® 1’5
Lz D Vimz | Cs =— V5
Sin ® Son +
+
oo 1:p b=mmo o= ——
Isin lima/n Ison

Figure 25 — ¢ operating stage - complementary switching strategy coupled to an output voltage source.

Source: Self-authorship

Under these conditions, the volt-second balance on the magnetizing inductances L,,,
and L,,,remain the same as respectively presented in equations (2.58) and (2.59). Thus, the
frequency domain equations with the 1t order small-signal components are also the same
as (2.65) and (2.66).

The capacitor charge balance of C, and C, return the same equations as well,
although the name of the current /, presented in (2.67) and (2.68), changed to / , as
presented in (2.89) and (2.90), respectively.

<fm>:d(r)<—fw(r)>+d'(r)<M—fm(r)> 2.89)

n

n

(i('y> = ‘I([)<M +ig (I)> +dl(r)<fm (’)) (2.90)

The linearization of (2.89) and (2.90) results in (2.91) and (2.92), respectively.

A A A
A

C, dv‘4+ﬂ =|:_DII[;:I_1LU]+ —D'm+d@_im + dILM_l (2.91)

dt dt n n n

C, %‘Fﬂ =[_Dlm+1ﬂ{b+ _Dm_d@+im —| e (2.92)
dt dt n n n n

Neglecting the second order terms and knowing that the DC terms of (2.91) and
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(2.92) will vanish, it is possible to determine equations (2.93) and (2.94), respectively.

5,0, ()= =D iy (5) +d ()22~ (5) (2.93)

'EL,U 2 (‘) ;

d(s)lmr 4 (o) (2.94)
n

sCyvy(s)=-D
n

Finally, the Volt-second balance of the output inductive filter is defined by (2.95).
<VUJ) =(VA “Vp —‘/L.) (2.95)

Perturb (2.95) to notice that only the voltage constants and first order terms remain
in the equation, as given by (2.96).

LO d i,[f_u‘ = [],/4 7V.B 7VEJ ]+ |:\'n4I Vﬂﬂ‘f V;:| (296)

dt

Considering that no small-signal variations are expected at the grid voltage (VG), the
variable v is neglected from this point onwards. Therefore, the equation on the frequency

domain obtained from the Laplace transform of the first order terms of equation (2.96) and
presented in (2.97).

A A

sL, ":LlJ(S) =Va (?) Vg (7) (2.97)

The equations presented, result in a system of five equations and five unknown
variables, namely v, (s) , V, (s) , 7,,,,(5) , i,,, (S) and i, (s), as presented in (2.98).

v, (s)

n

ﬁ - dfs)ﬁ - a'(As)vn

SLlefl.r__m(S):_DI +d(‘i) 4+d(9)

A

SLMQ j.f_uz(s) =-D

. o I -
sC, v;\(‘g):_D‘f}.‘IH( )+d( ) 1;1 ’:.0(3) (2.98)

A

A

5Cy vy (5) =D _ oo T g
n n

A A

""Lﬂi:n(s) =v,(s)+ "ff(‘y)

The desired control to output transfer function is obtained by eliminating the unknown

variables of the system of equations presented in (2.98) in order to obtain the transfer
function presented in (2.99).
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i,,(5) Bs'+Bs’+Bs+B
s (2.99)
d(s) As +ASs +AS +ASs +As+A,

Where:

B,=—CL,'n (1,,+1,,,)
B,=C,L,n* (Vyn+DV,+(1-D)V,)
B =—LMn(1LmD2 +1,,,,(1-D)’)

B, = D)(V,yn+(1-D)V, +DV,)
A=C L, Lyt

A, =0

A,=2C L, 'n"+C,L,L,D’n* +C,L, L, (1~ D): n’
A,=0
A =L,D*n*+L, (1-D) n*+L,D*(1- D)’

A4,=0

31 ALTERNATIVE SWITCHING STRATEGY

For a positive voltage output (V0>0), the alternative switching method consists in

switching S, in DT, seconds and S, in (71-D)Ts seconds, while keeping switch S, on for
the whole positive semi-cycle and S, off. For a negative voltage output (V,<0), switch S,
is triggered in DT_and S, in (1-D)T, witch switch S, on for the whole negative semi-cycle
and S, off. Figure 26 shows the switching signal for the alternative switching strategy and
the respective voltage at the output of the converter.
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V,>0 V<0
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vo | (PZZZ D000 .
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Figure 26- Switching signals and output voltage for the alternative switching strategy.

Vo

Source: self-authorship

The main advantage of this switching strategy lies on the alternative path that the
output current finds through the secondary winding of the flyback inductor when either S,
is on, during the positive semi-cycle, or S, is on, during the negative semi- cycle. In other
words, this switching strategy spares the converter from the switching losses descendant
from the complementary switching strategy between S, and S,, when V >0 and between
S,, and S,, when V <0. By implementing this switching strategy, due to the reduction of
switching losses and RMS current values in all four switches, higher efficiency levels
are expected. However, due its complexity, the implementation of this switching strategy
requires better hardware, whilst the complementary switching strategy can be performed

with simple solutions.

3.1 Operating Stages for the Alternative Switching Strategy

The DC-AC flyback converter with differential output connection operating with the
alternative switching strategy in continuous conduction mode (CCM) has a total of four
different operating stages, although only two by semi-cycle of the output voltage. It means
that there are a first and a second operating stages for a positive semi-cycle (V,>0) and
another first and second operating stages for a negative semi-cycle (V,<0).

During the first operating stage for V>0, switch S, is turned on, charging the
magnetizing inductance L,,. Capacitor C, discharges to the output load through switch S,

and the secondary winding of the flyback inductor. Figure 27 highlights the equivalent circuit
during the first operating stage for V >0.
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Figure 27 — 1% operating stage for the alternative switching strategy (V>0).

Source: self-authorship

In the second operating stage for V >0, S, turns off, S, turns on and S,, remains
on. During this stage, the energy stored in the magnetizing inductance L,,, is transferred to
the secondary of the flyback inductor and to the output through S,.. With both S,, and S,
turned on, the output voltage V/, is reflected to the primary winding of the flyback inductor
over the magnetizing inductance L,,,. The equivalent circuit of the second operating stage

for V>0 is presented in Figure 28.

Sip 1: Sop
,———-o\o—::——+ ‘n 00— f+ —
: Is1p ® Iszp | 0
: LM1§ Vimr H Ca T Va
| Vin I /

[ ¢ I l A+
+||
-— || Vo
lIN ® t /B -
Lyz ) Vimz Cg—— Vs
Sin + ® L San +
o—0 p—— . 1:n ———O\O—::——-i
Isin Ison

Figure 28 — 2" operating stage for the alternative switching strategy (V,>0).

Source: self-authorship

When the voltage output crosses zero and becomes negative (V,<0), the operating
stages of the converter are symmetrical but different from the ones presented in Figure 27
and Figure 28. In the first operating stage for V<0, S, is turned on, charging the magnetizing
inductance L,,,. The output capacitor C, discharges to the output load through switch S,
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which is on, and the secondary winding of the flyback inductor. Figure 29 highlights the
equivalent circuit for the first operating stage when V, <0.

Sip 1 Szp
F———00—=——F : 00— . —
| ! * HE
I s1P s2P 0
I Lird Vims | Ca N Va
I Vin |
| | | 1”"‘ +
+
Iin L f lg -
LMQ VLME CB p— VE
Sin + o Son +
o—o—— . 1n T
Isin Isan

Figure 29 — 1% operating stage for the alternative switching strategy (V/,<0).

Source: self-authorship

During the second operating stage for V <0, switch S, turns off, S, turns on and
S, remains on. The energy stored in the magnetizing inductance L, is transferred to the
secondary winding of the flyback inductor and to the output. Considering that both switches
S,.and S, are on, the output voltage V,is reflected to the magnetizing inductance L,,,. The
equivalent circuit of this operating stage is shown in Figure 30.

Sip .. Szp
'-——-0\\0‘:.—_——4:‘ n o—0—— ?+ —
: s1P L] Iszp | 0
| Ly )V (® == %

I v M1 LM1 A_l_ A
b it

+
R 2
: In ® Tf’g =
: LMZ VLM2 CB — VB
| Sin + ® Son +

—— 1:n oo-—=
Isin Isan

Figure 30 — 2 operating stage for the alternative switching strategy (V,<0).

Source: self-authorship
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It is noteworthy that the implementation of this switching strategy is only possible if
there is a dead time between the operating stages of the converter, so there is no overlap

of the control pulses to the switches, which causes short circuit between the primary and
secondary windings of the flyback inductor. However, neither the dead time nor the impact it

possibly has on the converter are considered for the analysis of the operating stages.
From the analysis of the two operating stages for V>0, the voltages across the
magnetizing inductances L,,, and L,,, and the currents through the output capacitors C, and

C, are determined as shown in Table 2.

15t Power Stage 2nd power Stage
Vir = Vin Vip = _Va/n
Vi2=10 Via=0
lea =~ Iea = Is2p — I
Ieg =0 Iep =0

Table 2 — Magnetizing inductances’ voltages and output capacitors’ current — alternative switching

strategy.

Source: Self-authorship

The theoretical waveforms derived from the analysis of the operating stages are

presented in Figure 31.
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Figure 31 — Theoretical waveforms of the alternative switching strategy

Source: self-authorship

3.2 Static Analysis — Alternative Switching Strategy
Assuming that the voltage conversion ratio g derives from the voltage levels over the
magnetizing inductances (L,,, and L, ) during both operating stages for either V>0 or V<0,

q(t) is defined by (2.100).

% __nD (2.100)

"V, (1-D)

Isolating D in (2.100) results in the equation of the duty cycle that ensures the
operation with a given voltage conversion ratio, as presented in (2.101).

v
o -_149 (2.101)

- nV, +V, - (l+‘?)

Similar to the previous modulation analysis, a sinusoidal behavior is expected at the
output of the converter. Replacing (2.5) into (2.101) gives (2.102), which determines the
duty cycle value that ensures a sinusoidal output voltage for any given angle alpha.
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Dla)= V,sin(a)

A +V sin(a)

(2.102)

Considering that from mto 2m the duty cycle of S, has to be zero and S, has to be
one, the equation that defines the duty cycle for these switches have to obey the conditions
set by (2.103).

q(x)
I+ q(a)
D,(a)= (2.103)
O—-rm<a<2rm

—a<T

Similarly, switches S, and S, have to obey the opposite conditions that defines the
duty cycle for S,, and S, to guarantee the symmetry of the converter, as given by (2.104).

—g(a)
l-gla)
D, (a)= (2.104)
D—-a<rm

S T<A<2T

Therefore, peak positive output voltage is obtained for a = "/, from equation

— DP (CZ}V‘W?’E
v;,k,ms(a)——(]_D(a]) (2.105)

Similarly, peak negative output voltage is obtained by evaluating (2.106) at a = *7,.

D, (a') Viun

V,,L_NEG (a) = _(

T (A Dy (@) (2.106)

Figure 32 presents the resulting curve of the duty cycle as the voltage conversion
ratio increases, given by equations (2.103) and (2.104).
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Figure 32 - Alternative switching strategy - voltage conversion ratio vs duty cycle.

Source: Self-Authorship

As the duty cycle depends on the modulation index M, given by (2.107), different
duty cycles can be found for different values of n. Figure 33 presents the variation of the
duty cycle D, (M), D,,(M) and D, (M), respectively for n=1, 2and 3, considering a positive
output voltage.

M =qn=£ (2.107)
Vi
1
0.8
/ il
Dp1 (M) P
]

Dpy (M) 0.6 / //

Dp3 (M) 0.4 ///
0.2 /A

<
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[\)
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w
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co
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Figure 33 - Alternative switching strategy — positive modulation index vs duty cycle for different values of
n.

Source: Self-Authorship
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3.3 Magnetizing Inductances (L, and L,,)

In continuous conduction mode, during the first operating stage, the voltage across
the inductor L, is given by (2.108).

11
Vi) =L, ‘d—f! =V (21 08)

In order to guarantee a maximum current ripple, L, is calculated according to

(2.109). Due to the converter symmetry, L, , must have the same inductance value as L,,,.

T
(2]
Ly =L,,= Al f (2.109)
MJs

Using the principles of the capacitor charge balance in C,, one can determine

I, =D, (_I(J)+(1_DP)(”1LM‘I _Iu)
0=-D,1,+(1-D,)(nl,,, —1,) (2.110)
0= ”ILMl _[u _Df’nluu

Solving (2.110) results in (2.111), which can be used to determine the average current
through L,,, within a switching cycle for a given angle alpha. A similar analysis can be carried
out for C,, resulting in the average value of IL,,, as given in (2.112).

_ [“((Z)
IW,(a)—m (2111)

ILM?.(a)% (2.112)
The maximum and minimum values of the current in the magnetizing inductance can
be derived from the values of /, and Al,. Equations (2.12) and (2.13), respectively, presents
the maximum and minimum magnetizing current values.
From (2.109) it is possible to conclude that the maximum value of A/,,,, occurs when
D, is maximum (a = r72) and the maximum value of Al , occurs when D, is maximum (a =
3172).

3.4 Output Capacitors (C, and C,)

During the first switching stage, the current in the output capacitor C, is determined
by (2.113).

-C dv,., -

[('A A d{ 0

(2.113)
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Integrating (2.113) over the duration of the first stage yields (2.114).

1.D
C =L (2.114)
AV,f,

When the converter operates with alternate output voltage, C, and C, are equal and
determined by the equations (2.115) and (2.116).

L(75)P: (%)

C,= A (2.115)
3 3
¢ - 072)2:(7) 2116
AV, f.

3.5 Switch S,,

Based on the theoretical waveform of the current in S, (see Figure 31), the current
ls,pmin TOr @ given angle alpha, imposed by the variation of the duty cycle D,(a), can be
determined by (2.117).

nl, (@) VD, (a)

I' "min @)= . (2'1 17)
S1F ( ) (I—DP (a)) 2‘}¢‘LM
Similarly, IS, ,max has its value in accordance with (2.118).
V.D,(x
]SI!’I1|;1X (a) = ].S'H’nun (a) +L() (2‘1 18)

f l LM

The average value of the current through S, can be calculated over a period of the
output voltage by the integral equation (2.119).

l T I max (a)+l JIﬁn(a D (a)
I, (@) =£ ( - ',121* )) —do (2.119)
0

Notice that the integral is evaluated is from zero to p because S, is turned off from

p to 2. Therefore, the RMS current / is given by (2.120).

S1P_RMS

da

2r 3

0 -

2z Islein(a 2 +15]Pmin(a)[5IPmax (Of +151Pmax a,)l DF(CK
Tip_pus (05)=JLJ.( ) ) ( ) )

(2.120)

The voltage across S, for any given value of a is determined by (2.121).
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vpk _POS ( a)
n

‘VSIP(CZ) :V

w T

(2.121)

Both current and voltage reach its maximum values in S,, when a=",.

3.6 Switch S,,

The value of the current I, . with a given value of a is calculated as shown in
(2.122).

1:-(“) _V,ND,,(CL’)

Joi - 2.122
s (=0 (@) 27 (&122)
Equation (2.123) provides the maximum current for S,
V.D,.l&
L pax ((I): [y (a)"'L() (2.123)
-f.\LM

On solving the integral equation (2.124), one can determine the average value of
the current through S,.. It is noteworthy that this value takes into consideration an alternate
output voltage waveform.

Ig,p (a’) - ﬁh([s‘zf’m (a) + 1“'”’2'“"" (a))( - DP(Q:))

do (2.124)

Regarding the RMS value of /

<op It Can be derived from equation (2.125).

5

ISZP?R‘”S (a) _ an T(]SZPN.D( (a)- + ISZPme (a)ISEPll\ill (a) + ISEPmm (a)—)(l - D[‘(a))

— da
2 3

0

(2.125)

Considering a particular value of alpha, the voltage across S, has its value given
by (2.126).

VS‘EP(a’) =Vt + Vi pos (a) (2.126)

3.7 Switch S,,,

Taking into consideration that the two operating stages for V>0 produces the same
equations as the two operating stages for V <0, confirmed by the voltage conversion ratio
q(1), the equations of the currents and voltages for S, are similar to the equations defined
for S,.. The difference lies in the duty cycle equation, the former defined for D, in (2.104)
and the latter defined for D, in (2.103). Thus, the maximum values for currents and voltages
in S,, are observed when D, is maximum, which occurs at 3r/ 2.

Therefore, resembling the equation presented in (2.117), the current /

S1Nmin 1S glven
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by (2.127).

”11)(a) _V:.-\'D.v (a)

I (@)= 2127
S1N min ( ) (l—DN (a’)) Zf‘LM ( )
In a similar manner, one can determine /., as given by (2.128).
Vi.Dy .
ISJN max (a) = ISIN min (a) +L() (21 28

-fi l’M

The average value of the current through S, is determined by solving (2.129)

(ISINmax (a) 151 x in (a'))D.\' (a)da
2

l F 4
L (@)=—— (2.129)

Equation (2.130) provides the means for calculating the RMS value of S,,.

1 2 (].i‘JNmm (a")2 + ISI:\'mm (a)ISI.\'mux (a) + 151:\'mux (a)i)DM (ﬂf]
T pus (a)= _I

do
2y 3
(2.130)
Finally, the voltage across S, for a given alpha obeys (2.131).
Vi welO
Vo (@) =V, + e (2) (2.131)

n
3.8 Switch S,

The considerations made for S,,, regarding the duty cycle and the similarity between

S,y and S, are valid for S, and S, as well. Thus, the current I, . is given by (2.132).

1, (a') Vin Dy (a)
1-D, () 2f.L,

Is:.\‘min(a)= ( (2.132)

The maximum current value /I, ., used to define the average and RMS current

values in S,,, can be determined by (2.133).

V,.D, &
ISENmux (a) = 1;8‘2!\&"!'” (a) +M (21 33)
-fiL'”
The average current value of /., results from the solution of (2.134).
15:_\‘ (a) — L-J' (lh'ENm.n (a)+ 1.5'2:\-‘ min (a))(l - D,\‘ (a))da (2.134)

2z 5 2

The integral equation (2.135) is used to derive the RMS value of the current through

2N*
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P’IE 2x (].SZNm;\,\ (a)2 + ]SZN max (a)l.s'lem (a) + 152.\'min (a)z)(l - D;V (a))
Igoy RMS( ): _I da
- 2z 3
(2.135)
The voltage on S, for any given a is given by (2.136).
Vs‘zN(a) = VINn+V,«rk_:\'f:'(:(a) (2.136)

3.9 Small-signal Analysis for the Alternative Switching Strategy with Resistive
Output Load

From the Volt-second balance in the magnetizing inductances L,,, and L, ,, one can
obtain the equations (2.137) and (2.138).

(VLMl(fD:d(r)("m (f)>+d(f)<%r(r)> (2.137)
(e (1) = (1) (v (z)>+a~(r)<%(”> 2.138)

Applying small perturbations on (2.137) and (2.138) yields, respectively, (2.139) and
(2.140).

L, %er =[DVM.D'VA}+ 1_)Vw+dL".,.\,—D'&eri + deeri
t dt n n n "
(2.139)
dl di v, v
L. | Sz Clhma | Byl & 2.140
YA dr dt [ -‘1} n ( !

Ignoring second-order terms and knowing that the DC terms will vanish, on can

determine the linearized small-signal equations (2.141) and (2.142).

A a

1, Yo _py rqv, —ptayale (2.141)
' dt ) n n
L, e - Ve (2.142)
dt n

Applying the Laplace transform to (2.141) and (2.142) and neglecting perturbations
on Vv, results in (2.143) and (2.144), respectively.

IN?
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L d(s)2 (2.143)

SLyyy iy (5) == (2.144)

From the principles of capacitor charge balance, the equations (2.145) and (2.146)
are obtained for C, and C,.

liea (1)) = d (1) (=iy (1)) + (1) < i (1), (r)> (2.145)

(ion ) =d (1 <—” m>+d m(’“““ .,(r)> (2.146)

Equations (2.147) and (2.148) are determined by applying small perturbations to
(2.145) and (2.146), respectively.

A A

4V, d" =[D'1,,, - 1]+ Do gl | _glue |5 447)

A dt a't n n n

”

+1(,] fez g g (2.148)
n n

c, vy  dvy =[1

dr dt

As previously done, the DC and second-order terms are neglected, thus yielding
equations (2.149) and (2.150).

sC ‘4( ) D.‘Lm( ) u( ) ( )"L.\H (2149)
n
X i (8) 7
sCyvy(s)= +iy(5) (2.150)
n
Isolating iALM1( §)in (2.143) and (2.149) result in (2.151) and (2.152), respectively.
" d(s)V,

i (5)= (Vi _ s )+d( )Y (2.151)

sL sL,,.n sL,,n

M1
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’ _ i[) ( S) n . SCA v!\ (S ) n

Ji
] ) = +d(s) =ML 4 2152
i () o (5) o o (2.152)

Substituting (2.151) into (2.152) yields (2.153).

“,/ 1
. ' ( %‘FVM.)HD _ sLynl

sL,n’
s)=dl(s - ~ ~ - —M | (21
YA ( s“) (L‘) D'2+S'LM Cn D'2+S-LMC“H o (S)|:D'~+.\‘~L"C0H2 } (2.153)

Similarly, using (2.144) and (2.150) one can determine (2.154).

. .A .\'LM“‘: 2 154
vpls)=ils) ————— .
B( ) "( ){I-FSHLMCUR"} ( )
Considering that v, (s) = v, (s) - v, (s) , it is possible to derive (2.155).
V/ \
. y [ n +V!NJ"D _ sLynl

sL.n’ " sL.on® i
N=dl(s _ . ~ 1‘" - —if(s M
Yols)=d(s) D"+s’L,Cn* D"+5°L,C.n r0(5)|:D"+S“LMCOn“] '“(‘)[

1+5°L,Cn’ i
(2.155)
Finally, the output current to duty cycle small-signal transfer function is given by
(2.156).
i,(s)  Bs +Bs’+Bs+B, (2.156)
AT 4 3 2 .
d(s) As +ASs + A"+ As+ A
Where:

B=-'L1,,,C
B,=n*(1-D)L,C, (Von+V,)
B =-nl,,I,,
B,=(1-D)(Vyn+V,)

A =r'LC]R,

A= 2n4LM2CJ

A, =n’R,L,C,(D*-2D+2)
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A =n’L,(D*-2D+2)
A, =R, (D*-2D+1)

3.10 Small-signal Analysis for the Alternative Switching Strategy Coupled to
an Output Voltage Source

The small-signal analysis presented in section 2.3.9 considers the converter feeding a
resistive output load. However, in order to operate connected to the utility line, the converter
must be designed to operate injecting current into a voltage source. The coupling between
the output filter of the converter with the voltage source is realized by adding L, to the circuit.
Figure 34 presents the circuit of the converter for a designed for grid connection, where VG
represents a given value of the utility grid voltage, which can be treated as constant within
a switching cycle.

As mentioned in section 2.2.10, the output inductor L, presented in Figure 34 acts
toward limiting the ripple in the current injected in the voltage source V..

T | ° |IJ77H¥IS_1; _IL: Vo
', IL | +
S1P | Em1 | C L VA
o Ui o
R R }
+|| J A vV _-'_'__
—-— | I G
| 11 bie
l’sw | ° | CB_:+ Vs
| |
Siv  Lme | S,
4 el
——————— - —— K [ —
T T, 1n lw/n =T lsan

Figure 34 — DC-AC flyback converter with differential output connection coupled to an output voltage
source.

Source: Self-authorship

The analysis is performed by analyzing either the output voltage as V>0 or V, <0.
However, in accordance to the circuit presented in Figure 34, the analysis presented in this
section consider the positive semi-cycle of the output voltage.

Similar to the circuit presented in Figure 27, the first operating stage of the converter
connected to the utility line is presented in Figure 35. However, here the system has iAL0 as
another state to be considered in the dynamic analysis. The mesh analysis of the voltage
on L, gives a voltage value, in the first operating stage, as presented in equation (2.157).
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Vie=Vi=V,=V; (2.157)
Sip 1 Sop Ly
0—0 — —=-0C ::_____—f'm_
Is1p ° lw/n szp ol Vi
Ly1d Vim Ca 1~ Va
Vin ® lIA
) i -
-— || f—
: In ® I 1/3
I LoV Cg=v
1 M2 LM2 B_I_ B
I Sin + L d Son -
——Oo=—g—— 1n — 7=
Isin Iimo/n Isan

Figure 35 - 1% operating stage - alternative switching coupled to an output voltage source.

Source: Self-authorship

Conveniently, the mesh analysis of the voltage on L, during the second operating

stage (Figure 36), presents the same sum of voltages described by equation (2.157).

r——-\O——_:— —+ - _»O’C p—— —
: s1P @ Iy/n Isop + Io +Vio
: Lt Vius | Cam~"Va
| Vin ® l IA
| + —
I F-- ! Ve
P . \}/f Is
| L Vime C Vv
| M2 B _l_ B
| Sin o Son +
+

Lo o= 1:n ——so—o—o—4

Isin Ieme/n Ison

Figure 36 - 2" operating stage - alternative switching coupled to an output voltage source.

Source: Self-authorship

Therefore, the voltage balance of the L, inductance is given by (2.158).

<VL(J>:d(t)(VA_vB _"G)"'dr(r)(vﬂ. Vg _V(;)

(2.158)

Applying small perturbations in (2.158) results in (2.159), where the DC and second-

order terms and also variations of V; were neglected.
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L diy _ v, — 1-1, (2.159)

The Laplace transform of the equation (2.159) returns (2.160).

A A A

skyiy, (s)=v,(s)+v,(s) (2.160,

The equations that define the voltage balance on both magnetizing inductances
L, and L, respectively presented in (2.137) and (2.138), remain the same. Therefore,
their Laplace transforms are the same as well, as reintroduced, respectively, by equations
(2.161) and (2.162).

A

Ly i (5) = d (s)V, - D220 g Ya (2.161)

M1 ILMI
n

sL,,, 'iL.; 2 (") =0 (\) (2.162)

n
On the other hand, the current that defines the equations for the capacitors charge
balance C,and C,, respectively, in (2.145) and (2.146) changes from / to / . Thus, resulting
in (2.163) and (2.164), respectively.

(i (r))=d(r)<—f,_(.(r)>+d'(r><M—f“,(r)> 2163

n

(ig())y=d (:)<—f"” : (1) +i,, (1 ]> +d (1 )<—i"“"” (1) +iy, (r)> (2.164)

n n

Proceeding similarly, one can derive (2.165) and (2.166) from (2.163) and (2.164),

respectively.

a

sCyv, (s)= Do lS) ity (5 (2.165)
n n
5Cy v (s) = o2 () (2.166)

n

Overall, the small signal analysis of the converter connected to the utility line,
presents five fundamental equations and five unknown variables, namely iALM1 (s), iALM2 (s),v
"), v ,(s), and i, (s), summarized in the system of equations presented in (2.167). It is
considered in the analysis that L, =L, =L, and C,=C_=C .
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n
sL,, ib;q(s):— VB’E!;)
SC,v, (.q)=p"'f£:'—f}(;,~)"fz' i (s) (2.167)
o i(s)

SC, vy (s) =iy, (s)+ n

A A

sL, ";)(5) =v,(s)=v,(s)

The desired control to output current transfer function is obtained by eliminating the
unknown variables of the system of equations in (2.167), which returns the transfer function
presented in (2.168).

A

I..r_n(s) B_,Sj +B3.';2 +B|S+BU

d(s) B A’ +AS +AS +AS +As+A,

(2.168)

Where:

B=-C L/,

B,=C,L,, (1-D)n'V,+C,L,, (1-D)n’V),
B =-L,nl,,,

B,=(1-D)V, +(1-D)nV,,

A=CL Ly

A, =0

A, =2C,L, n* +C,L,L,(1-D) n*+C,L, L’
A, =0

A =L, (1-D) > +L,n*+L,(1-D)
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A =0

41 CONCLUSION

It is presented in this chapter a dc-ac bidirectional converter with differential output
connection and two switching strategies. The converter is a differential connection of two
dc-dc bidirectional converters designed to operate in high- frequencies in order to generate
a dc-ac high-frequency-isolated converter. The converter attends the initial proposal
presented in Chapter 1, and subsequently introduced in section 2.1 of a single-stage high-
frequency-isolated converter for grid connection.

Two switching strategies are presented hereon. The first is the original switching
strategy proposed by (CARDOSO, 2007), (CACERES e BARBI, 1999) and (CIMADOR e
PRESTIFILIPPO, 1990), studied in depth. In addition, a new contribution is made in the
control to output current transfer function of the converter connected to the utility grid.
The second switching strategy has not been studied before and envisions improving the
efficiency of the converter by means of reducing the RMS current of the switches in both
windings of the flyback inductors. Also in this chapter, a transfer function of the duty-cycle-
to-output-current for a linear load and another that presents the converter connected to the
utility grid has been presented. All currents and voltages for all components of the circuit are
studied in depth for both switching strategies.
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DESIGN, SIMULATION AND EXPERIMENTAL RESULTS OF A
DC-AC FLYBACK CONVERTER

11 INTRODUCTION

This chapter presents the project of the converter analyzed in Chapter 2. First, a
design methodology is proposed in order to determine and satisfy the design requirements.
Initial calculations based on the requirements shows that a single converter is able to handle
both switching strategies. This procedure allows a fair comparison between both switching
strategies as well as the authentication of the alternative switching strategy’s advantages.
The calculated values in the design methodology are confirmed by means of numerical
simulation and put into comparison for choice of components. Finally, experimental results
are shown for open-loop operation and some considerations towards the dynamics of the
converter are made.

Figure 37 presents the sign conventions for voltages and currents adopted for the

Szp
—— + ——

design of the dc-ac flyback converter.

— +-
S1P e T Isop lo
L1 Vime § Ch 5 V4
Vi
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Iin | ILmz ® T Ig 5
~1
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Figure 37 - DC-AC flyback converter with differential output connection.

Source: self-authorship

2| DESIGN METHODOLOGY

The design methodology starts with the presentation of the requirements in Table 3,
which are carried from one modulation to another, considering that the original intent is to
share the same prototype.
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Input Voltage E|[V]
RMS Output Voltage Vs V1
Active Output Power P W]
Switch Frequency f [Hz]
Coupled Inductor Current Ripple 4, [%]
Output Voltage Ripple A, [%]
Coupled Inductor Turns Ratio n

Table 3 - List of project requirements.

Source: Self-authorship

Once the requirements are known, one can follow the steps of the scrip below to
design the converter.

+  Determine the peak output voltage;
»  Calculate the duty cycle to obtain the required peak output voltage;

+  Calculate the magnetizing inductance based on the values for peak output
power;

+  Calculate the output capacitance C, and C,;
+  Calculate the maximum voltage over C,and C,;

+  Calculate the average and RMS current values and the maximum voltage for
the semiconductors.

31 REQUIREMENTS SPECIFICATIONS

Considering that the main goal of this thesis to design single-stage high- frequency-
isolated inverters for power grid connection, it has been chosen a small wind turbine
simulator available at the laboratory of the Federal University of Technology of Parana as
power supply. An algorithm designed to simulate the behavior of a wind turbine controls the
motor-generator setup that generates a rectified 70Vdc when its speed is set for maximum
speed. The requirements of output voltage (727 VAC) and grid frequency (60 Hz) of the
converter were adopted to match the voltage standard of the Parané state in Brazil.

Initially, a 7kW output power was considered, but further investigation revealed that
such output power would lead to low efficiency, due to switching and conduction losses.
In order to work with lower current levels, an output power of 500 W was adopted. This
decision allowed the converter to operate lower current levels, which ultimately lead to lower
magnetizing inductances; therefore, a possible reduction in the leakage inductance.
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As well as the output power, the switching frequency had to be reduced once the
switching losses were calculated. Initially stipulated as 100 kHz, concerns about the driver
technology that would be used and switching losses that could potentially degrade the
overall efficiency of the converter, led to the decision of reducing the switching frequency to
20 kHz. In addition, a potential high leakage inductance could do devastating damage to the
converter in higher switching frequencies.

As seen in equations (2.8) and (2.109), the higher the current ripple becomes, the
lower the magnetizing inductance is. The same can be said about the switching frequency,
where higher switching frequencies results in lower magnetizing inductances. Therefore,
because of the switching frequency adjustment from 700 kHz to 20 kHz, a large current
ripple had to be adopted for the coupled inductor. This allowed the converter to operate with
smaller magnetizing inductances.

The turns ratio of the flyback inductor were defined as n=7 in order to observe
the same current efforts in all four switches and to reduce a potential issue caused by
parasite and leakage inductances. This was considered an interesting point, where the best
semiconductor technology is, by date, rated for voltage levels below 600V. On the other
hand, there is the considerable disadvantage of not using the turns ratio of the coupled
inductor as a way to boost the output voltage. Thus, the voltage conversion ratio of the
converter relies solely on the duty cycle of the converter, as predicted in equations (2.3)
and (2.100). Another limiting factor is that, the prototype had to be designed to operate with
both switching strategies and perform with satisfactory efficiency levels for the purpose of
comparison, which means that this requirement is not optimized for none of the switching
strategies.

Table 4 summarizes the requirements adopted for the design of the dc-ac flyback
converter with differential output connection.

Input Voltage E 70V
RMS Output Voltage V, s 127V
Output Voltage Frequency f, 60 Hz
Active Output Power P 500 W
Switching Frequency f. 20 kHz
Coupled Inductor Current Ripple A4, 50 %
Coupled Inductor Turns Ratio n 1

Table 4 — DC-AC flyback w/ differential output connection - requirements specifications.

Source: Self-authorship

Design, simulation and experimental results of a DC-AC flyback converter

62



Despite the active output power presented in Table 4 is 500 W, the maximum power
processed by each semi-cycle is twice the desired average output power. Therefore, the
actual active output power considered to calculate the values presented in Table 5 is 1 kW,

which corresponds to the power processed whena=m/2anda=3m/2.

41 NUMERICAL SIMULATION

This section presents the simulation results obtained for the complementary and
alternative switching methods. The value of the components used for both simulations are
presented in Table 5 and were calculated based on the requirements presented in Table
4. The calculations presented for the complementary switching strategy are presented in
Appendix A, while the calculations for the alternative switching strategy are presented in
Appendix B.

The values presented in Table 5 confirms that the alternative switching strategy has
the advantages of operating the same output power with smaller duty cycle and reduced
S

RMS current in all four switches (i.e. S -

S,y and S,), although the magnetizing

[
inductance calculated is higher for the alternative switching strategy.

Complementary SW' Alternative SW? Difference (Comp/Alt)
Maximum Output Voltage 179.6 V 179.6 V
Maximum Duty Cycle 0.744 0.72 3.33%
Magnetizing Inductance 239.328 yH 253.704 uH -5.66 %
Mag. Inductance Current 21.767 A 19.853 A 9.64 %
Output Capacitors 3.974 uF 4.1 uF
Capacitors Max. Voltage 221.176 V 179.6 V 23.14 %
Average Current (S, ) 3.571A 3.571A 0%
RMS Current (S,,) 8.941 A 7.548 A 18.45 %
Max. Voltage (S,,) 273.664 V 249.605 V 9.638 %
Average Current (S,)) 3.571A 3.571A
RMS Current (S,)) 8.941 A 7.548 A 18.45 %
Max. Voltage (S,,) 273.664 V 249.605 V 9.638 %
Average Current (S,,) 0A 0A
RMS Current (S,,) 6.636 A 5777 A 14.86 %
Max. Voltage (S,,) 273.664 V 249.605 V 9.638 %
Average Current (S,,) 0A 0A -

1 Calculations presented in Appendix A
2 Calculations presented in Appendix B
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RMS Current (S,,) 6.363 A 5.777 A 14.86 %
Max. Voltage (S,,) 273.664 V 249.605 V 9.638 %

Table 5 — DC-AC flyback w/ differential output connection - calculated values.

Source: Self-authorship

4.1 Complementary Switching Strategy

The simulated circuit for the complementary switching strategy is presented in Figure
38. All simulations were performed by power electronics simulation software PSIM®.
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Figure 38 - Simulation circuit - complementary SW

Source: self-authorship

Figure 39 presents the simulation results for the output voltage of the converter and
its FFT analysis. It is noticeable that the converter almost produces no additional harmonic
content in open-loop without any duty cycle linearization.
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Figure 39 - Non-linearized output voltage. (A) V,. (B) FFT / THD. Source: self-authorship

Figure 40 presents the step response of the non-linearized control to output current
transfer function presented in section 2.2.9. The duty cycle step given to obtain the result
presented was of D=0.05, which elevates the original duty cycle of D=0.744 to D=0.794.

Simulated Circuit
Step Response - AM A

Transfer Function \' \ \
—
Step Response

AN
TV

A OO0 O N o0 ©

0.05 0.051 0.052
Time (s)

Figure 40 — Validation of the non-linearized output-current-to-duty-cycle transfer function — step of 0.05
in D.

Source: self-authorship

For smaller duty cycle variations, the non-linearized transfer function presents more
accurate response, as presented in Figure 41 for a duty cycle variation of D=0.02.
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7.5 Simulated Circuit

7 Step Response \ ‘

6.5 Transfer Function ) A
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Figure 41 — Validation of the non-linearized output current to duty cycle transfer function - step of 0.02in
D.

Source: self-authorship

The duty cycle of the converter can be linearized, using the equation presented in
(2.4) for a given voltage conversion ratio. For the requirements given in Table 4, the voltage

conversion ratio, as presented in (2.169), is 2.566.

g=Yo 1796 _ 5 566 (2.169)
En  70x1

The linearized duty cycle of the converter presents a waveform of the output voltage
even more similar to a sinusoidal waveform, which reduces the already low harmonic
content, as presented by Figure 42 (B). Figure 42 (A) shows the simulation result of the

output voltage with the duty cycle linearized, using the equation given by (2.170).

D(ar)= q(a’)—2n+\fq(a’)2+4n2 (2.170)

2q(a)

The small signal linearized duty cycle of the converter is defined as the partial
derivative of (2.170), given by (2.171).

d=""yq (2.171)

Substituting (2.170) into (2.171), results in (2.172).

g=|2tNa +4 q (2.172)

q2 q3+4
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Figure 42 - Linearized output voltage. (A) V. (B) FFT /THD.

Source: self-authorship

Therefore, for a given voltage conversion ratio, equation (2.172) returns the equivalent
small signal variation of the duty cycle. The comparative response for a voltage conversion
ratio of the linearized control to output current transfer function with the simulated circuit

(Figure 38) is presented in Figure 43. The step given was of q=0.5.

8 Simulated Circtuit
75 Step Response T~y
7 Transfer Function I
6.5 Step Response ~—s VI VAN TR ATATA TR
R
o VITHIRTRYIVRND
0.049 0.0495 0.05 0.0505 0.051 0.0515 0.052

Time (s)

Figure 43 — Validation of the linearized output current to duty cycle transfer function - step of 0.5in g.

Source: self-authorship

Because of the superior results presented with the linearization of the duty cycle,
the following waveforms presented hereon are waveforms of the converter operating with
the linearization of the duty cycle by the angular variation of the voltage conversion ratio
presented in (2.170).

Figure 44 shows the PWM pulses of the complementary switching method for each
resultant output voltage (V).
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Figure 44 — PWM command for (A) Positive semi-cycle (V,>0). (B) Negative semi-cycle (V,>0).

Source: self-authorship

Figure 45 presents the waveforms of the currents in all four switches for both semi-
cycles of the output voltage. The similarity of the simulated waveforms and the theoretical (see
Figure 16) confirms the assumptions made to obtain the equations presented in Chapter 2.
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Figure 45 - Simulated current waveforms in all four switches - complementary switching strategy.

Source: self-authorship
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The maximum voltages for switches S,,and S, are registered for V >0 when a=mv2 .
Figure 46 presents the waveforms of the voltage variation over switches S, ,and S,,.. These
waveforms confirm the theoretical waveforms in Figure 16.

VS1P VS2P
300 300
250 250
200 200
150
150 100
100 50
50 0
0 50
0.03736 0.0374 0.03744 0.03748 0.03736 0.0374 0.03744 0.03748
Time (s) Time (s)
(A) (B)
Figure 46 — Simulated voltages waveforms for V>0 in (A) S,,. (B) S,,. - Complementary switching
strategy.

Source: self-authorship

Similarly, the maximum voltages over switches S, and S, are registered for V, <0
when a = 3172. Figure 47 presents the waveforms of the voltages over switches S, and S,
for a maximum output voltage in the negative semi-cycle.
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Figure 47 - Simulated waveforms for V>0in (A) S,,. (B) S,,. - Complementary switching strategy.

Source: self-authorship

Table 6 presents the comparison of all the calculated values (using the proposed
design methodology in section 3.2) with the results obtained via numerical simulation.
These results were judged accurate enough to validate the calculations presented and for
the purpose of comparison.
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Variable Calculated®  Simulated Difference
(Calc./Sim.)

RMS Output Voltage Vo_RMS 127V 1259V 0.88 %
Peak Output Voltage Vpk_POS(V2) + AVo/2  203.664 V 196.7 V 3.55 %
Avg. Output Current lo (72) 5.568 A 5516 A 0.95%
Input Current le (r72) 14.286 A 14.086 A 1.42 %
Mag. Inductance Current  IL (172) 21.767 A 21.387 A 1.78 %
Peak Current (S,,) IS, ,_max(172) 27.209 A 26.791A 1.57 %
Average Current (SIP) /S”, (0—2mn) 3.571A 3.507 A 1.83 %
RMS Current (S ) IS,._RMS (0—2m) 8.941 A 8.747 A 2.22%
Max. Voltage (Sw) sz (rr2) 291.176 V 296.21V -1.69 %
Peak Current (S ) IS, _max(3r72) 27.209 A 26.795 A 1.55 %
Average Current (SW) /Sm (0—2mn) 3571 A 3.508 A 1.8%

RMS Current (S,)) Is,, RMS (0—2r) 8.941 A 8.75A 219 %
Max. Voltage (S, ) Vs, (3m2) 291176 V. 29621V -1.69%
Peak Current (S,) IS,,_max(12) 27.209 A 26.773 A 1.63 %
RMS Current (S,) S, RMS (0—2r) 6.363 A 6.308 A 0.88 %
Max. Voltage (SZP) Vszp(rn’Z) 291.176 V 296.18 V -1.68 %
Peak Current (S, IS, _max(3172) 27.209 A 26.795 A 1.55 %
RMS Current (S,) Is,, RMS (0—2n) 6.363 A 6.308 A 0.88 %
Max. Voltage (SZN) VSZN(SFI/2) 291.176 V 296.21V -1.69 %

Table 6 — Complementary SW — comparison of results.

Source: Self-authorship

For the analysis of the transfer function of the converter coupled to an output voltage
source, it is necessary to understand that system described by the transfer function acts
like an integrator. This characteristic is given by the term A in (2.99), which is always equal
to zero. Therefore, when the transfer function is submitted to a step in the duty cycle, the
response is integrated for infinity, as presented in Figure 48.

3 Calculations presented in Appendix A
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Figure 48 — Complementary switching strategy — open loop step response of the transfer function of the
converter coupled to an output voltage source.

Source: self-authorship

This response is an indication that the converter cannot operate connected to
the utility grid in open loop. Therefore, in order to validate this transfer function, a simple
PI controller, designed for the sole purpose of stabilizing the output was designed and
simulated. The response of the converter and the transfer function in this simulation are
presented in Figure 49.
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Figure 49 — Complementary switching strategy — closed loop step response of the transfer function of
the converter coupled to an output voltage source.

Source: self-authorship

In this case, the small-signal duty cycle d (s) has to be taken from the output of the
controller, which is made by subtracting the duty cycle of the steady-state operation when
the step is applied, leaving only the small variations of the duty cycle. This operation is
depicted in Figure 50, where: ref is the current reference; step(ts) is the current step given
in ts; C(s) is the controller; D/d is the operation performed; G(s) is the plant of the converter;
DC(s) is the duty cycle as an output of the controller C(s); and Dst is the steady-state duty-
cycle before the step.
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step(ts) ref
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Figure 50 — Complementary switching strategy — small-signal duty cycle operation.

Source: self-authorship

4.2 Alternative Switching Strategy

The simulated circuit of the converter operating with its alternative switching strategy
is presented in Figure 51.
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Figure 51 — Simulated circuit — alternative switching strategy.

Source: self-authorship

Figure 52 presents the output voltage of the converter and its FFT analysis. Through
simulation it is noticeable that the alternative switching strategy presents higher harmonic

content than the complementary switching strategy (Figure 39) in the third, fifth and seventh
harmonics.
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Figure 52 — Non-linearized output voltage (A) V,. (B) FFT / THD. Alternative switching strategy.

Source: self-authorship

The open loop transfer function of the alternative switching strategy is presented in

Figure 53. The step response of the duty cycle to output current transfer function presents

a better response, in terms of transitory behavior. In Figure 53 the difference of the average

output current is 96 mA before the step and 208 mA after the step in the duty cycle.

o T

Step Response
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Figure 53 — Non-linearized output current to duty cycle transfer function validation — step D=0.05.

Source: self-authorship

The duty cycle of the converter can be linearized in order to reduce the low frequency

harmonics and correct the waveform of the output voltage to a sinusoidal form. As described

for the complementary switching strategy, the duty cycle of the converter can be linearized

for a given voltage conversion ratio g. Considering that the requirements for both switching

strategies are the same, the value for g=2.566 described in (2.169) is valid for the alternative

switching strategy as well. The duty cycle of the converter for any given angle of a is
presented in (2.103) for switches S,, and S,, and in (2.104) for switches S, and S,,. The
simulation result of the output voltage obtained from the linearization of the duty cycle is
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presented in Figure 54.
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Figure 54 — Linearized output voltage (A) V,. (B) FFT. Alternative switching strategy.

Source: self-authorship

In comparison to the results presented in Figure 52, the simulated output voltage in
Figure 54 presents a waveform that best resembles a sinusoidal waveform, which can be
confirmed by the reduction of the harmonics in Figure 54 (B).

The linearization of the small-signal variations of the duty cycle dis obtained by the
partial derivative of equation (2.101) as presented in (2.171), which results in (2.173).

2 I3

d= /N 2.173)
(Vin=Vn+V, )

Therefore, for a given voltage conversion ratio g, (2.173) returns the equivalent duty
cycle. Figure 55 presents a comparative response of the simulated circuit with the duty
cycle to output current transfer function from a step of g=0.5. The difference before the step
between the circuit and the transfer function is 96 mA and after the step is given, when the
current settles, the difference goes to 109 mA.
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Figure 55 — Linearized output-current-to-duty-cycle transfer function validation — step of 0.5in q.

Source: self-authorship

Because the results were better with the linearization function, the results presented
in this section are exclusive to this condition.

Figure 56 shows the PWM pulses for all four switches in the simulated circuit and
the equivalent response of the output voltage. It is noticeable that, in order to use the
same output capacitors (C, and C,) in the converter, the output voltage ripple is bigger
than the voltage ripple registered for the complementary switching strategy. This is due
to the equation of the capacitor being dependent on the duty cycle and the duty cycle
(for the same voltage conversion ratio) being lower in the alternative switching strategy.
Under these circumstances, the output voltage varies from 1753 W to 1201.4 W, registering
a variation of 148.35 VI in both semi-cycles, as depicted in Figure 56.

The output voltage ripple considered for the alternative switching strategy is AV, =
28% while in the complementary it is 19.5%.

Vo>0 Vio<0

DN ce 086

(A) (B)

Figure 56 — PWM command for (A) positive semi-cycle (V>0). (B) Negative Semi-cycle (V,>0).

Source: self-authorship
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Figure 57 presents the waveforms of the currents in all four switches for the positive
semi-cycle (A) and for the negative semi-cycle (B), both when the output voltage reaches its
maximum. It confirms the theoretical waveforms presented to derive the equations for the

current in the switches in section 2.2 Figure 16.
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Figure 57 — Simulated current waveforms in all four switches — complementary switching strategy. (A)
Positive Semi-cycle. (B) Negative Semi-cycle.

Source: self-authorship

Figure 58 shows the current in the magnetizing inductances, which proves that the
alternative switching strategy operates in the continuous conduction mode (CCM) in both

positive and negative semi-cycle.
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Figure 58 — Alternative switching strategy — simulated current waveforms of the magnetizing
inductances (A) V>0. (B) V>0.

Source: self-authorship

Variable Calculated* Simulated  Diff. (%)
RMS Output Voltage VOJMS 127V 1258V 0.96 %
Peak Output Voltage ok ros eyt AV0/2 204.03 V 20493V 0.43%
Quasi-Inst. Output Current I (2) 5.568 A 5.547 A 0.38 %
Input Current /e 14.28 A 14.24 A 0.29 %
Mag. Inductance Current I (m2) 19.85A 19.81A 0.21%
Cap. Peak Voltage V. (/2) / Vb(3rv2) 179.6 V 179.2V 0.23 %
Peak Current (S,,) L1 ma (72) 24.81A 248A 0.05 %
Average Current (S ) sip 3.51A 3.45A 1.74 %
RMS Current (SYP) sip s 7.54 A 7.52 A 0.27 %
Max. Voltage (S ) V. (72) 274.03V 27111V 1.08 %
Peak Current (S1P) lsm,max (38r/2) 2481A 2426 A 2.27 %
Average Current (S, ) lon 3.51A 3.55A 1.12%
RMS Current (SW) IS”\UWs 7.54 A 7.32A 3.01 %
Max. Voltage (SIN) VSW (3r/2) 274.03V 270.96 V 1.14 %
Peak Current (S, Iszp,max (2) 24.81 A 2476 A 0.21 %
RMS Current (SZP) ISZPJWS 577 A 576 A 0.18 %
Max. Voltage (SZP) VSZP(rVZ) 274.03V 270.96 V 1.14 %
Peak Current (SZN) IszN,max (3r/2) 24.81 A 24.26 A 2.27 %
RMS Current (SZN) lsz:v,;ws 577 A 5.69 A 1.41 %
Max. Voltage (SZN) VSZN(SrVZ) 274.03V 27111V 1.08 %

Table 7 — Alternative SW — comparison of results.

Source: Self-authorship

4 Calculations presented in Appendix B
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The transfer function of the converter coupled to an output voltage source is validated
the same way it is for the complementary switching strategy. Similarly, in the alternative
switching strategy the system acts like an integrator, which makes the converter instable for
open loop operation. Figure 59 shows the step response of the transfer function.

250
200
150
100

0 0.02 0.04 0.06 0.08 0.1
Time (8)

Figure 59 — Alternative switching strategy — open loop response of the transfer function of the converter
coupled to an output voltage source.

Source: self-authorship

Because A, is zero in (2.168), the step response of the converter in open-loop
tends to infinity. Therefore, as proposed for the complementary switching strategy, the step
response of the transfer function is stabilized using a controller.

A PI controller was designed to generate the step response presented in Figure 60,
where the response of the circuit is compared to the response of the transfer function. From
this comparison, it is possible to conclude that the response of the transfer function predicts
with good fidelity the behavior of the converter.

10 Simulated Circuit
Step Response ~~

8 Transfer Function i "]
Step Response

6 ”:“ wH.HM

0.048 0.05 0.052 0.054
Time (8)

Figure 60 — Alternative switching strategy — closed loop response of the transfer function of the
converter coupled to an output voltage source.

Source: self-authorship
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For controlling and extracting the small signal variation of the duty cycle, the same

scheme proposed in Figure 50 was used.

4.3 Comparison of Simulation Results

The simulation results presented for the complementary and alternative switching

strategies, respectively, in Table 6 and Table 7 demonstrate relative accuracy with the

calculated values. The average difference of the values displayed in both tables are 2%.

Therefore, considering this proximity between calculated and simulated parameters, Table

8 presents the difference of the results obtained by means of simulation between both

switching strategies. This comparison confirms the prerogative of the alternative switching

strategy of decreasing the RMS current values in the semiconductors of the circuit.

Variable Complementary Alternative Diff. (%)
RMS Output Voltage VO s 1259V 125.8V 0.08 %
Peak Output Voltage Ve pos(2) + AV /2 196.7 V 204.93 V 4.01%
Avg. Output Current I (2) 5516 A 5.547 A 0.55%
Input Current I (72) 14.086 A 14.24 A 1.08 %
Mag. Inductance Current [, (72) 21.387 A 19.81 A 7.97 %
Peak Current (S,,) L1 maT72) 26.791 A 248A 8.03 %
Average Current (S1P) (0—>2rr) 3.507 A 3.45A 1.66 %
RMS Current (S, ) 1o s (0—210) 8.747 A 7.52A 16.32 %
Max. Voltage (S, ) VW (2) 296.21V 27111V 9.26 %
Peak Current (S ) Isnt man(3T72) 26.795 A 24.26 A 10.45 %
Average Current (Sw) (0—>2n) 3.508 A 3.55A 1.18 %
RMS Current (S,) SW s (0—210) 8.75A 7.32A 19.54 %
Max. Voltage (Sw) Vs1N(3”/2) 296.21V 270.96 V 9.32 %
Peak Current (S, ) Iopp (T2 26.773 A 24.76 A 8.14 %
RMS Current (S,) lsop s (0—210) 6.308 A 5.76 A 9.52 %
Max. Voltage (SZP) VSZP(rVZ) 296.18 V 270.96 V 9.31 %
Peak Current (SZN) szN max(erZ) 26.795 A 2426 A 10.45 %
RMS Current (S,) SZN s (0—210) 6.308 A 5.69 A 10.87 %
Max. Voltage (SZN) VSZN(3rr/2) 296.21V 27111V 9.26 %
Non-linearized THD THD 0.09 % 0.26 % -

51 CHOICE OF COMPONENTS AND PROTOTYPE BUILT

Table 8 — Comparison of simulation results.

Source: Self-authorship

Based on calculations and simulation results, this section highlights the main

requirements adopted to choose the components for the prototype. It also presents the
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requirements adopted to make the flyback inductors and the winding procedure adopted.

5.1 Switches

The first requirement observed to choose the switches were the maximum voltages
and currents during steady-state operation. According to the calculations, both maximum
voltage and current values are registered for the complementary switching strategy, as
presented in Table 9. As already mentioned in section 3.3, each semi-cycle has to process 1
kW in order to average an output power of 500 W. Therefore, all calculated values presented
are for 1 kW.

The maximum current considered is 27.209 A and the maximum voltage is 299.707
V. Based on these values, the semiconductor chosen for this application was the Infineon
IKW40N65F5. Table 10 displays the main characteristics of this IGBT.

Variable Cogx:gwiiggary Alternative Switching®
1P max 299.707 V 274.031V
Max. Voliage | 206707 v 274091 v
SZN:M 299.707 V 274.031V
L1 max 27.209 A 24.817 A
Peak Lspe o 27.209 A 24.817A
Current SIN max 27.209 A 24.817A
son max 27.209 A 24.817 A
Lo " lsp s 3.571A/8.941 A 3.571A/7.548 A
Average / RMS U - 0A/6.363A 0A/5.777 A
Current A . 3.571A/8941A 3.571A/7.548A
Lo Nson s 0A/6.363A 0A/56.777A

Table 9 - DC-AC flyback converter with differential output connection — requirements for choice of
switches.

Source: Self-authorship

An estimative of switching and conduction losses for this IGBT is presented in
Appendix C for the complementary switching strategy and in Appendix E for the alternative
switching strategy. According to the calculations, between switching and conduction losses,
a grand total of 16.278 W is expected to be dissipated during the operation of the converter

in rated output power.

5 The values displayed in Table 9 for the complementary switching strategy are available on Appendix A.
6 The values displayed in Table 9 for the alternative switching strategy are available on Appendix B.
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Variable Datasheet Value
Maximum Voltage V.. 650 V
| =25°C 74 A
DC Collector Current _
F =100°C 46 A
Pulsed Collector Current ICpuIs 120 A
Threshold Voltage V., 125V

Table 10 - IGBT IKW40N65F5 main characteristics.

Source: Self-authorship

5.2 Output Filter Capacitors

In this converter, because of the AC output of the converter, it is not possible to
use electrolytic capacitors. Therefore, a reliable capacitor for these applications is the
polypropylene capacitor. Based on the calculations presented in Table 6 and Table 7, the
rated voltage for these capacitors should be no smaller than 300 V. The capacitors chosen
for the application was the polypropylene capacitor VISHAY MKP 1840-1 and generic 1
UF/400 V polyester capacitors. Table 11 shows the details of the MKP 1840-1 capacitor.

Variable Datasheet Value
Capacitance (] 1uF
Rated Voltage u, 400 V
Permissible AC Voltage U, aus 250 V

Table 11 - Capacitor VISHAY MKP1840.

Source: Self-authorship

5.3 Flyback Inductor

Table 12 presents the requirements from both switching strategies to build the flyback
inductor.
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Variable Complementary Alternative

AC Inductance L./t 239.328 uH 253.715 uH

Lo o 27.209 A 24.817 A
Max. Current N max 27.209 A 24.817A

op 27.209 A 24.817A

N 27.209 A 24.817 A
AC Primary RMS Current ’su:,;ws 8.941 A 7.548 A

Isin rus 8.941 A 7.548 A
AC Secondary RMS Current s2p s 6.363 A 5777 A

Lo as 6.363 A 5.777 A
Current Ripple A/LM 10.884 A 9.927 A
Turns Ratio n 1 1
Switching Frequency fs 20Kk Hz 20K Hz

Because of the higher inductance value, the flyback inductor was designed by the
requirements of the alternative switching strategy, with a margin in the current to support
the higher current of the complementary switching strategy. The whole design of the flyback

Table 12 - Flyback inductor requirements.

Source: Self-authorship

inductor and its losses are presented in Appendix C.

The winding technique adopted consists in winding half of each winding
interchangeably in order to increase the practical coupling factor. Figure 61 illustrates the

winding technique used to build the flyback inductor.

PRIMARY

[0 4 g 36 26 2 b 6 3B b db db 4

[ i g 36 2k Ji b b 36 b db db 3

Figure 61 — DC-AC Flyback converter with differential output connection - winding technique adopted for

SECONDARY

the construction of the flyback inductor.

Sou

rce: Self-authorship
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5.4 Clamp Circuit

To minimize the effects of hard switching, an RCD clamp is employed for each switch,
as presented in the schematic of Figure 62. Considering that the maximum voltage on each
switch is supposedly the same, as Table 9 indicates, the same diodes and resistors were
initially applied for each switch.

S

.4
T

Figure 62 - RCD clamp.

Source: Self-authorship

It has been decided that the RCD clamp resistance would be adjusted throughout
the initial tests, in order to combine converter performance and clamping voltage. As the
experimental test were performed, the resistance of two 5 W 56 kQ in series proved to be
the best solution for the allowable rated voltage of the switch that would less impact the
efficiency of the converter.

The clamp capacitors were specified to support the calculated voltage over the
switches of a maximum of 307.5 V. Therefore, the capacitors used in the clamp circuit of
S,,and S, were polyester capacitors of 1 #F /400 V. On the other hand, in the secondary
(clamp circuit of S,, and S,,) it has been chosen polyester capacitors of 470 nF /400 V. In
the primary, the higher capacitance values are justified by the higher RMS current of the
switches.

The diodes chosen are the MUR460, whose average rectified current is 4 A, the
peak reverse voltage is 600 V and the maximum instantaneous forward voltage is 1.05 V
at 1500 C.

5.5 Prototype

Figure 63 presents the picture of the prototype built under the specifications presented
in the previous sections of this chapter.
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Figure 63 — DC-AC flyback converter with differential output connection — prototype.

Source: Self-authorship

The test setup comprises of the following equipment:

+  Texas Instruments TMS320F28335 DSP: Used to generate the command pul-
ses for the IGBTS;

«  Tektronix DP0754C oscilloscope: all waveforms and THD measurements pre-
sented;

+  Yokogawa WT500 power meter: all efficiency measurements.

61 EXPERIMENTAL RESULTS

This section presents the open loop experimental results for both modulation
strategies. Initially, it shows the prototype operating the complementary switching strategy.
The linearized and non-linearized output are presented with a resistive load. Next the
linearized duty cycle is tested for nonlinear loads. The same experiments are made for
the alternative switching strategy. Finally, the efficiencies of both switching strategies are
compared for both linear and nonlinear loads.

6.1 Complementary Switching — Non-linearized Output

Figure 64 shows the output voltage and current of the converter, trying to operate
a specified load rated for output power. The RMS voltage values presented in Figure 64 is
of 116.4 V.. Proportionally matching the design values, the RMS output current reached
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3.072 A and the peak-to-peak value was 10.65 A.
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Figure 64 — Complementary SW - non-linearized Vo & lo.

Source: Self-authorship

As Figure 65 shows, the resultant voltage ripple of the output voltage in Figure 64
was of 48 V, matching the values for which the converter was designed.

IRERE LR BRI

V2=205.8V >
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Figure 65 - Complementary SW - non-linearized voltage ripple.

Source: Self-authorship

Figure 66 shows the output current ripple as 1.072 A.
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Figure 66 - Complementary SW - non-linearized current ripple.

Source: Self-authorship

The acquisition shown in Figure 67 is the voltage across switch S, .. The overvoltage
in this waveform is product of the energy stored in the parasite inductances in both the
primary and secondary windings of the flyback inductor. For this application, the clamping
voltage was set to protect the switches without degrading the overall efficiency of the
converter, which means that the clamp circuit was set approximately for voltages of 600 V.
Thus, the clamping voltage is not visible in the acquisition of the voltages on these switches.

Figure 68 shows the voltage in S,.. The maximum voltage registered during this
acquisition in S, ,was 376.5 Vand 293.8 Vin S,,.

G OO |t ) ety

L L L L L
G soovian 0 Rysaom NCeO/ v
%o 203 42ims ddzms o

Figure 67 - Complementary SW non- linearized - | Figure 68 - Complementary SW non- linearized -
voltage on S, . voltage on S,

Source: Self-authorship Source: Self-authorship

Figure 69 and Figure 70 present, respectively, the voltages on S, and S,,. In this
acquisition, the maximum voltage registered in S, was 363.2 Vand in S, was 301.2 V.
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Figure 69 - Complementary SW non- linearized - | Figure 70 - Complementary SW non- linearized -
voltage on S, voltage on S,,.

Source: Self-authorship Source: Self-authorship

6.2 Complementary Switching — Linearized Output

According to section 3.4.1, a linearized output produces less harmonic content,
ultimately leading to a lower THD. Therefore, the output voltage/current represents a better
sinusoidal waveform. As Figure 71 shows, the converter reaches the desired 127 V.

output voltage.
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Figure 71 - Complementary SW - linearized V..

Source: Self-authorship

Figure 72 presents the voltage ripple zoomed in the crest of the sinusoidal waveform
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of Figure 71. The markers in both images measure a maximum of 205.2 V and a minimum
of 155.4 V, corresponding to a variation of AV0=49.8 V. This result shows good accuracy
with the calculated and simulated values.
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Figure 72 - Complementary SW - linearized voltage ripple AV,

Source: Self-authorship

The acquisition presented in Figure 73 shows the output current of the converter and
confirms the calculated value of the RMS current.
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Figure 73 - Complementary SW - linearized /.

Source: Self-authorship

Figure 74 shows that both the output voltage and current obtained presents low
harmonic distortion. The total harmonic distortion in the output voltage (V-THD) is 1.9%
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and in the output current (/-THD) is 2 %, which is within the European norm IEC 61000-3-2
(Class A) and the North-American norm IEEE 519 (below 5%).

Total Harmonic Distortion
5,00 Field \ Value
o 400 | Class | ClassA |
= 3,00 V-THD | 19071%
> 200 i 73 L.THD | 20038%
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voo B0Uol0nlonocooe ®veuew ||| _vms [ 1arasv
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12345678 910111213 True Power | 520.66W
Harmonics

Figure 74 - Complementary switching strategy - total harmonic distortion.

Source: Self-authorship

Figure 75 presents the waveform previously presented in Figure 73 zoomed in to
show the current ripple. The distance between the markers measure a ripple of 7.4 A, which
coincides with the simulated and calculated values shown in Table 6.
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Figure 75 - Complementary SW - output current ripple

Source: Self-authorship

Figure 76 and Figure 77 show, respectively, the voltage on S, and S,.. Both
waveforms present the voltage on the switches when the output voltage is at its maximum,
when a =,. The peak values in these acquisitions are 478.7 Vin §,,and 309.8 Vin S,
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Figure 76 - Complementary SW linearized -
voltageon S, .

Source: Self-authorship

Figure 77 - Complementary SW linearized -
voltage on S,

Source: Self-authorship

Figure 78 shows the moment when S, turns off and S, turns on while the output

voltage is maximumina="/,.

Similarly, Figure 79 shows when S, is blocked and S,, turns on while the output

voltage is maximumina ="/
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Figure 78 - Complementary SW linearized - S, off / S,, on.

Source: Self-authorship
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Figure 79 - Complementary SW linearized — S, off / S,, on.

Source: Self-authorship

The voltages on S,, and S,, are shown, respectively, in Figure 80 and Figure 81 for

rated output power when the output voltage is at its negative peak. The maximum values in

these acquisitions were 316.7 Von S, and 393.6 Von S, .
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(I

Figure 80 - Complementary SW linearized -

voltageon S,,.

Source: Self-authorship

Figure 81 - Complementary SW linearized -

voltage

onS,,

Source: Self-authorship

Figure 82 shows the moment when S, turns off and S, turns on. Similarly, Figure 83

shows the moment when S, turns off and S, turns on. Both acquisitions were performed

when the output voltage were at its maximum ina =37/ .
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Figure 82 - Complementary SW linearized - S, off / S, on.

Source: Self-authorship
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Figure 83 - Complementary SW linearized — S, off / S, on.

Source: Self-authorship

6.3 Complementary Switching Strategy — Nonlinear Load

As the experimentation progressed and the converter was performing well, a test
with nonlinear load was carried out to test the converter’s bidirectionality. The tested load is
a single-phase full-wave bridge rectifier, circuit of Figure 84, and was composed of a 1 mH
inductor as L, and six electrolytic capacitors connected in parallel of 470 uF / 400 V as CL.
The resistance R, is used to control the output power and limit the current.
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Figure 84 - Complementary SW linearized — nonlinear load

Source: Self-authorship

The resultant output voltage and current are presented in Figure 85. The unbalance
of the converter operating such output load is clear. Although the RMS voltage is 127 V, the
maximum current is 6.56 A in the positive semi-cycle and -8.32 Ain the negative semi-cycle.
This characteristic, however, tends to be minimized once a controller is designed and the

converter operates in closed-loop.

A i~ ouput
«’ Current

Figure 85 - Complementary SW linearized — nonlinear load output voltage and current.

Source: Self-authorship

The unbalance and high voltage levels at the output of the converter, prevented
the experiments to go further than 350 W, as the output voltage in these conditions were
exceeding 190 Vin the positive semi-cycle. In addition, the high harmonic distortion causes
overheating in the components, particularly in the magnetics.

However, the voltages on the switches are proportional to the output power. Therefore,
despite the distortion on the waveforms, the maximum values are similar. Figure 86 shows
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the voltages on S,, and S,, zoomed-in the positive semi-cycle of the output voltage. The
maximum values registered in this acquisition are 370 Von S,, and 462 Von S, It is
noticeable the difference in these values, however, if not by the voltage surge on S,, when

the switch blocks, the maximum values would be closer.
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Figure 86 - Complementary SW nonlinear load - voltage on S, (100 V/div) and on S, (100 V/div).

Source: Self-authorship

The same observations are true for the voltages on S,, and S, presented in Figure
87. In this acquisition, the voltage on S, is 376 Vand in S, is 452 Vin the negative semi-

cycle when the voltage is maximum.
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Figure 87 - Complementary SW nonlinear load - voltage on S, (100 V/div) and on S, (100 V/div).

Source: Self-authorship
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6.4 Alternative Switching Strategy — Non-linearized Output

Figure 88 shows the alternative switching operating a linear load with a non- linearized

output. Similar to the non-linearized output voltage of the complementary switching strategy,

the RMS output voltage only reached 97 VRMS. The markers on Figure 89 shows a voltage

ripple of 73 V (V1=143V / V2=216).

Figure 88 - Alternative SW - non-linearized

Source: Self-authorship

Figure 89 - Alternative SW — non-linearized voltage
ripple AV,

Source: Self-authorship

Figure 90 shows the non-linearized output voltage and current. Figure 91 presents

the current waveform zoomed-in with a ripple of 1.926 A.

Vo D¢

4

lo C)¢

T NN

Figure 90 - Alternative SW - non-linearized Vo
and /.

Source: Self-authorship

Figure 91 - Alternative SW - non-linearized
current ripple A/,

Source: Self-authorship

Figure 92 and Figure 93 shows the voltage over the switches S, and S, for a peak

positive voltage output.
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Figure 92 - Alternative SW non-linearized voltage
over S,,.

Source: Self-authorship

Figure 93 - Alternative SW non-linearized voltage
over S,

Source: Self-authorship

Figure 94 shows voltage on S,, and S,, in the transition of zero output voltage.

Similarly, Figure 95 shows the voltage on S, and S, in the transition of zero output voltage.

Vsip )

-
B

Vs2rCp

st

Figure 94 - Alternative SW non-linearized
transition negative/positive semi-cycle.

Source: Self-authorship

Figure 96 and Figure 97 show the voltages, respectively, on S, and

VSIN B k

VsanDe- ~J

Figure 95 - Alternative SW non-linearized
transition positive/negative semi-cycle.

Source: Self-authorship

S,., when the

2N’

output voltage is at its maximum in a = ®7,, therefore in the negative semi-cycle.

G wovian w0 Sysoom
GEDRoV 280ps 3a9ms 3sims

Figure 96 - Alternative SW non-linearized -
voltage on S,

Source: Self-authorship

Figure 97 - Alternative SW non-linearized -
voltage on S,,.

Source: Self-authorship
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6.5 Alternative Switching — Linearized Output

Once the output is linearized, the converter operates at its rated output power of 500
W and both output voltage and current represents a sinusoidal waveform. Figure 98 shows
the output voltage of the converter in 127 V_, .. The voltage ripple in Figure 99 is higher than
the calculated because the prototype uses an equivalent output capacitance of 3 i/F, which
should give a ripple of 67.35 V. In this acquisition, the voltage ripple is 73 V.

Figure 99 - Alternative SW linearized V, - voltage
Figure 98 - Alternative SW linearized output ripple AV,
voltage V. Source: Self-authorship
Source: Self-authorship

Figure 100 shows the output current of the converter operating a resistive load. In
this acquisition, the output power of the converter was 528 W, which explains why the RMS
current in this figure is 4. 749 A. The calculated value for a similar output power returns 4.157
A, which indicated good accuracy of calculations. Figure 101 presents the waveform from
Figure 100 zoomed-in to show the ripple of the output current at 7.949 A.

Figure 101 - Alternative SW linearized /, - current

Figure 100 - Alternative SW linearized output fipple Al
current /. Source: Self-authorship

Source: Self-authorship

Figure 102 shows that both output voltage and current in the alternative switching
strategy presents small harmonic distortion. However, even though this switching strategy
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is still within both norms IEC 61000-3-2 (Class A) and IEEE 519 (below 5%), both values
are higher than the results obtained for the complementary switching strategy, presented in
Figure 74.

Mode IEC 61000-3-2

Total Harmonic Distortion

Equipment Class | Class A
5 Vams(V) 129,69
o 4
23 Irms(A) 4,108
o
z 2 H OLimit(A) Line Frequency 60.03 Hz
1
0 DUl alananan mvlen True Power(W) | 528,2
1 2 3 4 5 6 7 8 9 10 11 12 13 V-THD(%) 2,69
Harmonics I-THD (%) 2,57

Figure 102 - Alternative switching strategy - total harmonic distortion.

Source: Self-authorship

The waveform presented in Figure 103 and Figure 104 show the voltage measured,
respectively, on S, and S,, when the output voltage is at is maximum in a = "/,. The peak
voltage registered in this acquisition is 382.8 Vfor S,,and 283.1 Vin S, Itis noteworthy that
the peak voltage values of the alternative switching strategy are smaller in comparison to
the complementary switching strategy, thus confirming the predictions made via calculation
and simulation (see Table 8and Table 9).
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pregrwgey)
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Figure 103 - Alternative SW linearized output -
voltage on S,

Source: Self-authorship

Figure 104 - Alternative SW linearized output -
voltage on S,

Source: Self-authorship

Figure 105 shows the juxtaposition of the voltage on S, and S,, when S, turns off
and S, turns on. This acquisition was made when the output voltage is at its maximum for
a ="/, therefore, in the positive semi-cycle.

Similarly, Figure 106 shows the voltage on S, when it turns off and in S, when it

turns on. This acquisition was made when the output voltage is at its maximum for a = %7/,
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therefore, in the negative semi-cycle.

vy MO By500M ACD o4y Somsldiv 4ONSSs  250nslpt
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Figure 105 - Alternative SW linearized — S, off / S, on.

Source: Self-authorship
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Figure 106 — Alternative SW linearized — S, off / S, on.

Source: Self-authorship

Figure 107 and Figure 108 show the voltage measurements on S, and S,
respectively, when the output voltage is at is maximum in a = 37/. The maximum voltage
values registered in this acquisition on S, is 356.1 Vand on S, is 289.9 V.
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Figure 107 - Alternative SW linearized output - Figure 108 - Alternative SW linearized output -
voltage on S, voltage on S,,.

Source: Self-authorship Source: Self-authorship

6.6 Alternative Switching Strategy — Nonlinear Load

The successful results presented thus far for the alternative switching strategy were
considered satisfactory enough to assume that the bilinearity of the converter could be
tested. Therefore, for the operation with nonlinear loads, the duty cycle of the converter had
to be linearized, as the voltage spikes were too high when it was not. The resultant output
voltage and current for a nonlinear load are presented in Figure 109.

i Qutput
_/.\  Current

Figure 109 — Alternative SW nonlinear load — output voltage and current.

Source: Self-authorship

Although in smaller scale, the unbalance of the current in this switching strategy is
still present. In this case, the maximum current in Figure 109 is 6.169 A and the minimum
is -7.853 A.
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6.7 Efficiency Tests

During the experiments, the efficiency of the converter was tested. The calculated
curves in Figure 110 show that the approximations made to determine each component
losses gave a close overview of what happens in the prototype. Further analysis on the
losses generated by the RCD clamp circuit can be made to approximate the calculated
curve with the actual experiment even more. All calculations made to obtain the curves are
presented in Appendix C (complementary switching strategy) and Appendix E (alternative
switching strategy) and were performed using only information available in the datasheet of
the components.

As the experiments were performed, an efficiency curve was obtained for every
tenth of the rated output power. These results are put into perspective with the calculated
efficiency values, represented by the dashed lines, in Figure 110. In the complementary
switching strategy, the values averaged a difference of 0.5 % from the calculated values to
the experimental results in the range of 700 Wto 500 W. In this case, all calculated values
are higher than the experimental test results. The average difference in the alternative
switching strategy is -0.5 % in the range of 50 W to 500 W. It is noteworthy that the curve
described by the experimental results crosses the curve of calculated values in 450 W and,
from this point onwards, tends to distance itself from the calculated curve. This is due to the
oversizing of the conduction losses in the calculations. Thus, as the output power increases,
the switching losses become more expressive, causing the crossing of the curves.

Overall, in the experimental test results, the alternative switching strategy presents
an efficiency that varies from 2% to 2.6% higher than the complementary switching strategy.
These results confirm the initial premise of the alternative switching strategy, showing that
the reduction of the RMS current values and maximum voltages in all semiconductors are
indeed a strong indicator of efficiency improvement.
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POWER EFFICIENCY OF THE DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL
OUTPUT CONNECTION

—¢— Complementary SW - Experimental — ¢ = Complementary SW - Calculated

e Alternative SW - Experimental = & = Alternative SW - Calculated

EFFICIENCY (%)
[+
&

0 50 100 150 200 250 300 350 400 450 500
Active Output Power (W)

Figure 110 — Efficiency of the DC-AC flyback converter with differential output connection — linear load.

Source: Self-authorship

Figure 111 compares the experimental test results obtained from both switching
strategies for linear and nonlinear loads. Although the tests performed with nonlinear load
for both switching strategies had to be aborted when the output power reached 350 W, their
respective curves show good fidelity to the curve obtained with linear loads.

EFFICIENCY COMPARISON BETWEEN OF LINEAR AND NON-LINEAR LOADS

—— Complementary SW - Non-linear Load — 4 = Complementary SW - Linear Load

== Alternative SW - Non-Linear Load = & = Alternative SW - Linear Load

et m—— e —— e _ e S

:'“"*-:.____ T A

EFFICIENCY (%)
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Active Output Power (W)

Figure 111 - DC-AC flyback converter with differential output connection — efficiency comparison
between linear and nonlinear loads

Source: Self-authorship
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71 CONCLUSION

The converter presented in this chapter is an attractive alternative for a single- stage
dc-ac converter. The open-loop results indicate that this converter is a well- suited off-line
solution for simple applications that does not require closed-loop control as well as good
potential for grid connection applications.

As expected, the alternative switching strategy increases the efficiency of the
converter, presenting an average efficiency of 86.4 % in rated output power. It is noteworthy,
that it would be necessary two converters with 93 % of efficiency to process the same output
power in a two-stage configuration. It was verified that the superiority of the efficiency levels
were achieved not only because of the reduced RMS currents in all semiconductors, but
also by the significant reduction of the voltage spikes, particularly on S,,and S,

On the other hand, the same prototype operating the complementary switching
strategy presents an average efficiency of 83.4 % for rated output power. Although the
results are not as satisfactory, once put into the perspective of a two-stage configuration,
it would require two converters operating with an average power efficiency of 91.3 % to
produce the same overall result.

A setback of this topology, regardless of the switching strategy used, is that the hard
switching causes a considerable voltage surge in both switches on the primary windings
of the flyback inductors. In a bid to improve the efficiency, the converter was tested using
the MOSFET SPW47N60C3 and better results were achieved, peaking an efficiency of
88.1 % for rated output power for the alternative switching strategy. However, issues with
the driver technology used did not allow the converter to operate smoothly, causing shut
down events as the magnetics heat up. It is important to call attention to the potential of
the converter if better switches and driver technologies are implemented or if the turns ratio
of the flyback inductor is used in favor of one or another switching strategy. It is still worth
mentioning that, during the tests performed with nonlinear loads, the observed unbalanced
output needs to be investigated as to whether it is an intrinsic characteristic of the prototype
built, which can be minimized with a controller in closed-loop operation, or if it is intrinsic to
the topology/switching strategies tested. Part of this behavior can be observed with linear
loads; however, this problem was emphasized with nonlinear loads.

At this point, some new considerations had to be made towards the sequence of
this research. On the one hand, original contributions, such as the alternative switching
strategy and the transfer functions of the converter coupled to an output voltage source
for both switching strategies were performed and validated by means of simulation. On
the other hand, the efficiency levels demonstrated by the converter were not considered
overwhelmingly satisfactory, to the point of investing a considerable amount of time to
perform the connection of the converter to the utility grid.

Consequently, the direction adopted for the progress of this research was towards
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a new single-stage topology capable of solving the problem caused by the voltage surge in
the primary windings of the flyback inductors, as an attempt to increase the power efficiency
levels. The purpose of this new converter is to study a new topology with potential of being
integrated to the utility grid and operating in higher switching frequencies by means of soft-
switching techniques. Chapter 4 presents the static analysis, currents and voltages in all

components and control to output transfer function.
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ACTIVE-CLAMPING SINGLE-STAGE FLYBACK CONVERTER

The flyback converter is a topology that offers simplicity of design and ease of
control while keeping a low component count. In Chapters 2 and 3, the dc-ac flyback
converter presented confirms the simplicity of design that the topology can offer as an
alternative for grid-tied converters. However, because of the voltage spikes caused by the
leakage inductance and hard switching of the main switch, which often leads to reduced
efficiency levels; usually, the converter is restricted to applications of low output power. This
phenomenon is shown in Figure 67 and Figure 69 for the complementary switching strategy
and in Figure 103 and Figure 107 for the alternative switching strategy. As an alternative to
solve this problem, many authors have researched different ways to clamp the voltage spike
at the main switch, while others invest in soft-switching techniques. This chapter presents
an active-clamping circuit to reduce the voltage spikes, offering zero voltage switching
(Z2VS) for the main switch.

11 INTRODUCTION

From all possible uses of a flyback converter as a single-stage dc-ac converter,
simply known as flyback inverter, one particular inverter base topology has attracted special
attention from the research community’.

For renewable energy applications, mainly for solar energy applications,
simple bidirectional approaches have been explored, as presented in (SUKESH,
PAHLEVANINEZHAD e PRAVEEN, 2013), (SARANYA e CHANDRAN, 2015) and in
Figure 112. In these cases, similar to the flyback converter presented in Chapter 3, the
leakage inductance is a problem that can cause overvoltage across the switches as the
main transistor turns off, potentially causing the destruction of the switch or, in contrast,
oversizing the switch to bear the overvoltage.

RCD clamps can address this problem offering a direct and simple solution, although
resulting in reduced levels of efficiency. In this case the energy stored in the leakage
inductance ends up dissipated as heat, resulting in significant power loss, as affirmed by
(IIDA e BHAT, 2005) and exemplified by the prototype built for the experimental results
presented in Chapter 3.

1 (KASA, IIDA e CHEN, 2005), (MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS, 2014), (ABRAMOVITZ,
CHIH-SEHNG e SMEDLEY, 2013), (ABRAMOVITZ, HEYDARI, et al., 2014), (SARANYA e CHANDRAN, 2015), (MO,
CHEN, et al., 2011), (KIM, KIM, et al., 2011), (JOHNY e SHAFEEQUE, 2014), (IIDA e BHAT, 2005), (SHIMIZU, WADA
e NAKAMURA, 2006)
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Figure 112 - Bidirectional flyback inverter.

Source: Self-authorship

In (IIDA e BHAT, 2005) and Figure 113, a flyback inverter that reduces the leakage
inductance effect in the main switch is proposed. The technique, called switched snubber
circuit or primary current steering, makes use of the leakage inductance of the flyback
inductor to achieve zero voltage transition in the main switch. The prototype build in this
case operates with a 30 V of input voltage, 700 V of output voltage, switched at 50 kHz and
output power of 700 W. While connected to the utility grid, the efficiency with 70 W of output
power is approximately 84 %.
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Figure 113 - Flyback inverter with LC snubber.

Source: Self-authorship

In order to improve the efficiency of the topology even further, in (ABRAMOVITZ,
CHIH-SEHNG e SMEDLEY, 2013), (VARTAK, ABRAMOVITZ e SMEDLEY, 2014) and
(MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS, 2014) a regenerative snubber
circuit is proposed. By adding an auxiliary winding to the flyback inductor, the leakage
inductance can be used to achieve soft switching. The main advantage of this technique is
that it does not need an additional discrete inductor, sparing area in the PCB while achieving
better performance levels. In (MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOS,
2014), a prototype is presented with an input voltage of 45 VDC, output voltage of 1710 V.
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and restricted to a maximum output power of 100 W. The specific switching frequency as
well as the efficiency levels registered were not reported. Figure 114 shows the topology of
the inverter studied by (MUKHERJEE, PAHLEVANINEZHAD e MOSCHOPOULOQOS, 2014).

Co= Vo

Figure 114 - Flyback inverter with regenerative snubber.

Source: Self-authorship

In this chapter, an active-clamping circuit for the flyback inverter operating in
continuous conduction mode (CCM) is presented. The inverter makes use of an additional
discrete inductor in the primary winding to achieve ZVS on both switches of the circuit.
Theoretically, the switches in the circuit of the secondary windings can also achieve ZVS
during the zero voltage transition of the ac output. The switching strategy adopted is a high
frequency complementary switching between the main and the auxiliary switches (S7 and
SG@G), and grid frequency for the switches in the secondary windings of the converter. The
circuit of the proposed inverter is presented in Figure 115. It is worth noting that this topology
is not bidirectional as the previous structure presented in Chapters 2 and 3 were. This is
due to a design choice of operating with only four switches, considering that a bidirectional
topology would require the diodes DP and DN to be replaced for switches.

Le 1n Dp S

J_ e = *

Co e Vo

L] DN SN

et
Figure 115 - Active-clamping flyback inverter.

Source: Self-authorship
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21 SWITCHING STRATEGY

Figure 115 presents the main circuit configuration of the single-stage active- clamping
dc-ac flyback converter. The circuit consists of two switches in the primary winding, being
S1 the main switch and S, the auxiliary; a flyback inductor with its magnetizing inductance
L,,and turns ratio of 7:n; a discrete auxiliary switching inductor L .; and an auxiliary capacitor
for active-clamping C,.. In the secondary windings, there are two blocking diodes D, and D,;
two control switches S, and S,; and a capacitor C, acting as output filter.

Switches S, and S, are switched complementarily, so that the converter operates
in CCM. Switches S, and S, provide the path to the output ac current, in order to generate
positive and negative semi-cycles, respectively. Figure 116 presents one switching cycle of
the switching strategy adopted for this converter. In Figure 116 (A), the output voltage of
the converter is in the positive semi-cycle due to the command in S,. The semi-cycle of the
converter changes to negative when S, is turned off and S, is turned on, as in Figure 116
(B).

D (Ton) D (Ton) D (Ton) D (Ton)

Vas S 2] 2 Vas S1] 7] %

0 1-D (Tor) Ts t 0 1-D (T o) Ts t
Ves S Vas Sg

0 T 1 0 T, 1
Vas Sp Ves Sp

0 Ts 1 0 T, 1
Vs Sy Vas Sy

0 T 0 T

(A) (B)

Figure 116 - Active clamp flyback inverter - switching strategy (A) for V >0 (B) for V >0.

Source: Self-authorship

31 OPERATING STAGES

To simplify the analysis of the inverter, all semiconductors are considered ideal,
the flyback inductor is modeled as an ideal transformer with its magnetizing inductance
represented by L, and turns ratio of 7:n. Both secondary windings of the inductor have the
same number of turns.

In the first operating stage (see Figure 117), switch S, is turned on. Therefore, the
input voltage V,, charges the magnetizing and clamp inductances, respectively L, and L,
as the current circulates through S,. Diode D, blocks the output voltage V,, while the output
capacitor Co discharges itself to the output load.
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Figure 117 - Active-clamping flyback converter - first operating stage V >0.

Source: Self-authorship

The second operating stage begins when S7 is turned off. The current in LG finds its
way through C, and C

SG’
soon as the voltage across SG reaches zero. Figure 118 shows the equivalent circuit for the

charging and discharging them, respectively. This stage ends as

second operating stage.
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Figure 118 - Active-clamping flyback converter — second operating stage V>0.

Source: Self-authorship

The third stage (Figure 119) starts when D, becomes forward biased. In such
condition, the current through L ; is directed to the clamping capacitor C,, thus enabling the
circuit to recover the energy stored in this element. It is noteworthy that S, must be turned
on during this stage to guarantee ZVS condition for this component. This stage lasts until
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the current through L, reaches zero.
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Figure 119 - Active-clamping flyback converter - third operating stage V,>0.

Source: Self-authorship

Considering that the current in L, tends to zero during the third operating stage, S,

has to turn on to start the fourth operating stage before the current becomes null, allowing it

to assume negative values. During the fourth operating stage, S, and D, are still turned on,

discharging the current of the magnetizing inductance in the secondary winding and to the

output load. Figure 120 presents the equivalent circuit of the converter during this operating

stage.
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Figure 120 - Active-clamping flyback converter - fourth operating stage V,>0.

Source: Self-authorship
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The withdrawal of the command pulse from SG starts the fifth operating stage (see
Figure 121). In order to preserve its continuous behavior, the current in L starts flowing
through C, and Cg,,
S, becomes null, this stage is finished.

discharging and charging them, respectively. When the voltage across

r A
Lo 1in ElP : S I
— T oo b,
_l_ LG L] " | IO
CG_|_VCG L " |
| MV 3y | Comm Vo
., So(DeACse~ I A o
VIN —_ |___|____| ”J I
Tis D '
Tl S N
Si { DI G~ e Dy | sy | |
— L — Lo e

Figure 121 - Active-clamping flyback converter - fifth operating stage V >0.

Source: Self-authorship

At the beginning of the sixth stage (Figure 122), D1 becomes forward biased. When
this operating stage begins, the current in L is at its minimum value on the up turn to
zero and positive values, offering ZVS condition to S, as the current circulates through C..
Therefore, as soon as the current though L, becomes null, this stage ends.

+ 0+
o
Comr= Vo

——————f e

Figure 122 - Active-clamping flyback converter - sixth operating stage V >0.

Source: Self-authorship
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As the current in L, reaches zero, the seventh operating stage begins (Figure 123).
Since the value of the current in L is lower than the current in L,, D, remains forward

biased. When these currents become equivalent, D, blocks and finishes this stage.

¥
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Figure 123 - Active-clamping flyback converter - seventh operating stage V>0.

Source: Self-authorship

4| STATIC ANALYSIS

Figure 124 presents typical waveforms within a switching cycle for both the active
clamp inductor and magnetizing inductance currents and voltages, respectively, / ., V,

L@
l,,and V,

" @s well as the current /, in the blocking diode D,. The waveforms presented

consider the converter’s operation as an output voltage step-up operating in continuous
conduction mode. The values presented in these waveforms are obtained from the mesh
analysis of the equivalent circuit for each operating stage, which are important to determine
the duration of the operating stages.

To simplify the analysis of the converter, the second and fifth operating stages are
taken out of the analysis due to its low contribution in terms of voltage and current variations
and for its short duration. The sum of the operating stages where S, is turned on corresponds
to the total time in which DT_has been attributed, in this case the first, sixth and seventh
operating stages, as given by (4.1).

N+ N+ A =D (4.1
For Ts is the switching period, established by the switching frequency f. The

remaining operating stages in one switching cycle corresponds to (7-D)T, thus resulting in
(4.2).
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Figure 124 - Typical operating waveforms for the positive semi-cycle.

Source: Self-authorship

Due to the variation of the current in the magnetizing inductance in one switching
period, it is crucial to define the length of each operating stage so the converter can operate
within certain requirements.

The voltage on the auxiliary inductance L, presented in Figure 124 and transcript to
(4.3), can define the duration of the first operating stage.
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Vie =V Vi (4.3)

Where VINis the input voltage, V,,,and V, ; are the voltages on the magnetizing (LM)
and auxiliary inductances (L), respectively, during the first operating stage. Considering
that V, = L9/

. » the time variation of the first operating stage, based on the current in the

auxiliary inductance, presented in (4.3), is defined as given by (4.4).

Afl= LG(ILZ_ILI) (44)
Vm - VL.\I (Ajr 1 )

In (4.4), |, and | , are the two currents identified in Figure 124 for /,, and / ; in the
first operating stage.

Neglecting the time variation of the second operating stage makes the duration of At,
and At, equal, because the voltage over the auxiliary and magnetizing inductance are equal
during both operating stages. Considering that the sum of both third and fourth operating
stages results in the total time in which S, is turned off, the time length of each operating
stage corresponds to half the time where SG is turned on. Therefore, At, and At, are defined
as given by (4.5).

1-D)
27,

At, = At :(

3 4

(4.5)

The duration of the seventh operating stage is taken from the variation of the current
in the magnetizing inductance presented in Figure 124 and transcript to (4.6).

Vv
Vi (At7) =V + % (4.6)

From (4.6), the relationship V, = L%/ defines the time variation of the seventh
operating stage as given by (4.7).
v
fel V/ (4.7)
0
Y+

The duration of the sixth operating stage, is obtained by substituting equations (4.4)
and (4.7) in (4.1). This operation results in (4.8).

vup+0"%/ Yy
At = n__/n (4.8)
4
zfr ‘/J'N + n

Once the duration of each operating stage is known, important variables that

At, =

define the operation of the converter must be defined, such as the current variations on
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the magnetizing inductance, used to determine the duration of the operating stages. The
analysis of the circuit during the first operating stage indicates that the current flowing
through the magnetizing inductance is the same current that flows through the auxiliary
inductance (see Figure 117). Equation (4.9) shows the relation of this current in the first

operating stage.

=1 (4.9)

LM
Concerning the voltages during the first operating stage, (4.10) shows the relationship

of the voltages across L,, L, and the input voltage.
V +Vm IN (4.10)

As a function of voltages and inductances, equation (4.9) can also be written as
given by (4.11).

Vio Vo (4.11)
L, L,

Using (4.10) in (4.11) the voltages VLG and VLM are, respectively, defined in (4.12)
and (4.13).

_ LV

= 4.12

e LG+I‘M ( )
LV,

v, = (4.13)
L;+L,

Once the equations that determine the voltage values in the magnetizing and
auxiliary inductances during the first operating stage are known, the currents / , and / , from
Figure 124 are obtained from the inductor’s voltage equation. Therefore, considering that

V% _(1.- h% , another expression that defines At is obtained as given by (4.14).
G 1

(]LE_IU)(LG +LM)

At = 414
| v (4.14)
The current |, presented in (4.15) is obtained by substituting (4.7), (4.8) and (4.14)
in (4.1).
Vi
f v v/ l’\( IN /] (L +L )(V + %JIU
s +
I (4.15)

2= v
L\"LYJ + ( LG + L.w )[VIN * % j

The unknown variable / , from equation (4.15) is obtained from the principles of the
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Volt-second balance in L,, which reads as in (4.16).

W —vio e (Y Vo[V e (e (V)0 418

From this point onwards, in order to simplify the equations presented, the inductance
factor in (4.17) is used.

L.
Q=G '
I (4.17)

‘M
The variable /, is then obtained from (4.16) by performing the substitution of A, as

presented in (4.14), At,and At, as in (4.5), At as in (4.7), At,as in (4.7), | ,as in (4.15) and

’ L2
finally V,, as in (4.12). It is noteworthy that V, ; in (4.16) refers to the average voltage over

L only during the first operating stage. The current / , is defined as given by (4.18)

v (0-2)" " 00|+ v+ ) 4 (v 4
201, (LU V% +1, (vm +Vy/ ))

Once the variable / , is known, the current / , defined in (4.15) can be re-written as

V V
g, =2t D %_ % (4.19)

2L, f,

The current in the auxiliary inductance, In Figure 124, varies from / , to /, during

1, = (4.18)

presented in (4.19).

the first operating stage and from /, to / ; in the third and fourth operating stages. Because
of the absence of the second and fifth operating stages in the equations, the current / ; is

considered the negative value of / ,, as (4.20) defines.

I,=—, (4.20)

Because the converter operates in continuous conduction mode, the average current
in the magnetizing inductance is the arithmetic average of / , and / ,. Thus, the variation
of the current in the magnetizing inductance is described as the difference between the

maximum and minimum points of the variation, namely / , and / ,, respectively, divided by

L1
the average current in the magnetizing inductance, as given by (4.21).

Al ==t (4.21)

The simplified equation that defines the variation of the current in the magnetizing

inductance in terms of the inductance factor and static gain (M) is presented in (4.22).
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2AM
Al,,, = 4.22
(M +1)(D-M +DM — AM + DAM ) (4.22)

From the analysis of the converter, one can allege that the average output current of
the converter is the same as the average current in the diode D, in the positive semi-cycle.
However, according to the waveform presented in Figure 124, it is necessary to know the
variable / to obtain the equation that defines the average currentin D,.. On the other hand,
/ given by (4.23).

.. is component of the linear transition from / ,to /

L1

; _ L (A + AL+ 1, (At +Ar) (4.23)
= At +At, + At + At '

The average output current (/) is written as the average current in D,,, as in (4.24).

P (4.24)

0
n

By substituting (4.19), (4.23) and its respective time variations (At ..., At) in (4.24),
the output current is given by (4.25).

(leﬂwD + L(;D‘% + LMDV% - L(; V% - L.u V%jv.w
In =
(Vi + 1"+ 1, oL,

The equation of the output current, presented in (4.25), per-unit is defined in (4.26)
and given by (4.27).

(4.25)

— 2fL.nl
I, =2LLe (4.26)
Viv
— D+DAM +DM -M (A+1)
I,= (4.27)
1+MA+M
Another unknown variable presented in Figure 124 is the voltage V,; which

corresponds to the voltage on the auxiliary capacitor C,. This variable is present in the
voltage analysis of the magnetizing inductance (V,, ) in the third and fourth operating stages.
Therefore, the duration of the third operating stage can be defined by the voltage variation
on the magnetizing inductance as given by (4.28).

~L,1,
At :Lv' (4.28)
‘/('(;' + %

Considering that the third and fourth operating stages have the same duration, by
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substituting equation (4.28) in (4.2), V., is obtained as presented in (4.29).

_2f,=L(; ([2 - @JV;\ (VJN + ﬁ}"‘ (L(; + LM )[v.',\- + ﬁ} lLl]
-f; b n n VO

Vv

VCG = (429)

The voltage on the auxiliary switching capacitor (V,,) in (4.29) is simplified by

substituting the current / , from (4.18), which gives (4.30).

Lr
-DV

- I 4.30
D (4.30)

cG

Finally, of all the equations presented there are two unknown variables remaining,
namely, the inductance factor ( A ) and the operating duty cycle ( D). These two variables
are obtained from the evaluation of the minimum value that satisfies equations (4.22) and
(4.27), considering that the voltage conversion ratio, the current ripple in the magnetizing
inductance and the auxiliary switching inductor are initial design requirements.

However, once the converter operates an AC output, the static gain varies with the
same angle of the sinusoidal output voltage. Therefore, the duty cycle needs to follow this
angular variation in order to produce the desired AC output. The voltage conversion ratio
adopted is presented by (4.31).

g(a)=Msin(a) (4.31)

The equation of the duty cycle is then obtained by isolating D from (4.27) and
substituting M for g (a ), as given by (4.31), in order to obtain the desired alternate output.
The duty cycle of the switches located in the primary winding of the flyback inductor, namely
S, and S, is defined in (4.32).

Tﬂ(a)[ (a)A+q(a)+1]+q(a)[1+1]

F —0<a<x
D()= g(a) +q( )+1 432)

—I, (@) -q(a)A—q(a)+1]-g(a)[A+1]
—q(a )ﬂ—q( )+1

However, DP and SP are switched only when a varies from 0 to 1, whilst D, and S,

S T<H<2T

are switched only when a varies from rrto 21, as given by (4.34) for the former and by (4.33)
for the latter.

(@) q(@)2+q(a)+1]+q(a)[A+1]
DP(G)= d(@) A+ q(a)] —-0<a<rw (4.33)

O—-rm<a<2rm
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0—=0<a<rm

D, (a)= —I_“(a)l:—q(a)l—q(afh I]—q(a)[/l +1] e wean (4.34)
—q(a)i-q(a)+1

51 AUXILIARY SWITCHING INDUCTOR (LG)

The duration of each one of the operating stages varies along the variation of a in
order to produce the desired alternate output. Therefore, the currents identified as /,and / ,,
defined by equations (4.18) and (4.19), respectively, presents different values as a varies

from zero to 2rt. Considering this, / , is rewritten as presented in (4.35).

2
A{V]N V()(Q’)D(a)+[w] (D(a)_l)]+D(a){V1N+V()(a')}_VO(a'){V]N +V0{a)}

n n n n n

” ( ) v ( ) O<a<m
| Jol® o\*
2/1jj{ - Lo+Ly | Viy+ . ]J
I (a)= 5
Vo(@)

n IN n n n

(D(a)l)]‘rD(a)

v V()(“)]+V0(“)[V1NW]

v (@) V(@) —r<a<nr
-V (& o

- 0 0

211,)‘“{ ; LG+LM (VIN N

(4.35)

It is noteworthy that both equations presented in (4.35) are essentially the same as

in (4.18), although because of the polarity dot of the flyback inductor, the output voltage
changes its signal for V <0 when m<a < 2. The same consideration applies to the current

I, presented initially in (4.19). Considering this, (4.36) presents an equation for /, that
assumes the variations of a from zero to 2m.

V,ND(a)+D(a)v“’(?a) —V"ia)
T —=0<a<rx
I,(a)= o (4.36)
v, D(@)+ D(a)“’"”(“) nac ’(1“) 2
ZLGf_‘_ = T<ALIT

Once these current values as known, the duration of each operating stage can be
rewritten to assume its duration for any given angle alpha. Initially defined in (4.14) the
duration of the first operating stage is given by (4.37).

(Iu (a)'l' 1y (a))(L(; +Ly, )
V

IN

ary(a)=

(4.37)
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Similarly, At, (a) and At, (a) are written as the duty cycle changes its values for any
given angle alpha, as presented in (4.38).

1-D(a)

2 (4.38)

At (@) =Ar,(a)=

Considering that the duration of the operating stages are obtained by the analysis

of the current in the auxiliary switching inductor, it is worth noticing that the considerations

made in regard to the voltage variation in the secondary winding for currents /, (a) and /,

(a) are valid for all operating stages as well. Therefore, the duration of the sixth operating
stage is given by (4.39).

Vv

IN

Aty ()= (4.39)
V,D(a)+D(a)———

IN

2f\ (Vm -

Similarly, once the duration of the seventh operating stage depends on the output
voltage of the converter, At, (a) is defined as given by (4.40).

LGILI (a)
V(@)
At () = " (4.40)

o
— Y 2 T<aA<2T

—s0<a<x

As soon as the duration of the operating stages and the values of the currents /, ()
and /,, (a) are known, it is possible to calculate the average and RMS current values for all
components of the converter.

Figure 125 presents the waveform of the current in L, during one switching period.
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Figure 125 - Current waveform of the auxiliary switching inductor L.

RNEY,
|

Source: Self-authorship

The average value of the current in the auxiliary switching inductor L, during a period
of the output voltage, is given by the integral equation (4.41).

. :LT("Ll(a)"‘ILz(a'))A’l(a)"'([u(a)_11.2(a))(mo(a)"'mv(a))da (4.41)
2z 2T

0 5

The RMS current value in L is derived from equation (4.42).

2z
1 A+B+C
L s =.— | ————d 4.42
LG _ RMS 2?1_ g) 37-.‘ a ( )
Where:
2 2 .
. Az([Ll(a) +1Ll(a)1L2(a)+IL2(a) )Arl(af),

e RB= ILZ(a)(Ars(a)+At4(ar)) ;

c= (1” (@) =1, (@)1 (@) + 1, ()% ) (81 () + At ().

The maximum voltage over L, as previously presented in Figure 124, is given by
(4.43) whena="/,and a =%/,

vu;_nm =Vyt+t——— (4.43)

61 MAGNETIZING INDUCTANCE (LM)

The value of the magnetizing inductance is obtained from the inductance factor
presented in (4.17). Considering that this analysis is based on the continuous conduction
mode and that the current ripple in the magnetizing inductance is a design requirement, the
current ripple on LM is confirmed when a =" , and a = *"/, by means of (4.44).
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21,5 (@)~ 11, (@)
Ii(@)+1,,(a)

On solving the integral equation on (4.45), one can determine the average value of

Al 100 (4.44)

%_

I_l!

the current / , .

lf.l(a)_"li.: (a) do (445)
2

I
I, =—
LM 2][

sy

The RMS value of the current in the magnetizing inductance is derived from (4.46).

12711 (a)+ 1, (a)]
ILM,RMS= EI{%} do (4-46)
0

The voltage on the magnetizing inductance reaches its maximum value during the
first operating stage when a ="/, and a = *7,. Therefore, regardless of which semi-cycle the
output voltage is on, the maximum voltage is obtained by the relation presented in (4.47).

Visr e =Viw =Vis (A1) (4.47)

71 AUXILIARY SWITCHING CAPACITOR (CG)

The method adopted to calculate the auxiliary switching capacitor does not take into
account the resonance that the capacitor has with the magnetizing and auxiliary inductances
during the third and fourth operating stages. Instead, this resonance is considered a voltage
ripple, presented as an initial design requirement. Therefore, the auxiliary switching capacitor
presents a certain voltage ripple and its value is calculated to satisfy this requirement. It is
noteworthy that the voltage ripple in the capacitor CG is considered negative because the
voltage defined by (4.30) is negative as well. Therefore, considering that the voltage ripple
is not a negative value, the convention presented in (4.48) was adopted.

AV = ViV, (4.48)

The equation that defines the capacitor by its voltage ripple is obtained from analysis
of the current in the capacitor during the third operating stage, as equation (4.49) presents.

- [LZAI.?
Y 2AV

G

(4.49)

Based on the waveform of the current in the auxiliary switching capacitor C,,
presented in Figure 126, both the average and RMS current values are determined by the
integral equations presented in (4.50) and (4.51), respectively.
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i”—lu(a)(m}(a)—m‘l(af))

do (4.50)

0

1, (@) (At (a) + At (@)

1
! €G_RMS — E I T

0

da (4.51)

IL2

/
0 | B b A
l/i [T
b [T T
K———K—K—
At Aty Aty Aty At

Figure 126 — Active-clamping flyback converter — current waveform in C,..

Source: Self-authorship

81 MAIN SWITCH (S7)

The analysis of the waveform of the currentin S, presented in Figure 127, shows that
S, has the same current values of / ; during the first, sixth and seventh operating stages.

A

¥ hy
IS1 /|f—‘
0 T R

I I l/i I

I | hs I

—k—%—%—

At, Aty At, Aty At

Figure 127 — Active-clamping flyback converter - current waveform in S,.

Source: Self-authorship

This definition allows the evaluation of the average current in S, as presented in
(4.52).

1y = 2 ) ()20 () (1)~ () 0 () 80, (&) 4 5
27 | 27,

5

Equation (4.53) provides the means for calculating the RMS current value in S,.
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LLTI:ILI (a,)+ 1, (a)T At, (0;)—|—|:[L1 (a) -1, (a’)T (Afﬁ(a) + At, (a))
27y, 3T,
(4.53)

As presented in Figure 128, the maximum voltage across S, is V

do

I, _RMS —

=V Voo
Z\VS is achieved in the main switch (S,), when the PWM pulse of the switch is delayed

1max

from the exact moment when the sixth operating stage starts to a maximum moment when
this operating stage finishes. Because the current is negative during the sixth operating
stage, if the PWM pulse is not active, the current will circulate through the anti-parallel diode
of the switch, which guarantees zero voltage over the terminals of the switch. In Figure 128,
the hatched area shows that at any time during the sixth operating stage the voltage on S,
is already null, which guarantees the zero voltage switching. However, if the PWM pulse is
not given until the sixth stage finishes, the seventh operating stage will not start.

\
VIN'VCG
VS1
0 Ts t
D (Ton) D (Ton)
A —
VGS S1
0 J \i/ NN iE
At "At AL A AL

Figure 128 — Active-clamping flyback converter — voltage waveformin S..

Source: Self-authorship

91 AUXILIARY ACTIVE-CLAMPING SWITCH (SG)

Considering the equivalent circuit of the third and fourth operating stages
(respectively, Figure 119 and Figure 120) when C; and S, are associated in series, the
current that circulates in the auxiliary active-clamping switch is the same as the auxiliary
switching capacitor. Therefore, the equations of the average and effective current values
for S, are the same as presented for the auxiliary switching capacitor, respectively in (4.50)
and (4.51).

Similar to the main switch S,, ZVS is achieved in S by delaying the command pulse
to the switch. In this case, the current in the switch is negative during the third operating
stage (Figure 126), which means that the pulse can be delayed for as long as the third
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operating stage endures. Therefore, the switch must be turned on in order to start the fourth
operating stage.

V
VIN-\/CG
Vs
0 Ts t
(1-D) (Top)
VGS SG /
0 L4 gt
At, "At AL At Aty

Figure 129 - Active-clamping flyback converter — voltage waveform in S,.

Source: Self-authorship

Ideally, the PWM pulse is delayed for a short while because the on resistance (R,,,)
of the switch is smaller than the intrinsic resistance of the anti-parallel diode in the switch,
thus reducing the conduction losses. In addition, by turning on the switch, the voltage drop

of the anti-parallel diode is taken out of equation.

10 | OUTPUT FILTER CAPACITOR (C)

The choice of the output filter capacitor is made under the same premises of the
auxiliary switching capacitor. A voltage ripple is defined as an initial design requirement
based on the output voltage of the converter and the capacitor is then defined in order to
satisfy this requirement. The output voltage ripple is defined as given by (4.54).

AV, =VAV,, (4.54)

The equation of the output capacitor by its voltage ripple is determined for the
duration of the duty cycle of the main switch (D), where the output capacitor discharges,
supplying the current to the output, as presented in (4.55).

_I,D

—m (4.55)

0
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11 | BLOCKING DIODES (D, AND D,) AND SWITCHES (S, AND S,)

Voltages and currents for both diodes D, and D,, present the same value, though
the operation of these diodes occur in distinct periods. When the angle a varies from zero
to p (pi), the energy is transferred from the primary to the secondary winding of the flyback
inductor through D,. Similarly, whena varies from rrto 2rrthe energy is transferred through
D,. Therefore, even though the waveform of the current presented in Figure 130 is identified
as I, itis valid for the analysis of the current in D, when V<0 and n<a < 2m.

The maximum current in both D, and D,, presented in Figure 130, is given by (4.56).

3\ I, +1
IDP[ZJ:IDN[ ;j: 2 - rx (4.56)
n

A (I2*lx)/n

| [ | |

I I | I I

L

K K—k——
At, Aty At, Aty Aty

Figure 130 - Active-clamping flyback converter — current waveform in D,

Source: Self-authorship

The average current value is calculated as given by the integral equation (4.57) for
D, and as (4.58) for D,. Because one diode is conducting while the other is blocked for half

a cycle of the output current, D, is turned on from 0 < a < 1, while D, is turned on from it

<a<?2rm
IDP — Lff ([L’( (a) + [LZ (a))(A’Z* (a)+ Ai-l (a)+ Arﬁ(a)-i- At? (a))da (457)
2r s 2T n
g = L U (@) (@) (8 () A )+ 24, (@) 0 () g
2r 2T n

The RMS currents values in D, and D, are obtained by solving (4.59) and (4.60),
respectively.
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2

1 ”(ILX (a)+1u(a)) (AI}(CL')+At4(a)+At6((Z)+A1‘7(0!)]

I = |— _
DP _RMS 2}1"([ 37-;”:;

da (4.59)

(Ix(@)+1, (ar))1 (Aty (@) + At (a) + At (@) + At, ()
3T n’

|

2

da (4.60)

1 DN _RMS —

2
N —

The maximum voltage on DP and DN are defined, respectively, by (4.61) and (4.62).

T T
Vor_mx =Y [E] + V()(E]AV(W +Voun (4.61)
3T 3T
V.’)N_uutx =V [7) -V (7}5%% +Viun (4.62)

Because the blocking diodes are positioned in series with switches S, and S,, and the
switching strategy states that switch and diode are turned on at the same time, the current
in both switches are the same as the diode in which they are is in series with. Therefore,
the average current in S, is the same as D, and S, the same as D,, as respectively given
by (4.63) and (4.64).

=g (4.63)

1

DN

=l (4.64)

Similarly, the RMS current values are the same as well, as (4.65) and (4.66) present.

ISP,RMS ZIDPJMS (4.65)

ISALM ZIDN,MS (4.66)

Maximum voltage on S, happens when, in the negative semi-cycle, the output and
magnetizing inductance voltages sum on its terminals at a = 37, as given by (4.67). The
same situation occurs in the positive semi-cycle for S, when a =7, as presented in (4.68)

3

Voo m =Vt =V, (7] (4.67)
/4

Vv max = Vil _‘VD(ZJ (4.68)
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12 | SMALL-SIGNAL ANALYSIS WITH RESISTIVE OUTPUT LOAD

A simplified model is proposed for the small signal analysis of the converter, so
that the current in the magnetizing inductance is considered constant. This simplification
changes the variation of the current in the auxiliary switching inductance during the first
operating stage as well. Therefore, the operating stages must be reanalyzed and /,, must be
redefined. Figure 131 shows the difference of the current analyzed in the model adopted (A)
up until this point and the simplified model (B). This analysis, although simplified, presents
high fidelity in relation to the behavior of the converter.

A A
1 IL2

L1 ILq . i lim
lie /_\ lie I\ /_
|
0

|
I !
0 I T t s t
I I3 | : ;\/; I[T
) Y J | Y )
AL, At Ay At At Ay, AL A Mg At
(A) (B)

Figure 131 - Active-clamping flyback converter waveform of the current in L in (A) adopted model. (B)
Simplified model.

Source: Self-authorship

The equivalent circuits of the operating stages remain the same. However, based on
the differences of the waveforms presented in Figure 131 (A) and Figure 131 (B), the initial
and final conditions of each operating stage must be reassessed.

In the first operating stage, there is no variation of the current in L. Therefore, the
voltage V,, is zero.

During the third operating stage, the current in L ; varies from /, to zero. From the
analysis of the equivalent circuit (Figure 119), the voltage on L is defined by (4.70). The
duration of the third operating stage is obtained from the Faraday’s law of induction, which
gives (4.70).

V,
V. :—Vmﬁ’ (4.69)
Aty = ks (4.70)

The current in the auxiliary switching inductance changes from zero to -/, in the
fourth operating stage. The analysis of the voltages in this operating stage, on the other
hand, shows that there is no variation of the equivalent circuit, as (4.71) presents. The
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duration of the fourth operating stage is given by (4.72).
V

Vie ="Vee + — (471)
n

%ziﬂ% (4.72)
V('(; -2

n

In the sixth operating stage, as S, is turned on, the equivalent circuit changes in
relation to the fourth operating stage. In addition, the current changes from -/, to zero. The
voltage on L, obtained from the analysis of the equivalent circuit, is presented in (4.73). The
duration of the sixth operating stage is given by (4.74).

Vyo =V + 0 (4.73)
n

A, = Ll (4.74)
E+ﬁ

n

Finally, the current in L, changes from zero to /,,, in the seventh operating stage.
Because the equivalent circuit does not change from the sixth to the seventh operating
stage, the voltage on L, does not change from the previous stage, as (4.75) shows. The
duration of the seventh operating stage is given by (4.76).

Vie =V + ﬁ (475)
n

Mziﬁ% (4.76)
Viy+-4

n

Assuming that, the duration of the third and fourth operating stages are equal in
steady state and that these two operating stages correspond to the off period of S,, At, and
At, can be defined as given by (4.77).

(1-D)
2f,

At =At, = (4.77)

Once an additional equation defines both At, and At, in (4.77), the average current
values for |, and |, are obtained, respectively, from (4.70) and (4.72), as given by (4.78)
and (4.79), respectively.
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(1-D)(Veo -

1, = 4.78

IM 2ﬂL(; ( )
(1 D)[VCG VOJ

Ly = 2L L (4.79)

The resultant equations (4.78) and (4.79) indicate that since the duration of the third
and fourth operating stages are set as equal in (4.77), |, and |, are equal as well. By
substituting (4.79) in (4.74) an equation that defines At is defined without depending on

I @S given by (4.80).
V
(1 - D)[VCG - %)

2f. (vm. +Yy/ )

Similarly, by substituting (4.78) in (4.76), an equation that defines At, without
depending on | ,, is given by (4.81).

(l—D)[Vw —V%J
2_f;(v,‘,\. +‘% j

Considering that switch S, is turned on during the first, sixth and seventh operating
stages, the duration of the first operating stage is finally obtained from the sum of the
operating stages that consist the duty cycle. Thus, At, is given by (4.82).

p (1-0)v ="

- (4.82)

L (%)

As the equivalent circuits of the operating stages are the same as presented in

At, = (4.80)

At, = (4.81)

Ar =

section 4.3, the voltage V., obtained from the volt-second analysis of the magnetizing
inductance L,, is the same as (4.30).

Despite the assumption of the third and fourth operating stages being equal with
the converter operating in steady state, this equality is not true for a transient response.
Therefore, different equations that define /,,, and At, are needed for further linearization. In
this case, At, can be defined as given by (4.83).
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1-D 1,1,

At, = - . 4.83
4 f‘_ v _Vy ( )
cG n
By substituting (4.83) in (4.72), |, is defined as presented in (4.84).
V
(Va; - %)(l _D)
MmN = 7L, =1, (4.84)

It is noteworthy that (4.83) and (4.84) are not equal to (4.77) and (4.79), respectively,
unless they are forced to be.

The small-signal variation of /,, is obtained by applying perturbations in (4.84), as
given by the resultant first order terms presented in (4.85).

. _;j(;)[vw—v%j -,f:_(;(t)D' J(I)D' g

(1) = + - — iy (1 4.85
[mm (f) f‘LG f;LG nﬂL(; IILM( ) ( )

Next, the linearization of the duration of the operating stages are necessary, in order
to obtain the control to output transfer function. The linearization of obtained by applying the
partial differentiations presented in (4.86).

"\ OAL "

At (t) = o (1) +—i,, (1) +——
3( ) av}} 10( ) aIL'I/I ILM( ) aVC‘G

AL, *
Vo (1) (4.86)

Using equation (4.70) in (4.86), A't, (t) is given by (4.87).
' Im.f L(I . L(; . Iy L ’

At3(l‘)= VU 2 v()(”"‘WﬁM (t)_%vm(r) (4-87)
n V(‘(; - n G n

V
(VCG - %]
The linearization of At, is given by (4.88).
OAr, " . OAr "

AL 1)+ sy (1) 4 9By (1) 4 OB
op v, v, " A,

Aty (1) = (1) (4.89)

Using equation (4.83) in (4.88), Ant4 (t) is obtained as given by (4.89).

. L o
0, 1) == (1) i (1) = 1) i (1)
! (V(.(.— /J ”(va*_ /] | n
’ n 7 n

(4.89)

The linearization of At, is given by (4.90).
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S AMI, Y, dAL . OAL, ~ . OAL

At (t)=—v . 1)+ v, (1) +—=i,, (1)+ t 4.90
()( ) a‘/ﬂ; ((:( ) aV“ U( ) alm !.M( ) aD ( ) ( )
Using (4.74) in (4.90), Aht‘6 (t) is given by (4.91).
v
. (1)__(]‘1’)(V1N+Vc*c,) " fite ! 1)+ =0 S (0)- {VCG_ %J ;(,) " o)
6= 2 0 G LM
£, {V‘W+V%) f(v.w*v%) f[vﬂv +V(/} [V,'N*V(/J
(4.91)
The linearization of At, is given by (4.92).
§ oAL, " oAr, *
t)=—=v, (t)+—Li,, (1 4.92
7( ) a% (]( ) aIL" LM( ) ( )
Using (4.76) in (4.92), &t7 (t) is given by (4.93).
) o " LG
At (t)= v, 7 (1) (4.93)
JI(V + /J Vm+ %
The linearization of At, is obtained by equation (4.94).
A d r A n
(1) = () 1) (4.04)

1.

Using (4.91) and (4.93) in (4.94), Anz‘1 (t) is given by (4.95).

Af.()= Vo +Vee (1— )(E+v2)“() (1-D) 1:(
MO ) s ()

With the duration of all the operating stages already linearized, it is necessary to
apply the volt-second balance in the magnetizing inductance, which reads as given by

(1) (4.95)

equation (4.96).

dl,, d’.r:w (1) _ ' ' LV Vo ”n /
L, — T —(Arl+Arl(r)][v,,\.+vm.(r)J (j At —Ar ( J[ / ]

5

(4.96)

The first order terms of equation (4.96) are used to apply the Laplace transform and
to obtain (4.97).
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sLy jl;f (") = Aﬂ’l (5)f. (V.'.\- + V%J_ ‘:{'nﬁ(l - A"l.f\) (497)

Next, the capacitor charge balance in C,;, is given by equation (4.98).

A

av () SR, i(t)_( : J;.f”,(;)_

C. Weg , DVeoll) Aty +Ar (1) || 2L+ L2 | f | A+ A (1) || 2R 4 2R

o] S Lot ey (1) P (e o)) L 2
(4.98)

The first order terms of (4.98) are used to apply the Laplace transform and obtain
(4.99).

A

A iy (5) L o () o L, 4.99
sC,, (t) A: 5 f+Ar( ) L r4—2 .= At (s) 5 1, (4.99)

Finally, the last frequency domain equation is obtained, initially, from the analysis of
the current in the diode, which is given by (4.100).

<';m=>= ﬁ[fl_é‘ﬁ][m} (4100)

2

From the sum of currents in the output filter capacitor, it is possible to obtain (4.101).

<i(‘()) =<iI)P>_<il)) (4.101)
Use (4.100) in (4.101) and perturb, to obtain (4.102).

A A

dv 8 '
C, %+M =f L—At, — A, (i) L + Loy + 'u.:( )'Hm\ ( ) _ V, "’o(t)
T dt 2 2 R R

o5

(4.102)

The Laplace transform of the resulting first order terms from (4.102) results in (4.103).

A A

500 (5) =2 1 51 (5 | 2L 1 (5 (9 - 252 1 1) -2

2n 2n

(4.103)

With equations (4.97), (4.99) and (4.103) a system of equations is built in (4.104) that
shows two unknown variables in i’,,, (s) and V', (s) .
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A

SLM ‘.L'.\U (S) = A’\Il (S) f« (VIN + V%J - %Y)(l - A"lf.r)

A

sCy V('(;(’) =A’3w.f\ +A"5(S)IITMJ; - At, 'mmz( ) |- AI4( )[‘ZW f

Js

3o 6= L 51 i () )= 225 30 ()1 ()| - 21, 11, -
n

2n 2n

(4.104)

Substitute v/, (s) for /' (s ) R, to obtain the system of equations presented in

A

A

st ) =80, 1, (Vo +79 ) -2 1 )

A A

5Cavea (1) =8, ) 1y )i g g, B (o) () e

5ot (5)R = L i () i (5) ) -2 ()i (e)]—mum )i (5)

2n 2n

(4.105)

By substituting the small-signal variables of the duration of the operating stages
and isolating the unknown variables, the duty-cycle-to-output-current transfer function is
obtained as given by (4.106).

i,(s) Bs'+B,s’+Bs+Bs
— =21 (4.106)
d(s) As +ASs +AsS+HA,

Where:
e B=0;
o B,=8CLLy Sin(nVee —V,) (Viy +Vie ) (nViy +V;) (14 D) ;
o B =2L,(-1+D) (nV, +V,) (nVes V) ;
o B =—4fnL, (-1+D) (nV, +V,) (V) +Vey)
o A, =8C,C,L,L,R,f M (nV, +V,)
o A =807 fLLy, [ Ay +Ay]

1 2 2
Azm = H:E(”zcn + CG )Vm_ + (2Cuvun + 2CGVCG )VIN + VC62CG + Vozco](_l + D) Rni|

Ay = fLgCo (nVlN +Vo)k ;
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. A1=8(—1+D)2[A,0,+R0n2 UL(;ZJ(;Z("‘/.!N+‘/(])2:|

Ay =B(—1+D)2(nvm—%M%n%ﬂ(anm)Z}LM :

2

o A =4 L[ (<14 D) (Vy + Vi) R +2Lof, (1Y, +V,) |(<14+D)

131 CONCLUSION

This chapter presents a dc-ac active-clamping flyback converter that offers
some improvements from the converter previously studied in Chapters 2 and 3. Also, a
mathematical analysis of the currents and voltages in all components are studied in depth.
Some simplifications were made concerning the voltage and current in the auxiliary switching
capacitor CG, whose impacts are evaluated in the simulation and experimental results in
Chapter 5. In addition, a duty-cycle-to-output-current transfer function is presented for an
offline, linear load application.
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DESIGN, SIMULATION AND EXPERIMENTAL RESULTS OF
THE DC-AC ACTIVE CLAMPING FLYBACK CONVERTER

11 INTRODUCTION

This chapter presents the design of the prototype based on the converter analyzed

in Chapter 4. Initially, a methodology is proposed for the design of the prototype, in order

to determine and satisfy the design requirements. The calculated values in the design

methodology are confirmed by means of numerical simulation. Finally, experimental results

are presented.

2| DESIGN METHODOLOGY

Table 13 presents the initial design requirements chosen for this methodology.

Input Voltage E
RMS Output Voltage V) s
Output Voltage Frequency fr
Active Output Power P
Switching Frequency f
Coupled Inductor Current Ripple Al
Voltage Conversion Ratio M

Table 13 - Requirements of the DC-AC active-clamping flyback converter.

Source: Self-authorship

Once the requirements are known, one can follow the steps of the script below to

design the converter:

Determine a maximum output voltage, based on the RMS output voltage value;

Calculate the equivalent turns ratio of the flyback inductor for the given static
gain;

Determine a small auxiliary switching inductor (L) that guarantees soft- swit-
chingin S,and S

Calculate the equivalent parameterized output current;
Calculate the maximum duty cycle and inductance factor;

Calculate the maximum (/,,) and minimum (/) current in the magnetizing induc-
tance;
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+  Calculate the magnetizing inductance (L,);

+  Calculate the auxiliary switching capacitance (C,) in order to result in a small
voltage ripple;

+  Calculate the duration of each operating stage;

+  Calculate the average and RMS current values for the inductors, switches, dio-
des and capacitors;

+  Calculate the maximum voltage over the components of the circuit;

+  Calculate the output capacitor (C,).

31 REQUIREMENTS SPECIFICATIONS

For comparative purposes and similarity of applications, the rated output power,
utility line frequency, input voltage and output voltage were maintained from the converter
presented in Chapter 3.

The switching frequency was initially set at 100 kHz and the prototype was designed
and optimized for this switching frequency. However, as the initial tests were performed,
the concerns over the driver technology used in both prototypes presented in this work
were confirmed and some of the switching losses verified were justified by the inability of
the driver to trigger the gate of the switches fast enough. A speculative test with both an
auxiliary switching inductance (L) and a magnetizing inductance (L,,) specially designed for
50 kHz was performed to check potential improvements.

Considering that the final purpose of this research is to design converters suited for
grid connection applications, the current ripple in the magnetizing inductance was set as
high as 30 % (7100 kHz) and 50% (50 kHz) of the average current when a = 17 2 or when a =
3m2. This advantage allows reducing the magnetizing inductance value, therefore, reducing
the volume of the magnetics. Grid-tied inverters, in order to reduce as much as possible the
high frequency harmonics, usually have an additional high frequency choke at its output.
This advantage allows high frequency harmonics to be filtered in the output instead of in the
magnetizing inductance of the flyback inductor.

Considering the effects of voltage surges on the overall power efficiency of the
converter presented in Chapter 3, the utilization of the turns ratio of the flyback inductor
was preferred instead of using it for the sole purpose of galvanic isolation. This decision
led to reduced voltage on the primary winding, therefore the voltage on the switches are
reduced as well. Another advantageous fact is that the switches in the secondary windings
are complementarily switched in the same frequency of the utility line, which means that the
change of state occurs when the output voltage is almost zero.

Table 14 summarizes the requirements adopted for the design of the dc-ac active-
clamping flyback converter.
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Input Voltage E 70V

RMS Output Voltage V, s 127V

Output Voltage Frequency f 60 Hz

Active Output Power P 500 W

Switching Frequency fS 50 kHz / 100 kHz
Coupled Inductor Current Ripple Al (50/100 kHz) 50 % /30 %
Voltage Conversion Ratio M 0.6

Table 14 - Requirements specifications of the DC-AC active-clamping flyback converter.

Source: Self-authorship

41 NUMERICAL SIMULATION

This section presents the simulation results obtained. The value of the components
used for both simulations are presented in Table 5, as a results of the calculations presented
in Appendix G for the 50kHz converter and Appendix H for the 100 kHz.

The auxiliary switching inductance and current ripple in the magnetizing inductance
were adjusted from the original 700 kHz calculation in order to keep the parameterized
output current, duty cycle and current values in the magnetizing inductance as close as
possible when operating in 50 kHz.

Variable 50 kHz 100 kHz
Maximum Output Voltage Vo 179.6 V 179.6 V
Turns Ratio 1:n 4.267 4.267
Auxiliary Switching Inductor LG 4 uF 2 uF
Parameterized Output Current lo 0.136 0.136
Maximum Duty Cycle D 0.545 0.531
Inductance Factor A 0.153 0.09
Minimum Current in LM Lo (0 2) 28.571A 32.381A
Maximum Current in LM Ly » (M2 47.619A 43.81A
Magnetizing Inductance L, 26.062 yH 22.219 yH
Auxiliary Switching Capacitance C, 2 uF 2 uF
Output Capacitor C, 2 uF 2 uF

Table 15 - DC-AC active-clamping flyback converter — calculated components.

Source: Self-authorship

Design, simulationandexperimentalresultsofthe dc-ac active clampingflyback converter

138



The software PSIM® performed all simulation results presented in this chapter.
Figure 132 presents the simulated circuit for both switching frequencies.

Lg 1 4278 Dp
. [~

i
e

Figure 132 - Simulation circuit - DC-AC active-clamping flyback converter.

Source: Self-authorship

The validation of the analysis, therefore the equations obtained, are performed here
using the parameters calculated for the converter operating with switching frequency of 100
KkHz.

Considering that the majority of the analysis depends on the accuracy of the values

of | and /

|» the first two variables to be verified are these. Figure 133 presents the current

in the magnetizing inductance (L,). The values of the maximum and minimum current
in L,, are of singular importance because the equations that define the duration of the
operating stages depend directly on them. In the waveform presented in Figure 133, the
maximum current (/) is 45.55 A and the minimum (/ ) is 33.9 A. The differences from the
calculated values to the simulated results are, respectively, of 3,97 % and 4.99 %. These
differences are justified by the simplification made for the calculation of the currents and
voltages, where the dynamics between C,, L,, and L are neglected. Thus, these results are
considered acceptable as long as the duration of the operating stages presents acceptable

approximated values as well.
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Figure 133 - DC-AC active-clamping flyback converter - simulation results of the L,, current.

Source: Self-authorship

Another important value that validates the analysis of the converter is the intermediate
current value /,. Obtained from the variation of the current in the magnetizing inductance
from |, to /, and used to define the current in the blocking diodes, given by (4.23), this
value is important to define the duty cycle of the converter by means of the output current
equation. Figure 134 presents the value of the current in the magnetizing inductance when
the current is maximum in the blocking diode D,. For a = 7, the difference between the
calculated and simulated value is 4.7%, which is within the differences obtained from the
same comparison made for / ,and / ,.

I(Dp) I(Lm)

Measure

50
40 \/\ lix Time 1.1800000e-002
30 Dp) 1 B789472e+001
20 I(Lrm) 3 BBE9440e+001
10 \—/\—

0

0.011792 0.011796 0.0118 0.011804

Time (s)

Figure 134 - DC-AC active-clamping flyback converter - simulation Result of /.

Source: Self-authorship

Figure 135 confirms the duration of the first operating stage given by equation (4.37)
and the theoretical waveform presented in Figure 124. When a = "/, a difference of 0.7 %
is registered between calculations and simulation results.
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0.002212 0.002216 0.00222
Time (s)

Figure 135 - DC-AC active-clamping flyback converter — simulation result of At,.

Source: Self-authorship

Figure 136 confirms the duration of the third operating stage given by equation
(4.38). When a =7, , the difference between calculations and simulation results is 1.47%.

lLg Measure
40 ]
Time 2.3091585e-005

20

0
20
-40

0.002212 0.002216 0.00222
Time (s)

Figure 136 - DC-AC active-clamping flyback converter — simulation result of At,.

Source: Self-authorship

Figure 137 confirms the duration of the fourth operating stage given by equation
(4.38). When a =7, the difference between calculations and simulation results is 0.2%.

—" IMeasure

40
2 Time 2.3494338e-006

0
20
-40

0.002212 0.002216 0.00222
Time (s)

Figure 137 - DC-AC active-clamping flyback converter — simulation result of At,.

Source: Self-authorship

Design, simulationandexperimentalresultsofthe dc-ac active clampingflyback converter

141



Figure 138 confirms the duration of the sixth operating stage given by equation
(4.39). Whena a= 7, , the difference between calculations and simulation results is 4.7%.

ILg Measure

Time 7.45108593e-007

20
40 \

0.002212 0.002216 0.00222
Time (s)

Figure 138 - DC-AC active-clamping flyback converter — simulation result of At

Source: Self-authorship

Figure 139 confirms the duration of the seventh operating stage given by equation
(4.40). When a =7, the difference between calculations and simulation results is 0.3%.

I_Lg

0
-20 \/
-40

Figure 139 - DC-AC active-clamping flyback converter — simulation result of At

Measure

Time 5.8055508e-007

0.002212 0.002216 0.00222
Time (s)

Source: Self-authorship

Once the duration of the operating stages do not present any percentage variation
larger than the differences of the calculated and simulated values for the currents, these are
considered acceptable approximated results.

With the currents and duration of the operating stages confirmed, it is interesting to
check if the ZVS really occurs for S7 and SG. According to the statement in section 4.8, ZVS
is achieved in both switches by delaying the PWM pulses by a minor period. In Figure 140,
the simulation results show that ZVS occurs in both switches. In both Figure 140 (A) and
(B), the PWM pulses were delayed for 83.33 ns. The maximum period that the PWM can be
delayed for S7 is the duration of the sixth operating stage, in this case 745.1 ns. However,
considering that the duration of the operating stages varies with q, it is understood that ZVS
may not be achieved for the whole variation of a from zero to 2.
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Figure 140 - DC-AC active-clamping flyback converter ZVS Evidence in (A) S,,. (B) S.

Source: Self-authorship

Figure 141 presents the output voltage in switching frequencies of 50 kHz in (A) and
100 kHz in (C). From the simulation results, it is expected that this converter present almost
no low frequency harmonics, considering that the both the 50 kHz and the 100 kHz outputs
show, respectively, only a small third harmonic in Figure 141 (B) and (D).

Vo
180
Vo
120
200
100 g
0 0 ]
-100 60 120 180 240
200 Frequency (Hz)
THD
0 0.04 0.08
i) Fundamental Frequency |6.00000008+001 HZ
Vo 8.8601349e-002
(A) (B)
Vo
200
Vo 150
200 100
100 B
0 4 1
-100 60 120 180 240
Frequency (Hz
g requency (Hz)
0 0.04 0.08 Lt
Time (s)
Fundamental Frequency 6.0000000e+001 HZ
Vo 7.8312223e-002
(©) (D)

Figure 141 — Non-linearized output voltage (A) V, 50 kHz. (B) FFT/THD 50 kHz. (C) V,, 100 kHz. (D)
FFT/THD 100 kHz.

Source: Self-authorship
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The output voltage obtained from a linearized duty cycle is presented in Figure 142.
These results shows that the reduced switching frequency (50 kHz) may produce more low
frequency harmonics than the original 7100 kHz.

Vo

200

Vo 150
200 100
100 50
0 0
-100 0 120 180 240 300 360 400
-200 Frequency (Hz)
0 0.04 0.08 o
Time (s)
Fundamental Freguency €.0000000e+001 HZ
o 1.0694456e-001
(A) (B)
Vo
200
Vo 150
200 100
100 | 50
0 0
-100 I 80 120 180 240 300 360
Frequency (Hz
200 requency (Hz)
THD
0 0.04 0.08
Time (s)
Fundamental Freguency 6.0000000e+001 HZ
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Figure 142 - Linearized output Voltage (A) V, 50 kHz. (B) FFT/THD 50 kHz. (C) V,, 100 kHz. (D) FFT/
THD 100 kHz.

Source: Self-authorship

Table 16 summarizes the most important values of the simulation. All but the identified
values displayed are calculated/simulated with the same requirements presented in Table
15. Although the calculated/simulated current values are not as accurate as expected,
the other differences are minimum and acceptable. An experiment was made varying the
capacitor C, to obtain a current waveform as close as possible to the one presented in
Figure 126, which was made possible with a 70 pF capacitor. The results show that the
majority of the values converge to the calculated, showing that the neglected dynamics

involving the auxiliary switching capacitor can produce significant differences.
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Variable Calculated' Simulated? Diff.

RMS Output Voltage Vo_RMS 127V 129.5V 1.97 %
RMS Output Voltage (10 yF) Vo_RMS 127V 128.1V 0.86 %
Peak Output Voltage Vo 179.6 V 180.5V 0.51%
Output Current lo (72) 5.568 A 5.597 A 0.53%
Magnetizing Ind. Current /L1 IL1 (2) 32.381 A 32.78 A 1.24%
Magnetizing Ind. Current /L2 IL2 (2) 43.81A 44.06 A 0.58 %
Avg. Magnetizing Ind. Current Im 22.3A 23.01A 3.19 %
First Operating Stage At (2) 3.954 us 3.905 s 1.24 %
Third Operating Stage At3 (2) 2.343 us 2.389 us 1.97 %
Fourth Operating Stage Atq (72) 2.343 us 2.331 us 0.52 %
Sixth Operating Stage At6 (72) 0.782 us 0.807 us 32%
Seventh Operating Stage At7 (2) 0.578 us 0.582 us 0.7 %
Voltage on CG veaG -79.4V -75.33 V 513 %
Avg. Current in CG Icg 0A -0.62 mA NA
RMS Current in CG ICG_RMS 12.447 A 14.56 A 16.98 %
RMS Current in CG (10 pF) ICG_RMS 12.447 A 12.85A 3.24 %
Avg. Current in S1 1S1 7.143A 7.448 A 4.27 %
Avg. Current in S1 (10 pF) 1S1 7143 A 7.286 A 2%
RMS Current in S71 1S1_RMS 17.723 A 16.48 A 7.02 %
Max. Voltage on S71 VS1_max 149.401 A 158.01 V 5.77 %
Avg. Current in SP ISP 1.772 A 1.82A 271 %
RMS Current in SP ISP_RMS 4.009 A 4.233A 5.59 %
RMS Current in SP (10 yF) ISP_.RMS  4.009 A 4.062 A 1.32%
Max. Voltage on DP VDP_max 484.76 V 470V 3.05%

Table 16 - DC-AC active-clamping flyback converter — 100 kHz - comparative results

Source: Self-authorship

The differences between the calculated and simulated values, using the requirements
of Table 15 are even more evident in Table 17, which contain the simulation results of the
50 kHz operation. In this case, the differences are even more prominent, becoming clear
that the auxiliary switching capacitor has influence on the energy transfer. However, just as
previously presented in Table 16, as C is reduced, the simulated values tend to converge.

1 All calculations available on Appendix G.
2 All but the identified values were simulated with the 2 pF capacitor in CG
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Variable Calculated?® Simulated*  Diff.
RMS Output Voltage Vo_RMS 127 V 135V 6.3%
RMS Output Voltage (10 yF) Vo_RMS 127V 124.8V 1.76 %
Peak Output Voltage Vo 179.6 V 178.6 V 0.56 %
Output Current lo (2) 5.568 A 5.533A 0.63 %
Magnetizing Ind. Current /L7 IL1 (2) 28.571 A 28.362 A 0.74 %
Magnetizing Ind. Current /L2 IL2 (v2) 47.619A 47.088 A 112 %
Avg. Magnetizing Ind. Current ILm 38.095 A 37.93A 0.44 %
First Operating Stage Aty (72) 8.18 us 8.1 us 0.98 %
Third Operating Stage Atz (2) 4.549 us 4.65 us 2.23%
Fourth Operating Stage Atq (172) 4.549 us 4.36 us 416 %
Sixth Operating Stage Atg (72) 1.701 us 2.02 us 18.76 %
Sixth Operating Stage (10 pF) Ate (72) 1.701 ps 1.6 us 6.31%
Seventh Operating Stage Atz (2) 1.02 us 1.04 us 1.97 %
Voltage on CG vea -83.869 V -76.11V 9.26 %
Avg. Current in CG Icg 0A -0.39 mA NA
RMS Current in CG ICG_RMS 13.508 A 18.25A 35.11 %
RMS Current in CG (10 pF) ICG_RMS 13.508 A 13.98 A 3.37 %
Avg. Currentin S1 I1S1 7.143A 8.081 A 13.1 %
Avg. Current in S7 (10 pF) 1S1 7143 A 6.907 A 3.4 %
RMS Current in S7 1S1_RMS 18.176 A 1716 A 5.59 %
Max. Voltage on S1 VS1_max 181.127 V 1746V 3.61%
Avg. Current in SP Isp 1.772 A 1.945 A 9.77 %
Avg. Current in SP (10 pF) Isp 1.772A 1.747 A 1.43 %
RMS Current in SP ISP_RMS 4.05A 46A 13.59 %
RMS Current in SP (10 uF) ISP_RMS 4.05A 3.99A 1.5 %
Max. Voltage on DP VDP_max 469.651 V 453.28 V 3.49 %

Table 17 - DC-AC active-clamping flyback converter — 50 kHz - comparative results

Source: Self-authorship

The experiments varying the capacitance in C, is justified by the disparity of the
waveforms presented in Figure 143 (A) and (B). In (A), is presented a waveform that

represents the current in the capacitor when the capacitance is 70 uF. It is clear that, for this

3 All calculations available on Appendix H.
4 All but the identified values were simulated with the 2 pF capacitor in CG
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particular capacitance in this case, the waveform in (A) is similar to the theoretical waveform
studied during the analysis of the converter and presented in Figure 126. However, if the
capacitance is not adjusted properly, for this particular case where the dynamics of the
capacitor C, and inductor L, and L,, are neglected, the differences between the calculated
and simulated values tend to become larger as the waveform of the current approximates
itself to the waveform in (B).

I(Cg) I(Cg)

40 40
20 20
0 0
-20 -20
-40 -40

0.02916 0.029165 0.02917 0.029175 0.02918  0.02916 0.029165 0.02917 0.029175 0.02918

Time (s) Time (s)

(A) (B)
Figure 143 - DC-AC active-clamping flyback converter — 50 kHz (A) 10 uF. (B) 2 uF.

Source: Self-authorship

The control-to-output voltage transfer function is validated via simulation by applying
a step in the duty cycle and comparing the similarity of the transient responses given by
the transfer function and the simulated circuit, as presented in Figure 144. It is possible to
evaluate that the simplifications made regarding the current in the magnetizing inductance
presents little impact. The small error in the output voltage presented is more related to the
neglected dynamic of the auxiliary and output capacitor than the current in the magnetizing

inductance.

simulated circuit

8 step response™\_ 1,
transfer function
7 step response
6
5 L] ' v
0.0248 0.0252 0.0256 0.026
Time (s)

Figure 144 - DC-AC active-clamping flyback converter — 50 kHz (A) 10 uF. (B) 2 uF.

Source: Self-authorship
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For this converter, a phase-locked loop (PLL) control algorithm has been developed
for implementation, in case of satisfactory simulation results. The purpose of this algorithm
is to adjust the phase of the output generated by the converter with the phase of the grid,
which is required for grid-tied converters. Although the design of this PLL has not been
studied in depth in this work, the results of this simulation is presented in Figure 145 for the
converter switched at 50 kHz, where the phase of the converter is initially dislocated 120
degrees from the grid.

Vo V_grid
200 ‘ ‘
o NAAAAAAAAN
0
-100
-200
0 0.04 0.08 0.12 0.16
Time (s)

Figure 145 - DC-AC active-clamping flyback converter’s linearized output voltage with PLL 50 kHz.

Source: Self-authorship

Figure 146 presents the converter switched at 100 kHz, adjusting its phase to the
grid, which is initially dislocated 120 degrees.

Vo V_grid
200

100 q
3

0 0.04

s

-100

-200

0.08
Time (s)

0.12 0.16

Figure 146 - DC-AC active-clamping flyback converter’s linearized output voltage with PLL 100 kHz.

Source: Self-authorship
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51 CHOICE OF COMPONENTS AND PROTOTYPE BUILT

Based on the calculations and simulation results, this section highlights the main
requirements adopted to choose the components for the prototype. It also presents the
requirements adopted to build the flyback inductor and the winding procedure adopted.

Whereas the converter was initially intended for 100 kHz operation, the parameters
presented are loyal to its original purpose. Therefore, the 50 kHz currents and voltages are

not present in this section.

5.1 Switches and diodes

The first requirement observed to choose the switches were the maximum voltages
and currents during steady-state operation. Table 18 displays the main parameters for the
choice of the switches.

Because both switches S7 and SG are submitted to similar values of voltages and
currents, the same component is dimensioned for both switches. Similarly, due to the
voltages and currents in SP and SN are identical, the component dimensioned for both is

also the same.

Variable 100 kHz
VS1_max 149.4V
Maximum Voltage
VSG_max 149.4 v
VSP_max /VSN_max 359.2V
1S1_max 43.81A
Peak Current
ISG_max 43.81A
ISP_max /ISN_max 18.41A
1S1/1S1_RMS 7.143A/17.723A
Average / RMS Current
I1SG /1SG_RMS 0A/12.447 A
ISP /ISP_RMS 1.772A/4.009 A

Table 18 - DC-AC active-clamping flyback converter - requirements for choice of switches.

Source: Self-authorship

Based on the values of Table 18, the MOSFET chosen for this application was the
IRFP4668PBF. As the maximum voltage rated for switch is 200 V, it can only used as S,
and S, An estimative of switching and conduction losses for this MOSFET is presented in

5 All calculations available on Appendix G.
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Appendix |. Table 19 presents the main characteristics of this switch. In this case, the low
RDS (on) was a factor of major importance.

Variable Datasheet Value
Maximum Voltage VDSS 200 V
RDS (on) typ. 8 mQ
On Resistance
RDS (on) max. 9.7mQ
Drain Current ID 130 A
Maximum Power Dissipation | PD 520 W

Table 19 - MOSFET IRPF4668PBF main characteristics.

Source: Self-authorship

In the secondary windings, because of the turns ratio of the flyback inductor, the
maximum voltage on the switches is higher than the voltage on the switches in the primary
winding. Considering that the IGBTs used in the previous converter presented a satisfactory
efficiency and overall behavior, the same switch (IKW40N65F5) was used as S, and S,,
Table 10 displays the main characteristics of this IGBT. However, in the initial tests, the RCD
clamps in the diodes and switches degraded the performance levels. In order to raise the
clamped voltage, new switches were necessary. From this point onwards, the IGBT used in
this application was the IHW20N120R3. Table 20 presents the main characteristics of this
IGBT. The estimative of switching and conduction losses are presented in Appendix I.

Variable Datasheet Value
Maximum Voltage VCE 1200 V
Ic =25°C 40A
DC Collector Current
Ic=100°C 20A
Pulsed Collector Current ICpuls 60 A
Threshold Voltage VTH 58V

Table 20 — IGBT IHW20N120R3 main characteristics.

Source: Self-authorship

The process of choosing the diodes was the same as the switches. Although, for the
diodes it was considered important the use of a high-frequency operation diode. Table 21
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presents the main parameters used for the choice of the diodes.

Variable 100 kHz'
Maximum Voltage VDP_max 484.76 V
Peak Current IDP_max 18.41A
Average / RMS Current ISP /ISP_RMS 1.772A/4.009 A

Table 21 - DC-AC active-clamping flyback converter - requirements for choice of diodes.

Source: Self-authorship

Based on these results, the silicon carbide schottky diode C3D06060A was chosen
for this application. Table 22 presents the main characteristics of this diode.

Variable Datasheet Value
Repetitive Peak Reverse Voltage VRRM 600 V
Surge Peak Reverse Voltage VRSM 600 V
DC Blocking Voltage VbC 600 V

IF (TC=25°C) 19A
Continuous Forward Current

IF (TC=135°C) 9A

IFRM (TC=25°C) 30A
Repetitive Peak Forward Surge Content

IFRM (TC=135°C) 20A

Ptot (TC=25°C) 88 W
Power Dissipation

Ptot (TC=110°C) 38W

VF (Tj=25°C) Max. 1.7 V
Forward Voltage

VF (Tj=175°C) Max. 2.4 V

Table 22 — Diode C3D06060A main characteristics.

Source: Self-authorship

5.2 Output filter capacitors

The output filter capacitors chosen for this application were generic polypropylene
capacitors of 2.2 uF / 250 V. The main reason for the choice of these capacitors were

6 All calculations available on Appendix G.
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availability, ease of assembly and reliability.

5.3 Magnetics

Table 23 presents the requirements for the construction of the flyback inductors
for each switching frequency. Although the converter is the same, the flyback inductors
and auxiliary switching inductances need to be replaced in accordance to the switching

frequency.

Variable 100 kHz' 50 kHz'
AC Inductance LM 26.062 uH 22.219 uH
Max. Current (Primary Winding) IL2 43.81A 47.619A
Max. Current (Secondary Winding) IDP_max 18.41 A 18.73A
AC Primary Winding RMS Current IS1_RMS 17.723 A 18.176 A
AC Secondary Winding RMS Current IDP_RMS 4.009 A 4.05A
Current Ripple AlLm 6.69A 11.15A
Turns Ratio n 4.276 4.276
Switching Frequency fs 100 kHz 50 kHz

Table 23 - DC-AC active-clamping flyback converter — requirements of the flyback inductors.

Source: Self-authorship

In order to decrease the leakage inductance of the flyback inductor, it was used in
these inductors the litz wire, which is intended to reduce the skin and proximity effects. The
whole design of the 100 kHz inductor is presented in Appendix J and the 50 kHz in Appendix
K.

The winding technique adopted is the same as presented in Figure 61. However,
because these coupled inductors have two separate secondary windings, the resultant
cross-section of these inductors is more similar to the drawing presented in Figure 147,
where half of each winding is wound in sequence.

7 Design presented in Appendix J.
8 Design presented in Appendix K.
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Figure 147 — DC-AC active-clamping flyback converter — inductor winding technique.

Source: Self-authorship

The requirements for the construction of the auxiliary switching inductor are presented
in Table 24.

Variable 100 kHz' 50 kHz
AC Inductance LG 2 yH 4uH
Max. Current IL2 43.81A 47.619A
Min. Current -iL2 -43.81A -47.619A
RMS Current ILG_RMS 20.452 A 21.497 A
Current Ripple AlLG 85.62A 95.238 A
Max. Voltage VLG_max 12V 12V

Table 24 - DC-AC active-clamping flyback converter — requirements of the auxiliary inductors.

Source: Self-authorship

The design of the 100 kHz inductor is presented in Appendix L and the 50 kHz is
presented in Appendix M. Both these auxiliary inductors were wound with litz wire.

5.4 Auxiliary switching capacitor

The parameters used to choose the auxiliary switching capacitance are presented
in Table 25.

9 Design presented in Appendix L.
10 Design presented in Appendix M.
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Variable 100 kHz
Capacitance cGg 2uF
Max. Current IL2 43.81 A
Min. Current -IL2 -43.81A
RMS Current ICG_RMS 12.447 A
Max. Voltage VCG_max 149.4V

Table 25 - DC-AC active-clamping flyback converter — requirements of the auxiliary switching capacitor.

Source: Self-authorship

The capacitor chose was the generic polypropylene 4y7 F / 250 V. The PCB was
designed to use two capacitors in parallel to ease any modification, if necessary. Therefore,
the equivalent capacitance utilized was of 243 F.

5.5 Clamp circuit

To reduce the effects of hard-switching in the secondary windings of the flyback
inductors, it is employed a single RCD clamp circuit to clamp the voltage over the diode and
the switch. This circuit is presented in Figure 148. Considering that the maximum voltages
and currents are the same for D,/D, and S,./S,, the circuit is also the same.

\VAw)

S
—K—
.4
T

DC1 DC2

C_/|:R

Figure 148 — DC-AC active-clamping flyback converter — RCD clamp circuit.

Source: Self-authorship

Similar to the converter presented in Chapter 3 the RCD clamp resistance was
adjusted throughout the initial tests. Better efficiency levels were observed using two 5W
56 kQ in series, which is coincidentally the same equivalent resistance of the clamp circuit
adjusted for the converter presented in Chapter 3. The same capacitor of 7 uF /400 V was
used as well. On the other hand, the diodes did not have to support as much current as
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the MUR460 of the other circuit. In this case, the diodes used were the MUR1100, whose
average rectified currentis 1 A, the maximum instantaneous forward voltage is 1.75V @ 250
C and the maximum dc blocking voltage is 71000 V.

5.6 Prototype

Figure 149 presents a picture of the prototype built under the specifications presented
in the previous sections of this chapter.
The test setup comprises the following equipment:

+  Texas Instruments TMS320F28335 DSP: Used to generate the command pul-
ses and AD converter;

+  Tektronix DPO754C oscilloscope: all waveforms presented.

+  Yokogawa WT500 power meter: efficiency measurements.

Figure 149 - DC-AC active-clamping flyback converter — prototype.

Source: Self-authorship

61 EXPERIMENTAL RESULTS

This section presents the experimental results of the converter operating in two
different switching frequencies. Different capacitors were used between the drain and
source of the switches S7 and SG, leading to different efficiency levels, which are further
added at the efficiency tests section.
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The results presented in this section show the converter operating only with the PLL
algorithm because the difference in terms of efficiency with or without the algorithm was

minimal.

6.1 100 kHz — Linearized output

The output voltage of the converter presented visible harmonic distortion operating
with a switching frequency of 7100 kHz as presented in Figure 150. Throughout the
experiments, it has been proven that this harmonic distortion is not primarily a product of
the converter trying to follow a distorted grid voltage as reference, even though it has its
contribution. The value of the output voltage in Figure 150 is the rated 7127VRMS of the

converter.

Converter
‘ Output
Voltage:

]: 70V/div

—>
4ms/div

~Grid
[ Reference
Voltage

I L 1
@mnwuiv 1MQ By:250M A @fis,sv 4.0ms/div 50.0MS/s 20.0ns/pt

@E.Ilwniv 1MQ By250M Run HiRes.
124 acqs RL:2.0M
Man

Figure 150 - DC-AC active-clamping flyback converter - PLL output voltage

Source: Self-authorship

As expected, output voltage and current are in phase, as Figure 151 presents. In this
acquisition, the RMS value of the voltage is 727V and the RMS current is 4.1 A.
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Figure 151 - DC-AC active-clamping flyback converter - 100 kHz output current and voltage.

Source: Self-authorship

The converter is then submitted to several analyses of total harmonic distortion,
which results are presented in Figure 152.

Field [ Value Field Value Field Value
Class | Class A Class Class A Class Class A
V-THD 6.2794% V-THD 6.9026% V-THD | 10.059%
I-THD | 6.3199% I-THD | 6.9184% I-THD | 10.042%
Line Frequency |  59.97Hz Line Frequency | 59.98Hz Line Frequency | 59.98Hz
vrms 126.59v Vrms | 12246V Vrms | 12578V
Irms | a0104a Irms 3.8770A Irms | 3.9861A
True Power | 507.32wW True Power 474.52W True Power 501.08W
(A) (B) (c)
Field Value Field Value
Class Class A Class | Class A
V-THD | 6.0115% V-THD | 9.4014%
I-THD 6.0620% I-THD | 9.3381%
Line Frequency 60.02Hz Line Frequency 60.01Hz
vrms | Aaxamy " Vrms | 12399V
Irms | 3.9005A Irms 3.9438A
True Power 478.98W True Power | 488.59W
(D) (E)

Figure 152 - DC-AC active-clamping flyback converter THD 100 kHz. (A) Non-linearized. (B) Linearized.
(C) Linearized with PLL. (D) Linearized with input capacitors. (E) Linearized with PLL and input
capacitors.

Source: Self-authorship
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In Figure 152 (A), is presented the THD analysis for the converter operating without
its linearization. As expected from the comparison of Figure 141 and Figure 142, the THD
is higher with the converter operating with the linearized function, as (B) shows, although
the efficiency increases. Another factor that can take the harmonic distortion to even higher
levels is the PLL algorithm, as Figure 152 (C) shows. A speculative test was made with a
capacitor bank composed of four capacitors of 470 pF in parallel connected in parallel with
the input of the converter to filter a possible voltage distortion caused by the high-frequency
switched power supply. The results were significantly improved with the linearization of
the duty cycle (Figure 152 (D)) and presented notable reduction in the current and voltage
distortion once linearized and operating with the same PLL algorithm.

The ZVS operation of the converter in both switches were then verified. Figure 153
presents the gate-to-source voltage (VGS) and the equivalent drain-to-source voltage
(VDS) in S, when the output voltage is maximum at a = /.. The maximum voltage on S, in

this acquisition is 193 V.

Haovrdiv

7V/div

(o) T.0vidiv 1MQ By:250M ACea) S 185V 40psidiv 50.0MS's  20.0ns/pt
reviey I3

(o) 40.0vidiv M0 By:250M

Valus Mean Min Max StDev_ Count info |
(&) Max [ls32v [1e32 [1932 [1932 o0 [0 |

Figure 153 - DC-AC active-clamping flyback converter - 100 kHz switch S,.

Source: Self-authorship

Figure 154 shows that, when the output voltage is at 164 V, ZVS is achieved in S1.
The deadtime in this acquisition is 300 ns, but experiments were performed varying it from
90 ns to 1 s and ZVS was still achieved when the output voltage is at its peak in rated
output power.
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Figure 154 - DC-AC active-clamping flyback converter - 100 kHz S, ZVS for V =164 V.

Source: Self-authorship

However, as the output voltage decreases and the deadtime is maintained the same
from a = 0 to a = 2, the switching becomes dissipative. Overall, for rated output power,
from 0 Vto 40 V or -40 V, the switching is dissipative for a switching frequency of 100 kHz
and deadtime of 300 ns. Figure 155 presents the dissipative switching of S7.

Output Voltage [
100V/div —\i 1
-3 : ]

Ves —, | Vs ]
5Vidiv - F W EEERRRRRRE w 30V/div\ |
AR :

f + + + -t

dissipative
switching

2us/div ]
L I L L L L L ’
(C&)s.0vidiv MQ By:250M AG)\400v 20psidiv 50.0MS/s  20.0ns/pt
Ce)100vidiv MQ By;:250M Preview

(©o)30.0vidiv MO By:250M 0acas RL:A.0k
Man

Figure 155 - DC-AC active-clamping flyback converter - 100 kHz S, dissipative switching for V=40 V.

Source: Self-authorship

Figure 156 presents the gate-to-source voltage (V) and equivalent drain-to- source
voltage (V) in S;, when the output voltage is maximum at a = /,. The maximum voltage
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on S, in this acquisition is 7192 V.
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Figure 156 - DC-AC active-clamping flyback converter - 100 kHz switch S;.

Source: Self-authorship

As the PWM pulses of S, are complementary to S,, the deadtime in S is the same

of S,. Figure 157 presents the soft switching of S, when the output voltage is close to its

maximum.
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Figure 157 - DC-AC active-clamping flyback converter - 100 kHz S, ZVS for V=164 V.

Source: Self-authorship

It is interesting to notice that, under the same circumstances that caused S1 to lose

Design, simulationandexperimentalresultsofthe dc-ac active clampingflyback converter

160



soft switching, S, remains in ZVS. Figure 158 shows the voltage on S, and its command

pulse when the output voltage is at -6 V.

T T T T ™ T T T T T T T ™]
- outputvoltage .+ \/ps : - =
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Figure 158 - DC-AC active-clamping flyback converter - 100 kHz S, ZVS for V =-6 V.

Source: Self-authorship

In the secondary winding of the flyback inductor, the voltage on the diodes D, and D,,
switches S, and S, is clamped around 400 V. As commented in section 5.5.1, the switches
had to be resized to cope with the higher voltage when the output voltage is maximum. In
Figure 159, the voltage on S is presented, as well as its gate-to- source voltage and how
the clamp voltage behaves as the output voltage alternates.
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Figure 159 - DC-AC active-clamping flyback converter - 100 kHz S, clamp voltage.

Source: Self-authorship

6.2 50 Khz - Linearized output

Once, the results of the converter operating at a switching frequency of 100 kHz
did not present the results expected in terms of efficiency and harmonic distortion, the
possibility of replacing the auxiliary switching inductor and flyback inductor was considered.
The results presented for the 100 kHz operation were already acquired from the second
prototype built, where significant improvements on the efficiency were observed, although
the same was not observed in the output waveforms. It is worth mentioning that the intent
of replacing the magnetics was to turn possible the verification of any effect caused by
parasitic inductances, which could be one of the causes of the distorted output waveforms.
Considering that the waveform distortion has been observed in both converters built and
that the same magnetics were used for testing, it was worth checking a possible variation of
the issue, as well as inquiring on the effects caused by the switching frequency.

The result of the output current and voltage in phase with the grid reference voltage,
operating in the switching frequency of 50 kHz, is presented in Figure 160 for rated output
power. It is noticeable that, even though the harmonic distortion is still present in the output
of the converter, the 50 kHz switching frequency presented reduced lower frequency
harmonics, in this case.
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Figure 160 - DC-AC active-clamping flyback converter - 50 kHz PLL output current and voltage.

Source: Self-authorship

To draw a comparison with the tests made with the operation at 100 kHz, the converter

was then submitted to several THD tests, which results are presented in Figure 161.

Field | Value Field Value Field | Value
Class Class A Class Class A Class Class A
V-THD 6.6973% V-THD 9.2194% VIHD | 12467%
I-THD | 7.0539% I-THD 9.1763% I-THD ' 12.421%

Line Frequency |  60.02Hz Line Frequency 59.97Hz Line Frequency |  60.03Hz
Vrms 126.38V Vrms 127.31V Vrms | 127.82V
Irms 3.9832A Irms 3.9991A Irms 4.0105A

True Power 502.43W True- Power 508.26W True Power 511.84W
(A) (B) (C)

Field Value Field Value Field Value
Class Class A Class Class A Class Class A
V-THD 6.4188% V-THD 5.9015% V-THD 9.9989%
I-THD | 6.5089% I-THD 5.8643% I-THD 9.8905%

Line Frequency | 60.02Hz Line Frequency | 59.98Hz Line Frequency 60.05Hz
vrms 121.83V Vrms | 127.01v Vrms 126.77V

Irms 3.8302A Irms 3.0978A R 3.9888A

True Power 465.55W True Power 507.04W True Power 504.55W
(D) (E) (F)

Figure 161 - DC-AC active-clamping flyback converter THD 50 kHz. (A) Non-linearized. (B) Linearized.
(C) Linearized with PLL. (D) Non-linearized with input capacitors. (E) Linearized with input capacitors.
(F) Linearized with PLL and input capacitors.

Source: Self-authorship
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In Figure 161 (A), the THD of the converter is presented for a non-linearized duty
cycle operation; whereas in (B) it is possible to verify that, in this case, the linearization
has added some harmonic distortion, as the results increased 2.57 %. As expected, in (C)
the PLL adds even more distortion, as for this situation the converter has to not only follow
a sinusoidal reference, deforming the duty cycle as a function of the voltage conversion
ratio, but also to keep the generated output in the phase with the grid. Considering that the
improvements observed were not as significant as expected from the 100 kHz operation, the
same tests were performed with the input capacitors. As a result, the THD of the previous
three experiments performed were improved; as presented in Figure 161 (D) for the non-
linearized operation with the input capacitor; in (E) for the linearized with input capacitor;
and finally in (D) for the linearized duty cycle operating with PLL and the input capacitors.

Figure 162 shows the waveforms of the input and output voltages that presented
the best THD result, namely the test performed with the input capacitors with the converter
operating with linearized duty cycle.

Input : —

Voltage _:_\ : ]
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) I 2 (T o R T
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Man  September 29, 2016 15:37:37

Ceiomean  [r20zv_[rierarss [isz 206 zaim  |ss0
(1 )max  [B178V_ [s1.6823  [s147 le1.89 59.95m  |4950

Figure 162 - DC-AC active-clamping flyback converter — input and output voltage — 50 kHz linearized
with input capacitor.

Source: Self-authorship

The drain-to-source voltage (VDS) and gate-to-source voltage (VGS) on the main
switch S17, for rated output power is presented in Figure 163. For the 50 kHz switching
frequency, the deadtime of the converter was reduced to 200 ns, as better efficiency result

were observed.
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Figure 163 - DC-AC active-clamping flyback converter - 50 kHz Switch S, V;;and V.

Source: Self-authorship

In Figure 164, ZVS is presented in switch S7 when a = /,. The maximum voltage on
S, did not change with the switching frequency modified, which means that for rated output
power the maximum voltage on S, is 193 V.

o Vbs VGS\

A
W

2us/div
NN T TN N A T T T [N SN AN SO T N Ll N T T T YT T T T S T T TN SN TN T N TN N Y N S 1
(c2)50.0vldiv 1MQ §y:250M A S 20us/div 50.0MS/s 20.0ns/pt
@ 5.0Vidiv 1MQ By:250M Preview
0acqgs RL:1.0k

Man

Figure 164 - DC-AC active-clamping flyback converter - 50 kHz ZVS on switch S,.

Source: Self-authorship

The drain-to-source (V) and gate-to-source (V) voltages on S, are presented in
Figure 165 for rated output power. The maximum voltage, just as in S,, remains the same
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on 192 Vfor rated output power.
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Figure 165 - DC-AC active-clamping flyback converter - 50 kHz switch S, V;cand V.

Source: Self-authorship

ZVS is achieved in S for rated output power, as presented in Figure 166.
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Figure 166 - DC-AC active-clamping flyback converter - 50 kHz switch S, V,cand V.

Source: Self-authorship
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In Figure 170, is possible to identify the variation of the output current corresponding
to the complementary switching of S,and S,,

Ves Sp

v

Ves Sn

U

> : : ]
3 4Ims/div : 1 : E

(o) 20.0viiv MO By:250M A
(e 20.0vidiv 1MQ By:250M
(o) 40nidiv M@ By:120M

4.0ms/div 50.0MSls  20.0nslpt
Run HiRes.

137 acas RLi2.0M
Man

Figure 167 - DC-AC active-clamping flyback converter - 50 kHz switch S, and S,

Source: Self-authorship

6.3 Efficiency tests

As the tests progressed, efficiency tests were performed indicating that better results
are obtained with an additional capacitor connected in parallel with switches S7 and SG.
The capacitance used for these tests were 1 nF, 5.6 nF and 10 nF and with no capacitor
at all. Within the power range that the converter was originally designed, the results of the
operation with the capacitor of 70 nF did not present any improvement from the 7 nFand 5.6
nF capacitors for both switching frequencies. Itis interesting to notice that without any parallel
capacitance, the efficiency of the converter does not present any sign of improvement as
well. Figure 168 presents the results of the converter operating with switching frequency of
100 kHz, where n1 presents the efficiency curve with a parallel capacitor of 5.6 nF and n2
with a 1 nF capacitor.

It is noteworthy that, for the converter designed, depending on the power range
in which the converter will operate longer, different capacitors can provide better overall
efficiency. However, regardless of the capacitor used in parallel with S, and S, the converter
reaches its maximum efficiency operating at 300 W. For rated output power, the best
efficiency result achieved was 90.4% with the 5.6 nF capacitor in parallel with S, and S_.
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Figure 168 - DC-AC active-clamping flyback converter - 100 kHz efficiency results (n1=5.6 nF /n2=1 nF).

Source: Self-authorship

Figure 169 presents a comparison of the efficiency curve obtained using the 1.6 nF

capacitor with the calculated efficiency curve, calculated as presented in Appendix |. Based on

this comparison, new inductors were designed for operation at 50 kHz, as previously explained.
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Figure 169 - DC-AC active-clamping flyback converter - 100 kHz efficiency results (n2=5.6 nF /

n3=calculated efficiency).

Source: Self-authorship
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Once the flyback inductor and the auxiliary switching inductor were replaced, the
same efficiency tests were performed with the same capacitors in parallel with S, and S
Figure 170 shows the efficiency results of the converter operating a switching frequency of

50 kHz.
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Figure 170 - DC-AC active-clamping flyback converter - 50 kHz efficiency results (n1=5.6 nF / n2=1 nF).

Source: Self-authorship

The improvements in the results from the 7100 kHz to 50 kHz are considerable. For
every point of the curve, the 50 kHz operation presented better results, due to the reduction
of the switching losses. However, for this operation, the best results were obtained for an
output power of 250 W, where the curve reached the highest point of 92.6%. For rated
output power, the best result achieved was 91.48%, as Figure 171 depicts. All tests were

performed with resistive loads.
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Figure 171 - DC-AC active-clamping flyback converter - 50 kHz efficiency for rated output power

Source: Self-authorship

71 CONCLUSION

This chapter presented the validation of the mathematical models studied in Chapter
4 by means of numeric simulation and experimentation. The simulation results show that the
simplifications made while modeling the converter, offer a good starting point for choice of
components and prototyping. Although the energy transfer involving the capacitor C, to the
output of the converter was neglected during the modeling, the experimental results did not
present any implications that could invalidate the analyses or the prototype.

Initially, the idea of this converter was to evidence that soft switching techniques
can reduce the issue caused by the voltage surges in the primary windings of the flyback
inductor and, as a result, the converter would reach higher efficiency levels, all of whom
were observed in the experimental results shown. As presented in Figure 171 the higher
efficiency level obtained for rated output power was 91.42 %. It is also interesting to see that
better efficiency levels and total harmonic distortion were obtained in the converter operating
with switching frequency of 50 kHz. It is understood that the efficiency has improved as
much as observed, due to the reduction of the switching losses by means of the change in
the switching frequency (from 100 kHz to 50 kHz). In this case, the change of magnetics
offered little or no influence, as the winding procedure and wire used were the same, and
the values of both magnetizing and leakage inductances were very similar.

Still, some improvements can be considered in the future for this prototype, such as
the substitution of the IGBT switches used as S, and S,, which would require an adjustment
on the resistor of the RCD clamp, presented on the circuit of Figure 148. As the IGBT
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switches used in this prototype are suited for 7200 V applications and the maximum voltage
registered was of 716 V (Figure 157), it is possible that other switches could improve the
overall efficiency.

The clamp circuit was designed to accommodate both switch and diode in the same
circuit. This decision was made based on preliminary tests performed with the first prototype
assembled for this application, where the initial intent was to clamp only the voltage on the
switch. As the results were not considered satisfactory, due to the switching losses in the
RCD clamp of §,and S,, the circuit presented on Figure 148 was designed and included in
the second prototype built, which results are presented throughout this chapter and present
a big improvement on the previous experience.

As for THD, further investigation is needed in regard to the root cause of the problem.
Initial studies were performed changing the switching frequency from 100 kHz to 50 kHz
and replacing the magnetic components (LG and LM). Once the results did not show any
particular improvement related, other areas need to be carefully analyzed. As the power
supply clearly adds a 120 Hz component to the converter, the input capacitor bank tend to
minimize this effect as the THD results presented in this chapter. However, it was expected
from this converter to operate below the 4 % THD margin and, in that aspect, one control
related area was not explored hereon. The form of generating the linearized duty cycle to
operate the PWM in this work required the DSP to calculate the duty cycle for every switching
period. This calculation can be excluded by creating a lookup table that corresponds the
variation of the reference to its equivalent duty cycle value. The benefits of this operation
were not explored in this piece of work.

Despite the superior efficiency, this converter operating in these two switching
frequencies is not well suited for open-loop offline applications, due to the high harmonic
distortion it presents at its output. On the other hand, once connected to the utility grid in
a closed-loop configuration, this distortion tend to disappear, as the grid itself imposes the
voltage.
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GENERAL CONCLUSION

The dc-ac converters studied hereon present an interesting solution for a single-
stage application. The first is a single-stage high-frequency-isolated converter that offers an
option for offline applications, considering that it presented reduced total harmonic distortion
combined with good power efficiency. The second is also a single- stage converter that
makes use of the flyback inductor to provide galvanic isolation. In this second converter, the
efficiency levels are a standout characteristic.

For the dc-ac flyback converter with differential output connection, the main
contributions of this work are the additional switching strategy studied and the new studies
that provide the transfer functions for both switching strategies of the converter coupled to an
output voltage source. Although the bidirectional possibility was not explored, the converter
was tested for a nonlinear load. As for the dc-ac active- clamping flyback converter the main
contribution is a complete study of a new topology of the flyback inverter that employs an
active-clamp circuit, improving the efficiency by means of soft-switching techniques.

In the study of the dc-ac flyback converter with differential output connection, it
is shown that the new switching strategy proposed offers improved efficiency over the
traditional complementary switching strategy for both linear and nonlinear loads. However,
the overvoltage caused by the leakage inductance is a limiting factor to the potential of
the converter. As suggestions for the sequence of the studies are the connection with the
utility grid and validation of the transfer function presented in sections 2.2.10 and 2.3.10. In
addition, an active-clamping circuit for the switches in the primary winding combined with
different winding techniques and/or utilization of the litz wire in the flyback inductors will
more than likely improve the efficiency of the converter.

It was verified that the overvoltage issue in the primary winding of the flyback
inductor was minimized in the converter that operates with the active-clamp circuit in the dc-
ac active-clamping flyback converter. This circuit, combined with the better use of the turns
ratio of the flyback inductor allowed the converter to increase the efficiency levels. However,
for an offline application, more time needs to be invested to verify whether the harmonic
distortion is caused by the topology itself, the switching frequency or if it was a constructive
issue of the prototype presented. It is worth mentioning that another PCB were designed
and tested before the 50 kHz experiment.

The results were improved in terms of efficiency but not as much in terms of harmonic
distortion. As a suggestion for future studies with this converter is the connection of the to
the utility grid. In addition, the clamping voltage in the secondary winding of the flyback
inductor can be reduced and better semiconductor technologies can be applied in order to
reduce the conduction losses. It is also interesting to ascertain if the duty cycle previously
determined by a look up table offers a benefit in reducing the total harmonic distortion of

the converter.
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Lastly, the author would like to say that this work gave fundamental and precious
knowledge in power electronics and that this journey allowed enormous professional and

personal growth.
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APPENDIX A

APPENDIX A—- CALCULATIONS FOR THE DC-AC FLYBACK CONVERTER WITH
DIFFERENTIAL OUTPUT CONNECTION - COMPLEMENTARY SWITCHING

STRATEGY

DC-AC Flyback Converter with Differential Output

Connection

Complementary Switching Strategy

1. Design Specifications:

Input Voltage: Vi = TOV
BMS Cutput Voltage: Vop = 12TV
Cutput Power: P, = 500W
Switching Frequency: fy = 20kHz
Grid Frequency: o= Sk
Currant Rippla Lm: Al g = 50%
Output Voltage Ripple: AVg = 0.5%
AC Output Voltage Ripple: AVg pc=29%
Flyback Inductor Tums Ratio: n:= |
Duty Cycle (OV AC): D= 05

e
Switching Pariod: Ty= ) T, =50 ps

2. Preliminary Calculations:
Peak Vaoltage:

V= Vg2 V, = I79.605V
Modulation Index:

M:= =

. M = 2.566
'\-]N-n

2.1 DC Preliminary Calculations:

DC Output Curent:

Fo

I=— I =2784A
o o
VD
DC Load Resistance:
i
Ry= — R, = 6451600
Ly
DC Input Curment:
= Po
Iy = e Ipg =T 1434
IN
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DC Curment Rippla:

Al =1 AL Al = 130924
2.2AC Preliminary Calculations:
Max AC Output Cument:
2P,
II:I_AE = \.-'_ iD_AE' =5568A

L]

AC Load Rasistance:

R s 0
o AC =
- Io ac
AC Input Current:
: 2R,
IN_AC—
- Vin

Max AC Output Cument Ripple:

Al
L%
Al ac=Ty ac—;

AC Output Curmnt:

Ly cloed = Il:l_AE simjow)

3 - Output Characteristics
3.1- DC Output

Duty Cycle - DC:

2
M -2 M 4
& _mo2aywes

max -~ 2.M

S1P (D) - tON:

S1N (1-D) - tOFF:
1 — D

fS

T

maxM -

Max Output Violtage:

v = Vg
peak IN Dmar.'{Dmax_i}

Capacitor Ca Violtage:

V=V, + 0¥y

(2 Dy — 1)

Ry ac= 322580

I aC= 142864

Al pc=1392A

Dppay = 0744

Toaxp = 37211 s

maxN = 12789 s

Vpeak = 179605V

V, = 205664V
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Capacitor Cb Voltage:
(1 -Dpa)

Wi = VWi
b IN D

Max

3.2- AC Output
Duty Cycle Variation - AC Ouiput:

M-sinfm) — 2 + 4 I'I«'[E-sin[f:u]lI + 4

] =
Act®) 2.M-sinicy)
S1P (D) - 1ON:
]
AT
Tacpled = i
S1N (1-0) - 1OFF:
1 - Dy ie)
Tacnlo) = —a
5
Peak Positive Voltage:
Dy (o) Vipgm
Vo) = AT IN
[1-Dycle)

Pico Tensio de Saida N:

(1 - Dy} Vi

v —
F"‘N{'cfJ Dy ()

4 - Quiput Filter Capacitors
DC Output Voltage Ripple:
AV, =V AV

Capacitance:
D
= Io

2 AV E

AC Output Voltage:

AV, ac= VolVg ac

Vi = 24059V

w
D — | =074
)
Im
D""E[T) = D.256

s
TAEP_(;] =720 1ps

Im
e — | =1278%ps
M:‘p.[ 2 )

™

Tacd = | = 127891
am .

Iy T =37.211-ps
™

v Z - waesev
3w

Voo 2% | = 205w

v n{£)=2—lﬂﬁ?‘.’

s S

v J2T) soseedv

PN, 2

AV, = 0598V

C,=T1.5uF

AV, pc= 52085V
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AC Output Cpacitance

- Iy ac Dmax
‘ﬁvo_AC'rs

Co_ac’
Ca Maximum Voltage {AC):

Av

AC
Vaaca) = Vopla) + %
Chb Maximum Voltage (AC):

| AV, AC
Vpaoia) = \"PkN{n.} + =

5. Magnetizing Inductance
5.1 DC Operation

Mag. Inductanca Average Cumant (DC) - LMA1:

Ihdm)
Tl = {L‘jTu)
I

Mag. Inductance Average Cumant (DC) - LM2:

Tacte)
o) = EYE
max

Min Currant in L1:
Al g
T min(e? = @) — el ——

Max Curent in LM1:
Aly
ILM_M{Q} = I pqlo) + Iy pyloed =

LM1 Cument Ripple

T delial®) = I pglod Al g

Magnetizing Inductanca:

V1N Dmax

Ly=———"77""7
Al g Im(gj-fﬁ
5.2 Calculo Operagac AC
LM Curent {AC):

Iy ac

n:(1 - Dy o)

ILm aciod:=

Min AC LM Currant:

LM min_Ac(® = Ty act®) —Iim acler——

Co AC=3978uF

™
VHC[E) = 229707V

im
Vead S |- 20707V

o
ILM[EJ = ZLT6T A

3w
Iy pan T =-T4ElA

£
Iw_mi{g} = 163254
s
Iw_mu(;] = 772094
s
ILM_M,_{E} = 105844

Lpg = 239.328-pH

™
ILM_}\E(;) = 21767 A
T
T min_ Ac[:) = 163254
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Max AC LM Currant:

M max Act®) = Iy acle) + Iy aciek

Mag. Inductance AC Current Ripple

LM detta Aci®) = Ty aclebdl g

Indutincia Magnetizagao:

=
Ve Dad —
N A({z}

o ——
Allg ILM_AE[;)' fy
6 - Switches
6.1-S1P

6.1.1 - S1P-DC Calculations

Min Currant S1P::

e o

Isip_min*= “'(! =5
max

Mazx Curment S1P:

DI'I.'IEX
it |
mfs

I51P max = ISIP min
Average Cument S1P:
D
max
Isip= {'S[F_ma; + '5||=_nu'n]'—2
Maze. Voltage - S1P:

¥ 1

b
Wi = Vgt

AMS Curment S1P:

) Mgy

Al g n
g M _max_ac| 7 [~ 3204

™
I M delta. ac{:) = 10884 A

Ly ac=230.328 pH

IS1p min = 34424
ISip max = 163254

Igp=81A

VS 1P max = 73664V

ISip of =

6.1.2-S1P-AC Calculations

Min. Curmant - S1P:
Ly cle)

2
1 1519 max — 151P_min
T = bW ‘t+Igip min| 9t

X

Igpp of = 97724

(Dacl=)

ISIp min aciel = -

T
Do) 2ol ac

™
'sm_ma'n_Ac[T] = 163254
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Max. Curmnt - S1P:

D cle) ™
Igip max_act® = Ig)p min_acl®) + Viy ——— ISP max_ac] 5 | = 272094
Ly acts 2

Avarage Current - S1P:

2T
1 (151p max_Aci® + I51p min_aci®)} Dacio) 2

Im 2

Isip.Ac= Isip ac=35714A

Mazx. Voltags - S1P:

AV
1 o AC 1
Vg plt) == Vg + Vipplo) — + —=— ¥ F{— = 299.707 ¥
sipl v+ Vpikele) - = 51 2]

BMS Curmint - S1P:

2‘“— bl
@ (]S]P_min_AC{u)?-'_ I51p_min_aACt®g)p max_acie) + [51P_max_p.c{“r)":'.qc[“1 s
Iw 3

0

Igip RMs =

lsip_Rms = 89414

6.2-52P
6.2.1 - S2P- DC Calculations

Min Current - S2P:

I 2
S1P_min
Toop min=—— I5op min =524

Max. Curmnt - S2P:

~ 51P_max
e I$op max = —16.325A

Average Currant - 52P:

(* -~ Prnax)
max,
I53p>= (152p max * 152P_min)’ = Igop = 27844
Max. Voltage - S2P:
VSIP max = Yo+ VINT + Vi Vaap max = 273,664V

AMS Curent S2P:

. (1s2p min— Is2p max)t
Igop of =

2
+1 dt
{1 _D T SEF_max:|

1
Ty ma.x]' B

]SEP_cf =5TI0A
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6.2.2-52P- AC Calculations

Min Gurmant S2P:
! - o)
S1P_min_AC! ™
Is2p_min ACi®) = — — IS’_‘F_min_AC[?) = 16.325A
Max Cumant S2P:
1 )
S1P_max_A ™
lsop max_act®d="—" — I52P max_ AE[E] =TTI0A
Averaoe Curment S2P:
Iar |
; oi (152p max_ACt® + T52p min aci@d}(1 - Dycla) -
SR ACT o 5
0
lop ac=04
Tensdo Maxima S2P:
AV
Vsap(ed == Vinn + V(e + —‘:—ﬁ vsf_,,{?) = 299707V
RMS Cument S2P:
- 2
2
| ) = (]SZP‘_mln_Ad“) +1g2p min_AC®1gop max_ac(® + Igop max acie) )'[] - Dy, cla)) L
SIF_RMS ™ |, 3
0
Isap mas = 63634
63-SIN
£.3.1-S1IN - DC Caleulations
Min Curment S1N:
I b v ('~ Prmas) 1 LETA
SIN_min= ™ B . B SIN_min = "
R 26y Ly .

Max Cumant S1M:
{1 = Dm}

I51N_max = YS18_min * VN ISIN_max = 36114

Ly fy
Avarage Curment S1N:
.[ 1= Dmu]
Igin = (I8, max * IS]N_min]'——z Igy = 09574
Maximum Voltage S1N:
Vi
VEIN max = VIN+ — VSIN max = M09V

n
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AMS Cument S1M:
[ 1Dy Ty .

: .. Tl 's1M_min ~ 'SIN_max)® [ hu
SIN_ef = Te.-- (-, * g N _max| 9

Is1N_ef = 19694

6.3.2-S1N - AC Calculations

Min Curmant S1N:

1 ~{cx) (1 - Dycled) :

A A ™
I . a)=n e 1 ; 3= | =—27.2094
SIN_min_ACH n [Dac) N Ly SIN_an_AE{ 2J
Maximum Cumant S1M:

_ (1 - Dycle) in
Isin_max_aci® = Igin min_ac(oh + "’[N'—]_Mr 51N max_ac] 5 | =—18-3234
5

Average Currant S1N:

I
1 (Ts1_max_aci® + IgN_min acio)(1 - Daclal) s

I e
SIN_AC™ o 2

0

Isin_ac=-35T1A

Tensédo Maxima S1M:

o Vol AV, ap im
Vg piah = Vg + - + T Vg . 299,707 V

AMS Curmant S1N:

2 -
1 2 2}
n 51 _min ACT® + 151N min AC®ISIN max_AC® + 151N max_aci® {1 - Daclad)
I = | — dirx.
SIN_RMS = |
27 3
0
Igin_RMs = 89414
6.4- 52N

6.4.1 - S2N - DC Calculation

Min Currant S2NM:
~ 510_min
SN min =" Igay min = —147A
Max Curment S2M:
I <
S1N_max
SN =~ 153N _max = —3.611A

n

Average Current S2N:
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(Pena)
tsn = (SaN_max + 152N _min) Lioigs woaEan

2
Max Voltage S2N:
Vgon max = YIN Veon max =0V
RMS Cumant S2N:
e Ts -
| _ | ('s28_max — I52M_min)t - -
SN ef T |7 SIN_min
- TH Dmax'Th -
0

IgaN of = 33594

6.4.2- 52N - AC Caleulations

Min Currant S2N:

s
51N _min_A 3
ls2N_min_actl=—— — 1S58 min_ AE{T] =-77.209A

Max Cument S2N:

51N max_aci®} am =
SN mm ACK) = —— — lson_max_acl - | =-163254

Averape Currant S2N:

I
1 (ls2n_max_aci® + lson min acio) ) (Dacio) .

1 e 1 —0A
SIN_AC= 5 5 SIN_AC
0
Max Voltage S2N:
Av
o AC ™
Veanla):= Vi + Vpep(®) + ——— VSEN(:) = 299707V
RMS Cumant S2N:
x| ]
( ; - )
1 Igon min_ AC™® + 152y min Acl™ lgan max act®) + lson max ac(® ) Dacle)
Ly = |— e
SIN RMS = |3
27 3
0

lson_pms = 63634
6.5 - Capacitors Current

Average Curmani Ca (Avg for (1-00):

el

~lhac T =-27335A

Average Curment Cb (Avg for D):

Appendix A

185



™ w
15N min_ad] 5 |+ lsaN_max_ac| 5

2

tlhac L=13049a

2
sm -k,
AH_I}{':u_IE
5 A
Bg=-LU3x 10—
¥

Ly € ac® “(Va ~ VaPrmax + Vinn + Vh'Dm.ax} 9 A

By = Byy=4559% 10 —
Ay IN &

2 Ey ET I 2 I
max '[uv{z] % ’I_MZ[_2 ]— 2D iy :[_1 ] + Digax 'll_mz(_2 ]]
: ; ; =

Agq IN -

B, =-9.469x 1013%

{] = Dmax}'nm'{va'nm * ¥b~ Vi Dy + VIN'"} 18 A
Bp=1483x 10 —
At IN o

FoI g
Ly Co ac 0 By ac

Agg=
Asq TN
2 4
L% S I
A= i W Agy= 1559 w0l
Agy N 5

2 2 3
LarCo acm R AC-l:D +(1-D, ]
Ay = o o ACL e ) Ay =6505% 10°

Ay N

L

3 2 ]
Lpgpn -[Dmu (1 Dm“}:l

ye

A =507x 10 —

AN £

R, 1-D, ZD E

O_AC{ i mu] max 16 1
Agpm——————— Ag=3999x 10 —
A 4

=4 IN 5

Ky, = 0.059
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APPENDIX B

APPENDIX B — CALCULATIONS FOR THE DC-AC FLYBACK CONVERTER
WITH DIFFERENTIAL OUTPUT CONNECTION - ALTERNATIVE SWITCHING
STRATEGY

DC-AC Flyback Converter with Differential
Output Connection
Alternative Switching Strategy

1. Design Specifications:

Input Woltaga: Vi = TV
BMS Output Voltaga: Vams = 127V
Output Power: Py = S00W
Switching Frequency: fg 1= 20kHz
Mag. Inductance Currant Bipple: Al g = 50%
Output Voltage Ripple: AVg = 0.5%

AC Output Vaoltage Ripple

Ralagio do transformagao:

AVg pc= 272%

Duty Cycla (0V): D= 05
Switching Pariod: Ty= '—: T, = 50ps
2. Preliminary Calculations:
Poak Output Voltage:

Vo= VemsV2 Vo= I79.605V

Maodulation Index:

M=

. M = 2.566
Viym

2.1-DC Calculations:

Output Current:
P
= — 1, =2784A
v
o
Load Rasistance.
Vi
R = — R =64.516100
o 0
Ia
Input Cursnt
FD
L= = I.=T7.1434
IN
Output Current Rippla:
Al = I3AL g AL =1.3924

Appendix B



Output Voltage Ripple:

AV, = V AVg

2.2-AC Caleulations:

Output Currant:
: 2R,
o AC— v

(1]

Iyclad = Iu_AL_ sinfre)

Load Resistanca:

Yo

R, =
o AC
Ex o ac

Input Cursnt:
2B,

L ac=
= Vin

Output Currant Rippla:

Al ac=1y ac

3 - Output Characteristics

3.1- DC Output

Duty Cycle:
M

1+ M

Dinay =

S51P (D) - tON:

T

maxP = T

S1M (1-D} - tOFF:

Tnaxy = r
5

Poak Output Violtage:

]_Dm.u

\"Fk =V

Output Capacitor Voltage:

"u’n = \?D

sin 9k d:g}-{l = Dmu]

I, ac = 5.568A

R, ac=322580

L ac= 142864

Al gc=1392A

Toaxp = 35,978 s

14022 ps

maxN =

V= I79.605V
pk

V, = 179.605V
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3.2- AC Output

Duty Cycle Variation - AC Cutput (S1P):
M-sini o)

1 + M- =in{ o)

0 otherwise

DAC‘_F':U‘] = if o=

Duty Cycle Variation - AC Output {S1N):

—M - sinlo) -
D = | ———— if 2
hC_N{':‘) I _ M-sin(e) if T2 2w
0 otherwise
S1P (D) - 1ON:
i . Dag pl@)
Acpl®m= """,
]
S1N (1-D) - 1OFF:
1= o)
AC_N
Tacnled = T‘

Peak Output Voltage - Positive Semi-cycle:
Dac_pledViyn

Ny ———
pkP! (1-Dac plo)

Peak Output Voltage - Negative Semi-Cycle:
Dac_mio) Vg n

e
phn() (1-Dac i)

Capacitor Ca - Voltage:
Voacie) = \"Pkp(u.} if e T

0 otherwise

Capacitor Cb - Voltage:

\"mc{a} == VPtlen;l if m<o< 2w
0 otherwise
AC Output Violtage Ripple:

“'—“"n_.a.c = Vu"iv‘ﬁ_.ﬁ.c

AC QOutput Violtage + Ripple:
AV, AC

ﬂvﬂ_pk =V + 3

'&\?D_Pk = 2031V
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4 - Output Filter Capacitor
Capacitor (DC):

D
o A[: f,
oS8
Capacitor (AC):
La g Dac_ g
CO_AC T &VQ_AC' iy

Max. Voltage - Capacitor Ca (AC):

Vo max (@)= Vgppla) + Viacla)

Max. Voltage - Capacitor Cb (AC):

\"b_m(n] G \"PkN{n]- + VaAC'[u)

5 - Magnetizing Inductance
5.1- DC Operafion
Avearage Cumant:

IEI

Min Current in Lm

. Algg
WM _min= v~ lm

Max Cumant in Lm

ﬁIL%
M man= T+ e ——
Magnetizing Inductance Lm:
V'LN'Dmax
LM e
Alp g 2y gy
5.2=-AC Operation
Current in Lm
I ac
Iy actod = =

{1 - Dyc plal)
Max Curmant in Lm

C, = T1.5uF

2 e

.
va_m”[;J = 179.605¥

i
Vb_mu(;] = 179.605V

Ippg= 2927A

T 0 min = 74454
HM max = 124084

Ly = 253.704-pH

™
ILM_AE[:) =19.853A

_ Al g =
I M min_ACto) =Ty acle) =l acter—— M min_ac] - | = 1894

Min Current in Lm

2

. Al g )
b max_act®) = Iy acled + g sl "M max_ac| |~ 248174
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Currant Ripple in Lm
™
LM delta_actd = T ac(abdl g ILM_dcm_Ac(j) =9.927TA

Magnatizing Inductance:

T
"lNDA::_E{;]

e B T Ly g = 253704 uH
Al g, [LM_AE(:)' fy

6 - Switches
6.1-S1P
6.1.1 - DC Operation
Min Current

1 o B v Ciman 1 4063 A

SIP_min = -¥m 517 min= *

i} Dinax Thypfy T3
Max Cumant
]
max
Is1P_mex = YS1P_min + VN ISP max = 14894
m s
Average Cumant
]
max

Is1p*= (1P _max * S1P min) — Hips A

Max Voltage
1

VsIP_max = VN + Vo o VSIF max = 226V

RAMS Curnt
[ 7
. ] 151P max ~ 1S1P min - %
SIP ef = | S T e
% T, Dinax Ty v
0

Igip of = 8T64A

6.1.2-AC Operation

Min Currant

Iaclo) (Dac plod)

A 'AC_P w)
I51P_min_aclo)=m T ViN'g AL 'S!F_nin_A.C{z) = MESA
Max Cumant

D ple)

. ™
I51P_max_AC(® = 151p min ACt) + Ve —— 'SIF_m_AE{_] = 243174
Lm ach 2
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Average Current

1 (151 max acied +151p min_ aci®)) Dac pled

I =—
SIPAC™ S

Max Voltage

1
Vaip(ed = Vi + Vpicp(a — +

2

AV, acC

™
v — |=214.031 ¥V
: siel 5

Isip ac =35714

RMS Curent

In

2 3
1 (1519 max_ACY + I51p_max AC® I51P_min_AC + I51P_min_ac(® )'DAC plc)
lsip rMS™ |3 = — e = T
il T 3
o
Isip Ras = 75484

6.2-52P

6.2.1 - DC Operation
Min Current
la

D

max
lsop min™= -V Igop min = 19634
i [1 = Dmax} il fg ——
Max Curmant
o
max

Is2p max = 182P min * ViN' Bk lgap max = 14594

Avarage Curment
= Dmu}

I52p= (152P_max * 'S2P_min)'

Max Voliage:
V52p max = Vo + VN

RMS Cument

= Igop = 2784A

VSap may = 249.605V

D) Ts

1
1 = =
52P_cf

- Ts

6.2.2 -AC Operation

Min Currant

Iacled

|:{ISZP_min - Ig2p max)t

2
{1 = Dmu]'Ts . ISEP_mn:| o

Igap of = 54724

Isop min aci® = 1

1-Dyc pla)

D ()
ACP ™
L T — 1 ; —|=1483A
N5, Lk, S‘ZF_mm_A.C( 2 )
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Max Curmant

Isop max_Act® = Igap min_acie) + Vi

D pled

"
1S2P mas_ AE{;J = 248174

1 (1s2p_max_aci®) + I52p min_acied) (1 ~Dag plo)

Average Current
fa e
I = —i
52P_AC P
o
Max Voltage

AV, ac
Vgopla) = Vpyn + VP]‘P{G} T g,

RMS Curmnt:

Igop Ac =04

=
Vsop| 5 |= 4031V

o

2 2
1 (Jszp_mu_.o.dﬂl +152p max_ AC®MS2p min_Ac(® + I52p min_acle) )'f’ - Dy plod) -

I ==
S2P_RMS = |5~

=

6.3 - Fung¢do Transferencia Comrente

TS 2 2
Agg IN=1 Ry acly Coac

3 2 T
0Ly G achm acl

B o=
53
Agy IN
2 ; -
AT (! ~ Bnax) It Co_ac (Vi + Va)
527
Ay IN
b
by 1LM_.-\C[E }
B, =—
sl
Ay N
. .[1 = Dm‘}-{vmn + va}
pi= —
Aga IN
4 ) 2
o Ry aclm Co ac
AL'J e i rmrE—
Asq IN
i e
20 Ly Cy ac
L ——
st IN
2 .
n 'RD_ACLM'CO_AC' Dinax — 2 Pmax
)\52 =

At 1N

lsop_mMg = 3777 A

2
51 - ki
_pimike

Ay N z

s A
Bg3 =—1.501x 10°—

> 2 A
By = 2086 10°—
5

A
By =-1443x 102
3

5

15 A
By =2005x 10 —
4

5
Agg =1

1
A = L512x 10° =

5

1
Ap=L03Tx 109—2

5
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2 2
n 'LM'ICDmax = 2Dy £ 2)

A=
51
Agg IN
2 '
_ Ro AC\Pmar — 2Dy + 1
Ay 1N
Gia = Bga+ By + B+ By
ET At AgtAg A+
- Ky = 0.079

JECSEENG)

Ay =TE38x 10

Ag=T.267x 10

16

me =
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APPENDIX C

APPENDIX C — CALCULATION OF LOSSES FOR THE DC-AC FLYBACK
CONVERTERWITHDIFFERENTIALOUTPUTCONNECTION-COMPLEMENTARY
SWITCHING

DC-AC Flyback Converter with Differential Qutput
Connection - Calculation of Losses
Specifications:

P, = 500W

V= TOV
Veags = 127V
£, = J0kHz
Lypo=253.715uH

n=1

Peak Output Voltage:

V, = I Vas V,=179.605V

Output Current:

;

1F,

I g= V" I, o =3.9684
o

L) = Iu_pk-'_i.n{nj

Modulation Index:
oV,
M=—2

- M =2.3566
Vi

Load Resistance:

v
B, =

o

I ik

R, =312580

Duty Cycle:

Dy = Mesinle) =2 + VM sinie)” + 4
o 2.M-zinfor)

Output Voltages (Peak Positive and Negative):

DV}
Vo w=——2 3
opes® = T D) N

. . ™ . _ .
V, pos_pk = "’o_w-{_gj Vo_pos_gk = 203664V

(= =D

AY
o_neg o Dic)

3y

Yu_neg 't ‘»'D_DEELTJ "'o_r.e_z ST 205664V
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Magnetizing Inductance Current:
I (e}

I } = ——

D= T o

Magnetizing Inductance - Current Ripple:

D) Ving
(o) Vg
Al doy = ——
D £Ly
o .
AN = ﬂlu.r[? f Alj g ey = 102664

Magnetzing Inductances’ Maximum and Minimum Currents:

2£- Ly p I (o) — Die)-(1 — Dia))-m- Vg
ffz_-]_:._l-u-(l — D)}

5001 _min(e) =

261y I (e + Do) (1 — D{ed}-n- Vg
:EJ'L}_['D'EI — D)}

Il _mane)

2£.LypT(e) — Dia)-(1 — Die)-n Vg
Ef;- L}‘IT' D(c.:l

Iy, I max (o) =

38 Ty 1) + Died-(1 — Die)-n-Vipg
2£.Ly po-Dia)

ENg il =

Switches' Average Current Valuas:

o 4 . PR .
(FL001 () + H 300 ) | D) —
- [+4 ] ISlP—a,l.g=3.J 1.1

L

2w

Lip me™=

= : o

3 . R
(T () + F g () (1 = Do)

2
- 1 .
ISlP_.:r-.'_a = e 2 doe Ig IP v 0A
]
I
1 (A2 mun(®) + a0 maxfad)-(1 —Diad) B
L s = q-J = —= do Igpy g = 35714
L]
I
1 (e pan(e0 + I g0 (o) Die ‘
1 I Ry S dn Igng =04
0

Switches' Effective Current Values:

22 .
2 . ) .
|_ LIU-Il_mm{c'" + 0 @ in®) + H M 00 ) D) i
-

Im 3
N 1]

e pus =

I51p Ravys = 85224
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%

2 B )
= i ICIH'.Il_min(c'} 000 O ] ™ 0 () _]'ﬂ — D{a)} =

I5op pngs = 63464

| e
| 2 e 1 B
] [_f'f_\u_m(ﬂl A0 i 0D a0 F () :'-fl = Dia)}
BN FMS = |53 dex

| 0

g pags =39224
| 5E
| 2 L 2
| (e @ Eap i@ E D @ @ :"DIGJ

sy FMs = |5 don

0

Coupled Inductors Windings' RMS Currents:

1 g BMS = B51R RS
171 sec B2 = 150P R0
I poim Fis = Lang Ras

I cec RS =I5y ROIS

Magnetizing Inductance's Peak Current Values:

B pk= M mad 5

3m
e ok = I00_ms T_W

aet

Switches' Maximum Voltage Values:

Vgyple) = Vpg+ 0V, (@)

- .., ™
VEIP max = ‘su{g)

k¥,
Veoplo) = % +V, _POD(C':'

- . w
V5P man = ‘s:r{g)

Vanede) = Vg + 2V, _pesfe)

: o im
VeI max = ‘«-sm{T)

g pags =664

) prim R = 89224
] sec RMS = 6364
) prim Fnugs = 85224

2 sec RS = 63464

By p=2694

Bap = 2694

VSIP max = 33664V

VG2P e = 273664V

[

73664V

VEIM e
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Vv
Vny(e) = — + Vg pegled

N —r in
VEnl mae = \-SJ{T]

Calculation of L osses:

VraneaT = 125V
RDBIGBT = 00102
VH.B}D = 098V

Rp = 00220

ForRg=150

&
— e 2
k= 17510 .

_7i
.
A
—g T

kg = 675107+

e T J
ko = 112510 —
A

YL__EJEE;'WDV

LW spay Nem:

Eoellc Ver) = (Bomt T + B2 1) —
.

Eurllc-Veg) = (Lufﬂ-lc # knﬁ'!'}Czj' =

CEref

= 2
P51P cond = VIHUGBTBIP sve T FonlGBTIS1P_ RS

= 2
P5op cond = VIHOGBT 528 me * FomieBT ISP RS

d 2
FSIN cond = VTHNIGBTISIN avg T RonlGBT 151N RMS

— T ]
PEIN_cond = VTHOIGBT 1S _avz T FonlGBT-150N_RMS

P cond = PS1P cond + PSP cond + PSIN cond ¥ PS2M_cond

Il
(=)

VeI e = 273664V

PS1P cond = 526W
PS2p copd =0403W
PSIN cond =3-26W

PSIN cond = 0403 W

P cond = 1L326W

Esip oo™ = Eog(T 01 _pnan(®): Va12000 ) + Eggr(T v _pacle): Vs 1000

3
F5)p o= —“J/'I Eip o) do
% (i]

PS1p oy = 2028W
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Eg2p_ (@) = Eqgln M0 _minf®d| - Vszp(ed) + Eqgr(n | _max(ed| - Voplad)
f; g
Foip o= ,—“-J‘ Ecop plo)do Poop o =0H8W

B -

Esni_ew(@ = BT np_pun e Ve el + Eogr(I nn_mee (o) Ve 1)

29
PSIN_ow ™= TW'J- Eg)N_swiod do Py o = 2-028W

T tm

Eso sol@) = Eqfn | minfe)] - Vo)) + Epgr{n [ap max(®|. Veaiad)

£
PN sw=73_"| EsIN_swio)der P = 0HEW

- 0
Pow oo = PS1P o + P52 oo * PO oo + PS2N s Poiyy o =4952W
PSW_total = PSW_sw ¥ PSW_cond PSW poral = 16:278W

Ry = 8610770

Rp= 11010 0

- 2 2 - .
P11_cond = Fonl 71 _prim BM5 ™ ¥ Rowr 12 _sec RMS Pl cong =11.276W

2 2 .
P12 cond ™ Fenl M12_prim BMS ¥ B2 0 _sec_RMS P12 cond = 11.276W

Pr] g = L434W

Bro g = L4340

PL_total = PT1_cond T FT2_cond * PT1_maz * P12 _mas BT ot = 2541W
Ly:=4uH
=t 2 _ .
Flanp = T“'fs']“d'r 0 a{ed)” dox Folamp = 13.636W
- ]

Efficiency Estimative:
P

o

n= n=83847.%
Py + Powr_total * PT_total T 4Pelamp
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APPENDIX D

APPENDIX D — DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL OUTPUT
CONNECTION - COUPLED INDUCTOR

DC-AC Flyback Converter with Differential Quiput
Connection - Coupled Inductor

1. Design Specifications:
Inductance Ly = 253.704pH
Peak Cument
RMS Currant - Primary Winding
RMS Current - Primary Winding (DC)
RMS Current - Primary Winding (AC)
RMS Current - Secondary Winding
RMS Current - Primary Winding (DC)
RMS Current - Secondary Winding (AC)
Curmant Ripple
Tums Ratio
Maximum Flux Density

Maximum Cumant Dansity

Core Utilization Factor

Switching Frequency

2. Core Selection:

e La- oM mas A+ (PR Rves + - Tsec mus)
B I K

T — R S R

3. Number of Turms Calcultion:

Lot st mas_aC
Bos A

AcAw = 10.701 - cm‘

M= Dcil[
_ Ly v max AC

B :

N = eeiln- Nyg) Ny = 37

4. Air Gap Calculation:

NFF-H-AE- i n
; cm
L gop'= — T gop = 3662
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5. Wire Gauge Calculation:
Tona = 100

T = 0.8

pri= 179107 " -[1 + 0.0039(Tpg — 20]] - 2- m

P

Wire Gauga:

Dy = 2 By

The wire gauge chosen is the 20AWG.

d, = 0.29mm
 rrna_rus
=
o] Speim
Mcomd_pri * "5"[ 5'“]
_ Ispc mws
" Jua
Noond_we = mj{scw]
Swire

6. Calculation of Losses:

6.1 Copper Calculation:

Npri* Moond_pri * uiso

Moampri ==
w The * e

Neri * Meomd pri * Gw_iso

Neams = ol

PT
Paire ==
Spim

Irean tam = 15em

Loz _pri = Mpri* Imcan tem

8y = 0,545 mm

Dy = 0L109- cm

dy e = 0.33mm

SCILij =0.022- c:ln2
Mcond_pri = 34

2
Sey_sec = 0.017 - cm

Do e = 26

Nogmpri = 11.688

Mg = 11.688

_3
Poire = 3658 % 100 -

§l=

lyie_pri = 5.55m

Ricpri = 0.06 - £

by e = 5-35m
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Ry = 0078 02

A= 0397

+§'(quxj2—|)-L_2'ﬁm

+e  + 2-oos(d)

P A oC edwm@f) 2 2 N e oo T2 awa)

B = 1375

R = F,

acpri TP"i'Rcrpri

R E R

arsec <=

2 2
Poa pri = Racpri Ipri M3 AC + Recpei* Ipri RMs_nC

- 2
Pog sec = Racec Lec BMS AC + Roceec - lisc RMS DO

P“H‘H = Ptll_m'-i + Py gec

6.2 Magnetic Losses:
Voom = 23.3cm’” k= 3T
E
Ay= l Aty = R
2. 20000 2 . 20000
Lag - Al
AB = H ]_Irl. 1
N A T
£ i 8
Poow = k = (EAB) ¥ oom
k
k=

1

o= L45

e te + 2 cosA)

Racpi = 0.082 .
Ry = 0.107- 01

Foy ri= 4679 W

Pey goc = 3584 W

Peopper = B.263 - W

f=303

AB =0.126

Pegre = 34.615 . mW

W

| = R =

3

m

By
dt Pt=l.37|-k£
3
m
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K= Po- Ve

6.3 Total Losses:

Piogar = Fcnpper + P

6.4 Core Thermal Resistance:

w 4
cm

~037
A
R = 23 E[A' “]

6.5 Temperature Elevation:

AT = (Poggper + Pogne) Rl

7. Execution:

Npri* Swim_iso Neond pri + Meac * Swine iso * Neond_sec

Pogee = 31936 mW

P = 8295 W

AT =6154TK

2
A min = i Ay min = 2765 cm
‘a‘w min
Exeg = ——— Exec = 0.702
Ay
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APPENDIX E

APPENDIX E — CALCULATION OF LOSSES FOR THE DC-AC FLYBACK
CONVERTER WITH DIFFERENTIAL OUTPUT CONNECTION — ALTERNATIVE
SWITCHING

Calculo de Perdas Conversor Flyback CC-CA Bidirecional
de 500W 20kHz 127V com Modulador Alternative

Especificacdes:

P, =500W

Vi = TOV

Voep = 127V

f = 20kHz

L, =253715pH
n=1

Valor de Pico da Tensdo de Saida:

Vomas = V2 Vet Vg = 179.605V

Corrente de Saida (Carga Resistiva ou Interligado a Eede):

- T = 5-368.A
I(e) =1 -sinfa)

indice de Modulaco:

oV .
M= M =1366
Vin
Resisténcia Equivalents de Saida:
E -=E R, =3225800
° I(IL'IJ.E_Y

Funcio Razdo Ciclica:

- Mosmfod ..
Dp{u,- =|— fa«w
1+ M-smio)

0 othermse
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o
SN fa>n

1 = M-sinfo)
0 othermnse

Dn{cz} =

n_m

Valores de Tensio de Saida "p" e "n":

. . Dyl ]
S YO
Vopmax = vup{ %) Vopmax = 179603V
o.u':ﬂ) = n'|:1 ok Dn[u]l] m
o e x oy
AR e T] Vommae = 179603V

Cormrente de Magnetizac3o:

1@

e S B0)

Ondulacio de Comente na Indutincia de Magnetizacio:

D_(a) V.
i
Alp () =
it
ﬂIr_m_mzx i ﬂIL“:{—: ] MI_'III._I]EI =00284

Cormrentes nas Indutincias de Magnetizacio:

26, L Tfe) —Diyfe)(1 - Dyfed)n-Viy
II_'L'I:Ip].(Cl:I = = ST
Ji':-]'_m-n-Ll = Dpl‘ﬂ:l-]

2Ly lgle) + Dyled(1 —Dp{u):]-n-‘v'in
I ol = > i "
-'f";'Lm'n'(l i Dp{a_,l_]

2£,-LyyTo(ed — Dyle){1 - Dylad)n Vi,
M Loyn(1 - Dyla))

I (o) =

21,1, @) + Dylo)(1 - Dyfad)n-Vy,
26 Lo {1 - Dyle)

It ) =
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Valor Médio de

Comente nos Intermuptores:

T
1 [:1]_]_@1(0} + ILHJPJ(&:"]-DF(&)
ISplmed = 1_1r- = - drx
"0
1 i .
1 (I mp1fet + I ppyfed {1 —Dplal)
ISpEumd:: _}—:“:- = - = dox
=0
rar %
1 (1 1o + 11 () )-Dy e
ISI:luJEd = 1_':['- = ~ dre
-I'JT
A2
1 (Laam1(®) + I (@)1 ~Dyla))
Lpimed = 3 T ~ dex
"0

Valor Eficaz de

Comente nos Intemruptores:

L5plmed = 35714

Lypimeg =04

Tepimed = 35714

Tonimeq =04

| I
.
Iepler = |5
¥ 0
ISD].Ef=15'lS'j‘

3

(I]_u.lpl':‘“‘f‘2 1 (O T e + Ilmpl':uf}'np{a} i

n
Iogef = [E'
k|

Isp:Ef =5777TA

I
s
0

3

(Il_mplm.:-2 + 10T () + T () |1 = D)) "

| a

— |1
Tonlef = |5
B (1]

Igpiep= 75984

f 2 : i Fewori
(a1 (@”  H ey 01 ) + ()’ } D)

3

do
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In .
L (Pt ) + @} (1 D)

| 2w 3

Walor Eficaz de Comente nos Enrolamentos dos Indutores Acoplados:

Ipler = Lpler Irples = 75484
Ip2ef = Ispler Ires = 57774
Inler = Lnler Iplaf =7-748A
Wnoef = Lot Ip o =577

Walor Maximo de Corrente nas Indutincias de Magnetizacdo:

- wE = 7
I il :{T] I S
I =1 e 1 =248174
Lmomax ™ “Lomlf 75 Trrmmax — =9 f

Yalor Maximo de Tens&o nos Intermuptores:

Vgp1(0) = Vi + -V, (o)

= i m . _ =
E Splmax — 1".'5]:-1(3] ¥ Splmax — 45605V
2
5 moo. 5
W SP:Eu) = T + 1.09(&;
: R ;. i e
W Splmax = tnsp:{?] W SpPmax = 249605V

V() = Vig + oV (a)

] < 3w - - —
Venlmax = ‘*sa{T] Ve lmax = 249.605 ¥
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Vin
‘.'Sn_'\(ct] = T + Vun(cl}
N N im
Vendmax = ‘Sn:[T)

Semicondutores Escolhidos:

Intemuptores S1p, 52p, 51n e 52n: IKW40MNG5F5 (IGBT)

Calculos de Perdas:

VraENGET = LBV

"T['EID = 098V

Rp = 00220

Para Rg=150

can—3J
= 17510 "=
I‘cscnl A

I
kg = 375107
2
571

=67510 =
il 2

kg = 112510771
e
.V'CEIEf = 400V

Eonf1e: Vep) = (Kot T # g T s

Vi Erer

¥ W
Eafic- Vo) = (e e+ ) 5

— 17, 2
Pepleond = VIHIGET lplmed T FoalGBT loplef

. 2
Pepicond = VTHIGBT lopimed T FoalcBT lopres

Vg dmay = 245.605V

Pgplcond = S034W

Pgpdeond = 03H4W
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: 2 B =
Fonleond = VIHOIGET inlmed * ForlGBT Lnler Prpleond = 3054W

. 2 = -
Fopcond = VIHOIGET lintmed + ForlGBT Lnzes Popeond = 0354W

Pscond = Pspleond * Psp2cond * Psnlcond * PSn2cond Pocong = 10736 W
Egpleom @ = Bl M1 (00, Vap1(ad) + Eppe( T ppaled Vg fal)

5
Pspleom = q-r Egpleom!al de Pepleom = 1351W
T 0

Espcom(®) = Eggfn |I]_mp1(u) Vogo(a)) + Eygfn |Ihm1{c-}| Vpaad)

& 2w
=
Fapdoom = ;J Eqpdeom(o) do Poplonm = 0.164W
™

Egnleom(® = Eapl I 2@ Vign1(00] + Egg{ T g (0. Vg (o)

3
Penleom = ;J Egp] com(0) doe Be 1o = 1351W

™

Esucom(® = Egp(2 | amn(®

V(o)) + Eggr{n | I 10| - Vsgaten))

£
Pendcom = q'r Esnrcom(®) do Pendcom = 0.164W
< 0
Pecom = Popleom T Fopleom T Pinleom * Ponteom Pooom =34 W
PSTDEI = PScu:d + PS: L Psml = 14166 W

g —3
Roghye] = 86107202

g —3
Roghre = 110:107 702

& 2 2 s
Procond = Foobrel Trples™ * Focbrer TTp2es Plrpcond = 3371 W

2 2 S
Prucond = Foobrel Trnler * Pochrer TTnter Plrocond = 3371 W
Plpumag = 1434W
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= 1434V

Pl'nmag
Pliotal = P'l'pem.d * Procond T P'fpu.uag + PTnmag

Ly = 4pH

L

-\
Pcl:unp = -.ﬂ'i::-,'I‘d'Jﬂ(]l.mpJ':"—'l} drx
- 0

Estimativa de Rendimento:
P

o

N P+ Pol * Plootal * Pl

Plygeal = 20.01W

Pofamp = 11001 W

= 86.478.%
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APPENDIX F

APPENDIX F — DC-AC FLYBACK CONVERTER WITH DIFFERENTIAL OUTPUT
CONNECTION - PCB LAYOUT

OO0

wlelvule)
—
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APPENDIX G

APPENDIX G—-CALCULATIONS FORTHE ACTIVE-CLAMPING DC/AC FLYBACK

CONVERTER - 100 KHZ

Active-clamping Flyback DC/AC Converter - 100 kHz

1. Specifications:

Input Voitage: Vg =70V
RMS Qutput Voltage: Vg =127V
Average Cuiput Power P, = 500W
Switching Frequency: £ = 100kH=
Current Ripple in Lm: AL e =30
Cutput Voltage Ripple: AV o =17
Auxiliary Switching Capacitor AV, = 5%
Voltage Ripple:
AC Voitage Ripple: A‘»‘nq__xlc =272%
_ - I.= 1
Switching Frequency Peniod: TOf

2. Design Requirements:
Modulation Index:

M=108

Auxiliary Switching Inductor:

Lg=2uH

3. Preliminary Calculations:

Average Peak Voltage:

Vp= V2 Ver Vo =179.605V
Output Current:
2P,
IG_]mx = v Iu_m =35684A

= R,=31258101

T, =10-ps
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Flyback Inductor Tums Ratio:
.VD
M-V

n=417%

\Vo/n Relation:
v,

Vo=—
n

Vo=41V

Altemate Output Wolt

Vo_aclel = Vsinfa) v, M{’—f] =179.605V

Paarameterizid Output Cumment:
2f 1l
Vi

.
ID_ME[TJ =0.136

L ba(®) = T (e

Duty Cycle and Inductance Factor:

D=035 =01

Given
s =\ _D+DAM+DM-MA+1)
o _bana| 1+MA+M

1AM
ALt = G D -3+ DM+ DNAD

sol = Mimerr(D, )
Be=saly D=0531
A=l A=009
Duty Cycle for 51 e 5G:
qiiee) = M-zm{o)
(e)-(glad-X + qlod + 1) + qle)-(0 + 1) :
D, () = Lo bars if0cacw D 3] =033
qfed-A +qla} + 1 2,
o barated-(—afal-d —qla) + 1) — qla)-(A + 1) )
= e I -
X} + 1 Dac[T] 0531
Duty Cycle for SP e DF;
I, pamaled-(aled- + qlo) + 1) + alad-r + 1) i
D,. gpla) = | =—— #O0cacm D SPLE} =0331
- alo}-h + qled +1 L

0 othervize

P

Imw
Dy =3 T] =0
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Duty Cycle for SN e D

W ) T
D, syl = |0 if D<a<w Dac_Sl‘H{_:] LS
A, parra(0) (-aled-A —alad + 1) —qfa)-(h + 1)

—gla)- X — g + 1

M izing Inductance Lim:
E
Ly :=TG Lyp=22219-uH

Voltage on Auxiliary Switching Capacitor Cg:
DV
N
Ve =—T9401V
1+D s

o “'["Dﬁ' V.oD-2)+ Ve -@- 1:] +D(Vpy + V_o:]z ~V_o{Vpy + Vo)
> IEV_oLg+ Lyg(Vpy + V_o]]

I =323814
Minimum Cumrent in Lo (AC)
o Vo sk : I’ Y, aci)’ .id
Appgorled = Ve ———(Dac@d - 2) + R_T] {Dpele = 1)
~Vo_acte) (Vo acted)’ .
Ay ppplad = '\'m-'T-{DR(aE -2+ L-—} (Dyela) - 1)

2

(s JonY Voac®(  Voackd
o = o AC o AC 7 o AC
M Appgprled) + D;._c(u‘v-[‘v]:c s ] e L +]
II_AC{Q:I = v {ioih 3 W I\. Y H0<a<n
o ACH g o acia)
Bl —— aaslaataarie
’:[ et Iu [ i3] - ﬂ
n

_ . [y _.Lc(nJ'z Y, 4c® V. acte)
""I_-"'mm(ﬂ),]JrDm(a}-[‘vm— “—n ]+ o -(v _te AC™

n I n

.
|

Vo_acle)

—t
]
b
[l
o
-|_v|=]“‘".
S
(]
L
v
iy
o
=
1=

Appendix G

215



Méximum Cumrent in Lm:
1 VpeD+DV_o-V_o

L=

Lt

ra |

Maximum Current in Lm (AC):

VpgDyela) + D, fa)

Vo ac@ Y, ac(
n

[

1: l..c{&] =

Vpg-Dyal@) + Dy la)

Lt

f l<a<w

Vo_acle)
= +
n

otherwize

[N =

4. Operating Stages Duration:
1st Operating Stage (11—=12)
_(b-I){lethy)

N
1st Operating Stage (AC):

Atl -

LG-L

L Ac[?) =43814

3
I A,:[#] =43814

Atl_ (o) =

3rd ing St
(1-I¥
= iy

12—=0}

At3

Jrd Operating Stage (AC):
1- D, (a})

5

A3 (o) =

uf™

4th ing St
Atd = Al

0—= 42}

4th Operating Stage (AC)
At (o) = Atd (o}

Bth ing Stage (12—=0);
_ VpyD+DV.o-Vo

At = :
J.[\-']-N + V. o}

(b _acio) ~1_ac@{Lg+ Ly

Arl =395 s

L r
&rlacli_:] =595 ps
A3 =2343ps

iw -
ﬂﬁ”‘{T) = _'.343-|.|.5.
Ard=2343.ps

mg‘f —f] =2343us
W=

At =0.782-ps
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Gth

St ACK
Vo oarie) V. arlo)
o AC o AC\Y
Vg Dyefod + Dy o) o — %
A6 (o) = . — ——— f0<acw
1[‘; g ‘vﬂ__% u,lJ .
jiv) 3 s
Vo acled Vi aclad
VgD, o) — D, o) o AC L L
. r.{ _ n e
o ACH
7 [ Rl = el
[_ L n ,-| =
im 2
msx( T) =078
Tth i O—=11k
Lgl
R g AtT=05T8 ps

AiT = —
Vpgt+ Ve

Sétima Etapa - Saida Altemada:
Leh acled

— Vo_actad
=

AtT (o) = flcacw

Ll acled
% othernise
. Yo acla)

e r—

5. Intermediate Equations:

Lm cument in AtG
(A + At + L-(AtS + AtT)
T AB+AH+ A+ AT

[ =349534

Lm cumrent in A6 (AC

i II_AC {u}-tﬁﬁatl:&:l + ﬂ.t—la{{a:l:] + Iz___nlcl:u:l-{ﬂtﬁa-(nj £ .ﬂt-"atfu.]j

L ac J“]=34.953.—L

Output Current \Validation

(L+L)EAS+A  (I+
o KBTS L

Al =
L'l‘-—'-l'c @) A (o) + A (o) + Ath, (a) + AT (o)

L) £-(A®6 + AT)

2n

Eu_mi-: ; Im
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6. Auxiliary Switching Inductance Lg:
Average Current (DC) - La-

At AG+A 2 A=A :
1 (-}t (=205} L +L)e
Eo=—1 —— tIj|dt+ — — +hL|dt+ — —I|dt
T, Atl (A + A - (A7 + A) -
0 0 [
ho=143864
BMS Cument (DC) - La:
| Atl Bt A+ ALT
) v
I 1 tI«—Il {—111}t [ H1+I:}-t &
= |—1 + I +1,] dt+ R i = AR [
he m J T [ Atl (ms FAH) 2 (AT + AE) =
[ 0

Average Current (AC) - Lg:
2 = ) .. .
L (Il___\cl:u:l & 1:___\(:[&)}-.&[‘13&0) + {Il___\.c':nJ = I:_AC I:Cl}} tﬂtﬁac':ﬁ.} + At 'R{“:I_:I
hgae=5— = o
L]

g ac=T1434

BMS Cument (AC) - Lg:

: . N

Apgpyle) = {1 1 ace” +h acledly acla)+ 1:__Ac(°3'2 J-xtl ()
oy 5 2

& cgoled = [13_ i) ]l-imsu(a,. + Ard, ()

2 2 T
A1 Gp3la) = (_II_AC':"';' I sclell acled +1p acle) _]'Eﬂ'ﬁawﬂ) + AT (o))

2%
[ A]_G{Ilfcl:l + A]_GGJ(E‘} + .JALGO:{(CI.)] 3

3T,

|
B ACms™= J1—,W-
r LN
|

0

B.G AC yms= 204524
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1. Magnetizing Inductance Lm:

A L Current (DC):
I]. + I:
=
[:[J o 11.]-2

éh_IE‘I & Il +1

Ay Lm Current (AC):

¥
. _ 1| (hac®+h ac@) -
) 5

1
Iu ac pus= [—' [ -

In
N o

Maximum voltage on Lm:
LeVig
K . =Vpg———

LM max i Lo Eiyy
8. Auxiliary Switching Capacitor - Cg:

Desired \oltage Ripple:
AVee = VooV, AVre=-397V

itance:
I A3
1AV

o= C =12926.4F

Average Cumrent (D) - Cg:

. i .
{I.1+I_'||-l‘

= b g |

Tce=1 AB+AH S

=04

BMS Current (DC) - Cg:
I At3+AE
1

[[’L + L)t ]2
ol P == &
TeG s J'[. AB+AH 2

b | o
oG yme— 113138

¥4
{I_acled + ]J_AC':“:']'} 5

delta Iy 3=03

Iy ac=2234

Ipag AC Rugs = 254654

"'I.M_max= 4319V
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Average Curent {(AC) - Cg:

2

1 |:_I_'-‘__A'C(u:"{ﬂt3a{: u} —ﬂﬂac\(u:l}] 2

Icac=5 o1,

(1}
Irg ac=04

BMS Current (AC) - Cq.

2
1 b e’ (A8,

] (@) + At (@)
Ice_ac rus™= I;' 3T, o
y 1}

ar

Icg ac Rus=12H74

9. Main Switch - 51:

Average Cument (DC) - S1:
Li=lethe
Igy = 142864

RMS Currert (DC) - 51
-Atl AT

; 2 T 2

e o [ e

== e d e s I
Sims = |7 Atl : A+ AT 2

\ 0 ]

Ig) e = 234644

Average Current (AC) - S1:

2 3 E N =
1 (i_ac(e) + I acto)) Atloc@) + ()_aclo) Ty ac@I}{Asylo) + AT, (@)

Im 2T,

]

Ig; ac=T1434

Iy ac=

RMS Currert (AC) - 51

l I

|1 (I} acled+1> _-.‘C(u:l']g-ﬂtlac(u} +(I} gio) - _\l,:(u)f.rmsac(u)+m?_m-:.1}}
_- 1 ACH . 1 \ e

L1 ac rMs =

[ IT,
3 0
L ac pys=177134
Maxinnum Vol -51:
Vel max= V- Voo
Vg1 pmax = 149401V
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10. Auxiliary Switch - Sg:
Average Current (DC) - Sq:
o=l
IsG=04
BMS Cumrent (DC) - Sq:

IEG_mr_. = I'CG_lm:.

G e = 173134

Average Current (AC) - Sq

Lgac=lc ac

I ac=04

BMS Current (AC) - Sq;

L ac rvs = log ac RS
g ac mugs = 12474
Macinum - SG:

Vg G max Vg 1_ma
VSG—M =149.401V

11. Output Filter Capacitor Co:

Desired \oltage Ripple:
AV, =V AV e,

12. Blocking Diode DP:

Average Curment (DC) - Dp:
op =1 cale
Inp=355684

AV, =30533.V

C, =0.969-uF
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BEMS Cument (DC) - Dp:

I AtF-AH AT

[1 (I?JJrIf)'tl

0 o

IDp e = 82654

Average Current (AC) - Dp:

1| (L ac®@ +T 4@} {AB, o) + At (o) + A, (o) + AfT, (o))
T Np - 3 4 h

&

TDP_ms = J | A+ Ad A6+ ALT

L e Mon
1]

e ac=17724

EMS Cument (AC) - Dp:

| 2
J . (L acio) + T () (A8, (o) + Ats, (o) + At (o) + AT, (o)) -

Ipp AC RMS ™=

5 ]

Ipp_ac mas =+0094
Mzximum Voltage - Dp: 1
i b ™ - ™ - -
\'DP_m;_x = T"o_.j.C(_z] N G_.-‘;C[T }"'5“ otV Mm@

VDP_max = 48476V

13. Blocking Diode DN:
Average Current (DC) - Din:
Ippy =04

Igyy =10
RMS Currertt (DC) - Dn:
DN e = 04

I g =0

Average Current (AC) - Dn:

7o g =
i (I actod + T yclo)}{AB, (o) + At (o) + A6, (a) + AtT, (o))
e 2_actel) i

4 _1.1.__“2

D ac=s T,n
W™

IDN_AC =17724
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BMS Current (AC) - D

I

I

_ACK)*(Atyg(e) + Atk(@) ¢ A (o) + AT(0)

ach

Ion_ac RMs =

Ton
9 ™
Tong AC Ehs=A000A

Maxinmum Vi -Dnc
- R 3w . 3w . .
DN e = c-_.—".C[ —) ~ Vo AC [\T }"’-“ % T VLML max®

VDN e = 48476V

14. Switch SP:

Average Current (DC) Spc
Lp=1
Igp=335684

RMS Cumert (DC) - Sp:
1P e = IDP e

Lop o =82634

Average Current (AC) - Spe
Lp ac=Tpp ac

Iep ac=17724

RMS Cumert (AC) - Sp:
Iep ac rus = Iop_ac RS

Iap ac mas =+0094
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APPENDIX H

APPENDIX H - CALCULATIONS FOR THE ACTIVE-CLAMPING DC/AC FLYBACK

CONVERTER - 50 KHZ

Active-clamping Flvback DC/AC Converter - 50 kHz

1. Specifications:
Input Voltage:

RMS Output Voltage:
Average Ouiput Power:
Switching Frequency:
Current Ripple in Lm:
Qutput Vioitage Ripple:

Auxiliary Switching Capacitor
Voltage Ripple:

AC Voltage Ripple:

Switching Frequency Period:

2. Design Requirements:
Modulation ndes:
M:=06

Auyiliary Switching Inductor:

Lg=4uH

3. Preliminary Calculations:

Average Peak \oltage:
Vo= "\E'Vef

Output Current:

Vg = TOV
Vog= 127V
P, = S00W

£ = SOz

Vo =172605V

I, = 55684

R,=321380

T, =20ps
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Flyback Inductor Tums Ratio:
= n=4278

M-Vpq

n=

2 Vo=41V

Vy_acle) = Vysinfe) T JLC[EJ =179.605V

Paarameterizid Output Cumrent:
2f.1on

. 'Tl-'-
L@ rn_bm[i] ~013

L basle) =

Duty Cycle and Inductance Factor:

D:=03 =01

Given
. =) _D+DAM+DM-M(+1)
o el 1+MA+M

2AM
ALt = 1 1D -3+ DM_AM+ DAM)

sol = Minen(D, )

D= gn'sﬂ D=0545

2= soly X =10153
Duty Cycle for 51 e SG:

qiee) = M-zsin{o)
a)-(afo) X + gfa) + 1) + gfa)- O+ 1)
qio)-h+ qlog + 1
T, parale)-(-afa) A — aled + 1) gla)-(r + 1)
—qgfa)-h —qglo) + 1

To_bamal

D (o) = | 2= i 0

Duty Cycle for SP e DP-:

Iﬂ_balra{u}'(ql:ﬂ'h + qfed + 1)+ glia)-(x + 1)
afo)-A + qlo) + 1

0 othervise

s _SPI:U) =

ca<m Dac[l:] =0.545

15 3w o
Dac[—zl =034

S o ke
f0ca<m Dac_SP[j} =0.545

im
Dat_SP[T] =0
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Duty Cycle for SN e DN:

— b - .Tr =
D, gl = [0 f 0 <acn Dac_S}."{ 3] =0
o baale-(maled-A —gla) + 1) —qlad-(A + 1)

—qled-A — qled + 1 5
Do S_"'T{ ) 0.543

Magnetizing Inductance Lm:

Lo
L}\I = T T":'.I = lﬁﬂﬁjpl.ﬂ

Voltage on Auxiliany Switching Capacitor Cg:
DV
-1+D

‘-\-'CG_ = VCG_= —83.860W
Minimum Current in Lm:
:\I:‘umr‘-f oD = ‘J+1’c {D- 1\:|+D~ﬁm+1‘ e] -V o|Vpg+V a]
i INE[VoLg+ Lyp(Vin + Vo]

L =285T1A

Minimum Current in Lm (AC):

- 2.
Vg acled (Vg acied )
Apygrled = "W'%'Pac(ﬁj —3+ (%J {Dyele) = 1)

Vg acled o_acle)
Bpy el =Ty —— (Dl =2} & {T] (Dyele) - 1)

i . [
Vo_ac@))™ Vo acle) ( . Vo ac®
1 vt

= = ;L (I\'\ = if lca<w
A o A o)
I, .[—c'—"c S L\I{"»']N S ]]
n = n

M) + Dclor| Ve +

11__ _'L(_{Cl:l o=

Bty
: [V ace) V. f.ai{ V, acle)
i 5 o AC o AC 3 o AC
3""(-"‘1!\1{]:‘(5‘!'_]+Dm(°‘}'[“'m‘ = J H e —
Er C{ v I'\)' othermise
i T ACEY ¥ ‘o ACV™
b Ac[ﬂ STLA
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Maximum Cument in Lm:
D+ DV eoe-Vo
1 Yy 2 gy o
hi=c——— L =47619A
: Lot
Maximum Current in Lm (AC):

V, aci®)  V, aco

| Ve Dacle) + D,y —=——
I soled=|=- = fn ~ if cocm
- ;= s
A, acle) Y, acle)
| Vi Dycle) + Dygfe) B droan
= e = othermize
2 Lt

J"IT -
13—*"“':[?) = 476194

IJ_AELT] = 476194

4. Operating Stages Duration:

1=t Operating Stage (11—12)
(Ty =11 }-{Le + Lyg|
Atl = w Atl =818 ps
Vv
1st Operating Stage (AC):
I ) =Ty aelod L+ Ly
Afl (o) = 2 act LAC He* Tn) mlx(ﬂ =81%ps
Vg 3
N ¥,
3rd Operating Stage (12—=0):
A3 = E11_£D" A3 =430 ps
3rd Operating Stage (ACY
[1 & Da.c(u\"} 3w
&t?-a_c{a) i T ﬂl‘sac{T] =4 345

4th Operating Stage (0— 12}

Atd = AG A =454
4th Operating Stage (ACK
» ~ m™ 2
At (o] = Atd (o) ﬂ.r-lk{ 3] =4545ps

Bth Operating Stage (12—=0k

VprD+ DV e-V.oo
Atf = ) s i

, : At =1700ps
AV + V.oLE -
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Gth Operating Stage (AC)

Vo acled  V acled
Vg D, (a) + D (a)- o AC _ "o AC
n n
Ath (o) = - - — fl<a<n
[ Vo_acled
Vpg+—— L
Y no ST
Vo oaplod Vo oapqlo)
VgD, — Do) o_AC N o AC
n n .
- A otherarise
2[\-’ _ o_ACWE £
n A

Tth Operating Stags (0—=11)

Lgh

Vgt Ve

AtT

Sétima Ftapa - Saida Altemada:

Ledy o)
ﬂ.t'-'m(u:l = —G 1—_'{
Vo aclal
Tyt ———

n
Ll acied
Vo_aci(ed
‘;"m_—i

n

5. Intermediate Equations:

Lm current in A6

mﬁu{ 37“] = 1701 us

AtT=1.00ps

fl<ca<mw

othermze

1

ﬂ.t?a:{ —1] =1.02ps

I-(AS + Atd) + L-(At6 + A7)

A3+ At + A+ AT

I,=32954

Lm curment in A6 (AC)

_ Il_.-‘x'i:{a:"l:ﬂﬁac':&) + ﬂt—l-a: [a:l] + I:_;‘Cl:c:l-{ﬂtﬁa (o) + ﬂt?acl:&)]

L_aclo) =

.-

I A,:L%]ﬂ:.gsm
(3w e
I "’EL_‘-) =329%4

Output Current ‘alidation
L+ I__.;|-£d A3 + Al

A (o) + At () + AtE (a) + At (a)

act

(L + L) £-(At6 + AfT)

Il}_{!it‘ = m +

I

o cale=5-568A

-

Z-0
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6. Auxiliary Switching Inductance Lg:

Average Current (DC) - Lg-

Atl At Ard ; -y 1+AT
i (-}t (2h)t (1 + I}t
o=— 4y |de+ 4Ly ldt+ - Dy
T, Atl A+ AH) - (ALT+ AWy -
] Li] 0
h=142864

| Atl A AtG+ALT
3 3
J 1 ':I:_Il {—-'11 B [;[1+I:}l‘ E
Tt ! — = 41| &+ - = 1| a
16 ms J P [ Atl u:us FA 2 AT+ A 2

] o

B s =320624

Average Current (AC) - Lg-

2w - G
1 (o_ace) + I acle))Ad,la) +(h gcml =L yclal) (A le) + AT, (a) s
In 2T,

0
Ee ac=T1434

hgac=

RMS Cument (AC) - Lo
A1 (el = [h_,:_.;(n:f +1) pcledly ac(ed + 13__;_,[(&)?).&““(“)
Apgoaled = ([3 Acte) ){*’—“hc(ﬂi‘ + At (o))

A gp3la) = (11_.1.-: )’ - I acledly gefad + I:_Acﬁﬂi'zl]'t'ﬂ'ﬁa.:‘iﬁi' + AT, (a))

! *o

_ J 1 Apgoilel + A7 goled + A7 gpale)

hG AC m™= |3 = B
&

De aC pme=21474
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7. Magnetizing Inductance Lm:
Average Lm Cument (DC)

:[1 +14
In=—5— Iy p=38.095A
|::[: —11.]-3
delta I o po= L elta I o =05
R R T celia M
A Lm Cument (AC):
" (1 acle) + T pcle))
1 (h_acled +h acie) —
IL\I_.—‘&( = E f do II_}\[__:&( =2234
0
Av Lm Cument (AC
IJ 27
)
o] {I_acled+b_ac@)] :
B M_AC_RMS = [_n [— do Ipyg ac pagg = 234694
| o
Maximum voltage on Lm:
v SR <
N =W e . = .
T N Tt by VLA e = B0 686V

8. Auxiliary Switching Capacitor - Cg:
Desired \oitage Ripple:

AV =VegAVegy, AV =—54315-V
itance:
1A
Co=r— Co=1987pF
AV

Average Cumrent (DC) - Cg:

BeAH B A
1 2+ It
ek L el
e=7 |:ﬂtl+ﬂr4 2

AB+ A 2
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Aw Current {AC) - Cq:

n
= 4 _IE—A'C{&)_{&T'{EC o} _ﬂﬂac{ﬂ”
g ac=5_ = L.

(1]
Icg ac=04

5

BMS Curent (AC) - Cq

I:__A_c(njﬂ.{;_\.a“(a)+m4 (@) "

L ac
3T,

Ieg ac RMS™= J =
|

¥
(1]
Icg ac Rvs= 135084

9. Main Switch - 51:
Average Cument (DC) - S1:
i=lcthc
Ig; = 142864

RMS Cumrent (DC) - 51:
Al W G-ALT

ISt = [ [w+1:|2dt+ [H_IT.:-T
Slome = | Atl 1 A+ AT 2

iy 0 .

Ig] oo = 261554

Av Current (AC) - 51:

T o = =

" (T1_acted + Ty aclod)Atl (o) + (T aciod =Ty pctol) (A6, fa) + AT, (o)

W e da
[/]

Igy ac=7T1484A

RMS Cument (AC) - 51:
| I

§ 2 ﬁ[ﬁ " = &
RMS = e l:Il—-**(( )+ IE_AC(“:'J -Atl (o) + |:II_AC(0) —IE_.A.C(GJJ [ aela) + AT, (a)) ]
g1 ac v = IJ : e

| 0

I ac pys = 181764

Mainum Vi -5
AVeg
Vs1_max = VN~ Voo~ —

Vs max = 181127V
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10. Auxiliary Switch - Sg:

Average Current (DXC) - Sa:
o=l

Ig=0A

BMS Cument (DC) - Sq;
ISG_IIIL = ]'CG_mr..

Lo e = 185444

Average Current (AC) - Sg:

Lig ac=TIcc ac

Lsgac=04

RMS Cument (AC) - Sa

g ac ms = Ioe_ac mus

Lo ac Ris = 135084

Maxinnurn i -SG:

vSG-_ma.x = 1"--‘Sl_l.l.la.x
Ve max=18112TV

11. Output Filter Capacitor Co:

Desired \oltage Ripple:
AV, = V- AV,

itance:

C = Iu_max'D

°T AV

12. Blocking Diode DP:

Average Current (D) - Dp:
Ip =1 calc
Inp=3.3684

AV, =30533-V

C,=L1988.uF
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BMS Current (DC) - Dpc

SR AT
. 2
. E5T i 1K [
—_ =t —_— et I
}D = L Soft R X OT ek _: + E 3t
U AB + Adt AB+AT  m on
| 0 L]
Inp e = 83634
Averane Current (AC) - Dp:

1
b=

2T n
o

(Le_aced + T_aclol)(AB (o) + At (a) + At (0) + AT () N
Ipp ac = L7724

EMS Current (AC) - Dpc

11
Ipp ac RS = |5

(L actd+h ac (n‘;}z- (A, (o) + At () + A6, [0) + AT (o)) -
AT

ITA
L 1]
Ipp_ac mags =4074

Maximum Yoltage - Dp:

J T m . A .
1"DP‘_mm{ = 1"0_.—1({?_1 + 1"0_.—\([7}"&\0% + TN max®
= =,

VDP_may = 469651V

13. Blocking Diode DN:
Average Current (DC) - Dn:

Iy =04

Ippr=0
RMS Current (DC) - Dn:

bN_:IJ.‘H: =0a

]I)N_J.ms =0

Aw Current (AC) - Dn:

i T (L ac@) + b s} {AB (@) + At (a) + At (a) + AT, () i
oNAC= o T.n
18

Iy ge = LTRA
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EMS Cument (AC) - Dnc
| 2
1

act

|:Ix Acie) +1; __\lc(n:l]g-{ﬂtiac (o) + Atd (o) + At (o) + .'lt-_'ac(nj] )
. _ 1A ! 3

s 2

Ipn_ac RMs =
iT.o

| ™
Ipy_ac pras =4054
Maximum Voltage - Dn:
. . R "3 Iny .. .
VDM e = o__-xc[ 2 )" v G_ACLT J"m oo T VI mar®

VDN g = 469651V

14. Switch SP:

Average Current (DC) Sp:
Ippi= Ic_cak:

RMS Current (DC) - Sp:
L2 s = IDP e

Iip o = 83634

Average Current (AC) - Spe
Lp ac=Ipp aC

Isp ac=L7724

RMS Cument (AC) - Sp:
Lp ac mus = Iop_ac RMS

ISP__%C_:R:'-IS =4054
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APPENDIX |

APPENDIX |- CALCULATION OF LOSSES FOR THE DC-AC ACTIVE- CLAMPING
FLYBACK CONVERTER — COMPLEMENTARY SWITCHING 100 KHZ

DC-AC Active-clamping Flyback Converter - Calculation of

Losses 100 kHz

Specifications:
E, = 500W

Vg = TOV

V, Rus = 127V
£ = 100kHz
Lg=2uH
Lyg= 2219H

n=4276
Peak Qutput Voltage:

vu_max =4z Vc-_Rl\riS

Output Current (Linear Load):

2P,
Iy o™= vo_m.ax
o) = Iu_m-sm[n)

Parameterized Output Current:

26 1gn
‘h‘.rm

T, param(@ = 1)

Modulation Index:
v

0_max

M=

oV

Equivalent Output Resistance:

Voltage Conversion Ratio:

() = M-sinfn)

Inductance Factor:

h:=jii
Lo

V, g = 179605V

I, e =5.568A
M=06

R, =322580

A =0.09
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Duty Cycle:
s L aled+hgle) ..o
P [P Gy s g1 * T
qlee— ) + Aglo —w)
gloa-w)+hglo-m+ 1

if > wm

Ic-_panm(u_“}_

Active-clamping Capacitor Voltage:
Do)V
(1 - D{a))

Vegla) =

T — 1T .l n -. - T
Vo6 max = Vo6, 5 | VCG, = 79403V
Current Values:

[D(ex)-(1 + gled) - afe)]- Vg
2E1g

=
Iyfa) = b 3 |=43808A

[O\Dfe) + Dla) ~A - D-q(@)” = (\Dlo) + 2Dfa) - 2X - Iqlo) + D) Vag
TE LG Ovale) - 1= ale) hi 3 =334

i) =

2.3 D) + Dia) — 2% — 1)-qla) + Dia)]-V; o
ey OO )afe) + Di)]- Vg TR
2lg L2

Duration of the Operating Stages:

Aty = % ml{g | =3.954 pis
Atyfo) = ﬂ;—[f):“” mj{f | 93
Atyfed) = ':1'272(“” m,‘::g | =333
aey = SRS (ff(;niig—z - e

Current in the Magnetizing Inductance:

u;.-—'_ Vi Malo) 1
R | LgEdata) = Xgle) + 1)
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i -
Al M max = AT | ALy g = 114294

- | V(6 + D) — o) + Do o) ~ X ) + Dl X
LRy .CLR 21 £ (qle) + Mgle) + 1) |
HA ™ ILMi % + Lu;—m M e = 433084

Average Cument in the Semiconductors:

fid

1

™
Y0

Ip g = 71834

£
Bl ae=— ‘ f'[ih(ui = Led}{ Atgled + Atgla)| + (o) + he) |- Aty af] do

m
1| &
o = J S (o) ~ e | {Aty(e) + Aty(ed [ da
0
g avg =04
1| E[(Le) b)) \
Isp ag = 5 E'-I_‘f;':i 'ﬂrl@j]dﬂ
-'U‘ -
Isp ave = 17724

1
ISN_a'\;g = E

2 n

; 5_[[ Lfe) + (o)

171 1]
H = - At dex
) | £ i |
0
Iy = L7724
IDP_aTg = ISP_aw.g

Ipp avg T L7724

IDN_avg = ISN_a'qg

oy avg " LA
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EMS Current Values:

) pvs = in r

1]

Ig) pagg = 162284

3-[:}1@2 ~ Ty Ty(o) = Tp(o)” | (Atgla) + Aty(a)) = | T(e)” + Ty () Ty(e) = Tyta)” | Aty (o) | da

kg pvs = & r%-[:_b(@z — L) I(o) + 13(0-]2:"Iﬂ'f3(0:‘ + Atyle) | dee

Yo

L mus = 12464

Lp ms =

In |
"0

Lep gpgg = 40094

1‘4%

Aty() ": d

| [ 2
] af ey
T RMs = 2n ._ ‘/N 3-_| n J |fs

Iop mus = Ise RS

Ipp_pys = 40094

Iopg mas = I pus

DN R = 40094

Current in Lg:

Aty || da

A = [ @ + L@ L) - L) | ()

A7 gooled = | (o) ~ L) Tyt = Ly(ed ) Atg(ed + Aty(o)]

Ay cost@d = | 1@ ~ Ty (@) Tyo) + i) - Atglod + Aty(ed)
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T

1] & '
herMs = || 3 1ALG0oa  Apgoi(@) + Apgooled) de

"0

BEMS Cument in both windings of the coupled inductor:

I prim BMS = 1.6 RME

IT cec B0 = IDP RMS

Maximum Voltage over the semiconductors:

Vg (o) = Vg + Viegled
VS]_max = V51 | 2
Vgglo) = Vg + Vieglod
S
Vigpla) = 2a.9() Vg
VEp e = &5p|§ |

Vip() = 2nafe) Vg

/ 1 ™
"Dyl = n-{__un:J T __|'VDI

T e T ()
VDN _max = VDN 5 |

B e = 438084

Al ¢ oo =87616A

I prim RMs = 204514

I ooc Ris = 40054

V5] = 149403V

V5. = 149403V

V5P = 39921V

VoM g = 39921V

VDP max = 434207V

VDN gy = 454207V
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Semiconductors:

Switches 51 e 5G: IRFP4668PEF (MOSFET)
Switches SP e SN: IKW4DNGSFS (IGET)

Diodes DF e DM: C3D0G0G0A

Calculation of Losses:

PO
S00W

Rpgon = 0.00902 + 0.01202

"TI'I'IU‘ICE'I =125V

RunI(ET = 0010
Vg = 085V
Rp = 012502
) 2
P51 cond = FDSenls1 RS
2
P56 cond = FDSen 5G RMS
i 2
Psp cond = VTHOGBT ISP avg * FonlGBT ISP RMS
— 1T 2
FSN cond = VTHIIGET 18N ave ™ FonlGETISN_RMS

Fow cond = P51 cond ™ PSG cond T PSP cond T FSN cond

PSl_m, =0
PSG_sw3= 0
PSP_sw =0
pSN_m-: ]

Fow oo = P81 ow T P5G ow ™ PSP ow T PN ow
Paul total = PSW_cond T PSW_sw

.
PDP cond = VTODIDP_ave ~ B lDP RMS
PON_cond = VTOD DN ave ~ RO lDn RMs™

PD cond = PDP_cond ™ PDN_cond

PSl_cund =55W
PSG cond = 3253W
PSP cond = 2376W

PSN cond = 2376W

PSW cond = 13-535W

Pg] o =0
P5G w =0
PSP o =0
PN =0

Poy e =10

PSW gotal = 13-535W

PDP cond = 3515W

PON copd = 3515W

PO cond=T03W
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Ppp o =0
PUNJW:=0
pD_sw = PDP_:W - P]:N_sw

PD total = PD_cond ™ FD_sw

RiG o= 269810702
o 2
PIG cond = PG enll RMS
pD
= LO2IW —=—
plI_.G-_mag SOOW
Pre=PLG cond 7 PLG s
o -3
Rpnf o= 6310770

o —3
RiM ey sec = 12310702

2

PIM pri_cond ™ PIM cu piiIT prim RMS

X 2
pI_M_sec_cund = R[M_cu_sac’ IT_SEC_EI\'E

PLf mag = D-28TW
Prog =PI poi_cond ™ 2PIM sec_cond T PLM mag
Rolamp sec = 100K
v 520V + 60V o
clamp see = YV T . SOOW
. 2
2y -
pdamp sec o cee
- F‘damp_:ec
Efficiency Estimation:
PD

n:=

Py + P total = PD total T FLG T FLM ™ Pelamp sec

Ppp oo =0

D =0

Pp s = T3W

PLg cona= L128W

PLG mag= 1021W

Ppo=214W

PIA pri_cond = 2633W

PIM sec cond =19TTW

Ppyg=6875W

Polamp sec=6728W

n=93228%
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APPENDIX |

APPENDIX J - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER - COUPLED
INDUCTOR 100 KHZ

Projeto Fisico do Indutor Lm - Conversor CC-CAFlyback com GA

1.Especificagbes:

Indutancia

)
g

Valor maximo de comente

Walor eficaz de corrente no pAimarno

Valor eficaz de comente no pAmano (cc)
alor eficaz de corrente no primanio (ca)
Valor eficaz de comente no secundario
alor eficaz de corrente no secundanio (cc)
Valor eficaz de comente no secundario (ca)
Ondulag o de Comente

Relago de Transformagao

Fluxo de indugdo méaximo

Densidade méxima de comente

Fator de utilizag &0 da area do nicleo

Frequéncia de Comutag&o

2. Escolha do Nicleo:

_ L~ Tanpien - {Toreg + 22 - Tcer)
Booy - Tmax - b

e Escoider EROZZTICH ] hymsden’ wmisiend it

3. Calculo do Numero de Espiras:

da

Arfw:

5
:
:

prmﬂ[ﬁ] Mygi = 6
%=ﬁ Bam=03-T
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N = cail(a - Npgj) Mg = 26

4. Calculo do entreferro:

3 (-2 m
Moo |10 =)

Lemmresemy = - - Lenmeferry = 1095 - mm

Lop

5. Calculo da bitola do condutor:
Ty = 100

T =08

pr=179-10" [1 + 0.0033(Tyae - 20]]- 02 m

PT
E'.— 'JT—H]-fs B,—G.E-I-i-m
Didmetro do Fio: Dgp:= 2 - by Dgg = 0.049 - em

[0 condutor escolhido € o 3BAWG. |

dge == 0.10mm dyy 5o = 0.13mm
S cobrepn ;=;E Scobrepri = 0.051 - cm”
max
Dppnip = cell ] Do = 640
) i
= ceil[ nﬂ:?n x=16
Brond =4] - x nm@-=656
Srohreser = [;Ed Sepireser = 001 - em”
ma
scnhuﬁ‘
Depndsec = CEI][ J Depmgeac = 126
Sfo
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( Boondsec |

= cal | =4
p-% ce. o x
&ml=41-1 nm=164
6. Calculo das Perdas:
6.1 Perdas no Cobre:
(Mo - Deoniri + Near - Deomdser ) - G i
O e i == Noam = 30011
T]wllt
L1
Paig = Ll Phig = 0.029 . —
S cm
lespira = 15em
fiopri = :‘:m- Eﬂﬂ ].mm= 09m
. Locnira - Mogi =
Reei = Pho- lesen - Tpn Re =4.027% 1077 . 02
Leondpri
e = L
Paig - Lespira -
Recsec = = Recsac = 0.07 - 02
Deomdser
P
R e _
A= |.\4_.| 5w A =0.306
. 'e}ﬂ—e_}ﬂ+3-:i.t(3-:’_‘n 2 2 | e‘{‘h—e_ﬂl 2 - sm{A) |
B + 5 e -1 S
_e_' +e  =2.cos(2-A) +e 412 c&;(.r’_‘n.]_-
F;=1876
Rori = Fr- Reepri Ryqu=7357% 10770
Fasec = Fr- Forsec P = 0.131- 02
3 3
B, i = Roacpri - Tvietca + Fecpri + et Fogtrepr = 3.161- W
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Pogimesze = Foarsec - Isenaﬂ:n: +R1:r_=.ec'lsaoeﬁ:|:: Fooresee = 2105 - W
Probre '= Protwepri + 2 Probresec Propra = 7.371- W

6.2 Perdas Magnéticas:

Va0 k= 374— a=145 B=3.03
m:'
P Wi 4 -
2. 100000 2. 100000
AB = 0.078

Pocien = 286,924 - mW

k= . L—disn
3 I mB
RE :ﬂ"‘*-_J‘ (| costmy| )™ a8
1]
1 Ag 1
i % r , O # .lﬂ
PT?=[£|-L|-(£\B}E_& 2 ol | wel| 122 | @ By=2453 i
|_Hz , L 2;3.1‘1 | '.\_l:ﬂ.l; ! m:"
o 0 J
m:= Pv- Viucleo Poxlee = 193.78] - mW
6.3 Perdas Totais:
Pigiais = Proms + Prucleo Piogis = 7.365 - W

6.4 Resisténcia Térmica do Nucleo:

P
K| s | T
Fimeleo = 23 - —| | Rigyelog = 742 - —
W 4 W
Loemo
6.5 El-eval;ﬁn de Temperatura:
AT:= ILPcntae + Pmﬂm}R'TnIdEn AT =356.130K

7. Possibilidade de Execugdo:

_ Mpri - Sivizo - Beondpri + 2Mser - Sfiniso - Deondser

Aoy min- Ay min=2315-em"
. - 2

.1“, i
Exse = —=—

4
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APPENDIX K

APPENDIX K - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER - COUPLED
INDUCTOR 50 KHZ

Projeto Fisico do Indutor Lm - Conversor CC-CAFlyback com GA

1.Especificagoes:
Indutincia Lyp = 26.062pH

‘Valor maximo de comente

‘alor eficaz de comente no primario

alor eficaz de comente no pimarno (cc)
alor eficaz de comente no primarnio (ca)
Valor eficaz de comente no secundario
‘alor eficaz de comente no secundario (cc)
‘alor eficaz de comente no secundario (ca)
Ondulagdo de Comente

Relagfio de Transformagdo

Fluxo de indugio maximo

Denszidade maxima de comente

Fator de utilizag 8o da drea do nicleo

Frequéncia de Comutac o

2. Escolha do Nucleo:

_ Lup - Tanpico  (Tpref + 23 - Tocet)
B - Jmax- b

Wickes Escolae: ERRZATIH ] demsden’ wmisien’ mdiien

3. Calculo do Numero de Espiras:

Aedw: = e

o ooy| Lp TLagico -
_qpi___ceﬂ{ B ] N]n_']"

_ Lop - Hapico —0328.
B . By =0328- T
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Mg = eeil(a - M)

4. Calculo do entreferro:
2 (o 2 m
=N1!1 'I-'O'Ae'_\lﬂ ;]

Lo

lentrasema -

5. Calculo da bitola do condutor:
Tpgg = 100
T = 0.5

pr=179- 10‘9-[1 + 0.0039( T — 20]]- 2. m

Didgmetro do Fio:

0 condutor escolhide & o 3BAWG. |

dyg '= 0.10m0m

Mo = 30

Lenirafinry = 1.276 - mm

B =0.345 - mm

Do = 0.06% - cm

Sophresee = 9545 % 1077 e

Dgongser = 120
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Boopdeag, = 41 - =
6. Calculo das Perdas:

6.1 Perdas no Cobre:

(xi - mcondpri + Nowc - Beomtsee) - dup o
T - 1e

o

e e —e 2.smf2- A)
r— -]

| 48 7 -2 cos2-A)

Barsec == Fr- Bersee

Peotreps = Facri - Torieita + oo - e

=]

ol
3 cam

Meam = 30.311

y]
Pgo = 0.029. —

i

=k

Rogn=4699% 10 ~- 02

[

Rersee = 0107 -0

& =0.216

e sin{A) |

e&+ e_ﬁ+ 2. -:n:v:{:’_\a]:

R =5.749% 1077 02

Racsee =0131. 0
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> ol
P gbmcer = Bagoer - Loreira + Brersac - Liacefic
Probre = Protrepri + 2Probrasec

6.2 Perdas Magnéticas:

=
Vingieo = 79em ko= 3.74— a=145
m_‘
Aty = N An = .
2 - 100000 2 - 100000
Lgp-8hp ]
e e ®
Negi- A,
(& e |,
I W i B e Y s R
\H=z __|' J
ki e =
2
@-m*. ‘“J (| coste| )™ ao
1}
] Ay
i i { W {
P,:=:!£| K- (aB)P=.2 o8 J dt +
\Hz, | 248
o 0
MWAF Py - Viucleo

€.3 Perdas Totais:

Protaiz == Protre + Pmucleo

6.4 Resisténcia Térmica do Mucleo:

P w— 037

K| fAg)

Fimeleg = 23 - —| |

Wi 4
L\em )

6.5 Elevagiao de Temperatura:

Pt = 2112 - W

Peohre = 6.881 - W

B=303
AB = 0131
Py = 501.801 - mW
L
m;"
" AB | ¥
| 2t _.| | Bk
Ponscieg = 462.957 - mW
Powic = 7344 - W
E
Rimcio = 742 - o
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AT = |Pegiys + Pmr_'l.eo}RTmr_'lm AT = 51490E
7. Possibilidade de Execugio:

 Mpri - Stieiso - Teondpri + 2Msec - Stigiso - Doondsec ayg 2
*'w_m.i.n = .-L“-_m S Ll -m

ke

Frec = —n Exec = 0.564

"i|_.
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APPENDIX L

APPENDIXL-DC-ACACTIVE-CLAMPING FLYBACK CONVERTER - AUXILIARY
SWITCHING INDUCTOR 100 KHZ

Projeto Fisico do Indutor L, - Conversor Boost-Flyback

1.Especificagtes:
Induténcia

Valor maximo de comente
Valor eficaz de corrente
Ondulagéo de Comente
Fluxo de indugo maximo

Densidade maxima de comente

Fator de utilizag 8o da érea do nicleo

Frequéncia de Comutag o

2. Escolha do Nuacleo:

LT -
Lr-Tpico - Ter Aefw=0322 - cm”
Bmax - T - b

) (L e

3. Calcule do Numero de Espiras:

Aslw =

S
N€:=<:ei.l| i Im] Ny=7

\Bm A‘

LT
%=ﬁ B =014.T

4. Caleulo do entreferro:

Nf-pa-A.z-[w'z-E]

s = =

5. Calculo da bitola do condutor:

Ty = 100

Ty = 0.3
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pr=179- 10‘9-[1 +a.0039('rm—10}]-n-m

P
e

Didmetra do Fio: Dgo=2- a

I condutor escolhido & o 3BANG. |

d = 0.1mm

Broopd = 41 - nii

6. Calculo das Perdas:

6.1 Perdas no Cobre:

Mo neond - duiso

Nam:
Tw- 1E
oe 1T
S
Lespirg = 5-28cm
Ifip = Mz - lospina
Ry = F'fn'lqm'a.'Ne
Deond
z
(m)t da
A== —_—-
|\4_, 5,

G =024 - mm
Dgp=0.04% . cm
dyy_jsp = 0-13mm

lag=0.3Tm

R =189x10°.0

A =10.306
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[&F 0y sy e 5§ e b
Fr=A-{ s = +; | Megm — 1] & _ﬂ. i
e #2 7 -3 codf3-A) +e  +2-cos(A)]|
F,= 1506
Rae = Fp-Ree Rac=3602x 1077 .0
Peotee = Rac - I’ Pogpre = 1.307- W
6.2 Perdas Magnéticas:
L - T W _
Vimdeg = 3.35cm k=0478— o= 1.53 p=1231
mJ
Aty =T738x 108 Ag=1702x i "
L Alig 1
AB=—— . — AB =028
Me-4, T
(8 1 B
P = k| == | -|—-ﬂBJ 15 Pooyiee = 0:821. W
VHz ) 2 /
k w
k= - Iy = 0.026 . —
2T mJ
T e :ﬁ"“.J‘ (| coste] ) a0
0
\ 1] n
i i1 i o ; -.r-" -
P=| 1 | 1- a2 s B lﬁ & Po=179871 . 50
\ Hz | | Aty Aty 3
. ; | £
(1] (1}
L Pocleg = 0.962 - W
6.3 Perdas Totais:
Pms = Pm + Pmer Pms_ =2469-W
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6.4 Resisténcia Térmica do Nucleo:

— 037
A ALY
Ripype = 23 - | = | Regyeieg = 25.747 -

wl s w

L em

6.5 Elevagio de Temperatura:

AT= I:Pcnbwe"' Pmﬂm}RTmﬂ.ED AT =6156TE
7. Possibilidade de Execugio:

e~ fioiso - Beond

Ay min = A = 0746 cn”

Exac = o Exec = 0,769

Appendix L

254



APPENDIXM

APPENDIX M-DC-ACACTIVE-CLAMPING FLYBACK CONVERTER - AUXILIARY
SWITCHING INDUCTOR 50 KHZ

Projeto Fisico do Indutor Ly - Conversor Boost-Flyback

1.Especificagbes:

Indutincia L= 3.5uH
Valor maximo de comente Ljeq = 47.6104
Valor eficaz de comente Ly = 21497A
OndulsgSc de Comente ATy - 052384
Fluxo de indug3o maximo By = 0.3T
Densidade maxima de comente J““;_mi:
om
Fator de utilizagio da area do nicleo k=07
Frequéncia de Comutagso £ = 50kHz

2. Escolha do Nicleo:

Any o B E AeAw-031-cm’
Bm'Imm'ln.

] ] ]

Micleo Escolhido: ETD29 NS7 Am 076m” Ay e 097am” g 214cm

3. Calculo do Nidmero de Espiras:

e o Lo
N”@[B_,-AJ H-8

Broim % By —0274-T
4. Calculo do entreferro:
A N
oo = o
5. Calculo da bitola do condutor:
Typge -~ 100
Ty = 08
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pr=179- 1&‘9.[1 +0.0039(Tygy — 20]]- - m

Pt
s Topg- g

Didgmetro de Fio: Dao=2-5

o condutor escolhido & o 3BAWG. |

dpp = 0.lmm

6. Calculo das Perdas:

6.1 Perdas no Cobre:

 Ne- neond - duiso
Vg = —————
Tw- 1E

|3

Pio =

lesgi = 5.28em

Ifip = Me- Lospia

G =0.345 - mm

Digy = 0.069 - cm

d-w_isn = 0.13mm

Sgotge = 0.039 - ez

Degnd = 439
njjey = 12

Deemg = 452

N,y = 29.888

0
pfip = 0.029. —
<1

lag=0422m
3

R =252x10".0
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A s
F= o 1ﬂ+"sm{_'a'l +§
le™+e 7T =2 cos2-A)
F=1217
R =Fr-Rer
Propre = Fac - L™
6.2 Perdas Magnéticas:
3 il oW
Vinadeg = 3.35cm k= 0478 —
m:\
-6 -
Aty =14= 10 An=6x 10
L;- AT
:J_\‘B::!—M_l
WNe-4&: T
£op N
) f h
£Y 1 3
Pove =k-|—| -|=-AB| -V
b e ™)
k
ki =

I
e ﬂ‘“J‘ (| costey| ™ a8
[i]

1]
N1

(a5
L ﬂ.ll J

6.3 Perdas Totais:

Potoic = Protre + Prarlen

AT
| \aa)

A -4

-
2 ) e —e —l-s:i.nl:&j-;;

AL -A

e +e E i -:u;(:'_\.)j

Far=3088= 10 ~-12

Prre =1418- W

AB = 0.548

Poucisg = 1536 - W

2

w
b= 0.026. —

By

0

Pyl = 1.496- W

Pz = 2914 - W
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6.4 Resisténcia Térmica do Nucleo:

e D37

E | dadg)

Rimelag = 23 - —| —— |
W 4

L oem )

6.5 Elevagdo de Temperatura:

AT = (Pegtre + Prscieo/Rtmrien

7. Possibilidade de Execugio:

)  Me- Ssigiso - Digond
Agmn=—
kg

Rigyeieg = 25.747 - —

AT =T5.026K

Ay min=0731-cm”
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APPENDIX N

APPENDIX N - DC-AC ACTIVE-CLAMPING FLYBACK CONVERTER - PCB
LAYOUT
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