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Abstract

With the increased power to weight ratio, corresponding to the developments in technology and material science,
the demand for small uninterruptible power supply and high frequency transformers in transport vehicles and
device technologies where the weight is particularly important has increased. An analysis of the high frequency
switched phase-controlled DC-AC inverter and the high frequency transformer is presented. This inverter has a
pair of switches in each side of the primary and the secondary of the transformer. The voltage conversion ratio is
controlled by the phase difference between the two pairs of switches. The transformer is miniaturized by
increasing the switching frequency. Thus the volume and weight of the system have been reduced. Current and
voltage jumps in similar studies were reduced by using faster elements and opto-coupler, and these jumps were
minimized by using snubber circuits. This DC-AC inverter and the high frequency transformers is especially
suitable for small uninterruptible power supply systems. The circuit performed in the application is a 110 W DC-
AC converter, the output voltage is 220 V, the efficiency is 93%. The high frequency transformer used in the
application circuit has a physical size of 1/7 and a weight of 1/10 according to the sheet metal core transformer.
When the circuit's power supply, driving circuits, switches, fans and filters were taken into consideration, its
physical size was reduced by 1/5 and its weight by 2/3.

Keywords: DC-AC inverter, high frequency, transformer with ferrite core, phase controlled inverter, the voltage
conversion ratio.

Yiiksek Frekans Anahtarlamah Faz Kontrolli DC-AC Invertér

0z

Teknoloji ve malzeme bilimindeki gelismelere paralel olarak artan giig-boyut orani ile 6zellikle agirligin 6nemli
oldugu ulagim araclar1 ve cihaz teknolojilerinde kiiciik boyutlu kesintisiz gilic kaynagi ve yiiksek frekans
transformatérlerine olan talep artig gostermektedir. Bu ¢alismada, yiiksek frekans anahtarlamali faz kontrollii
DC-AC invertorler ve yiiksek frekans transformatorleri incelenmistir. Devredeki, transformatdriiniin primer ve
sekonderinde birer ¢ift anahtar bulunur. Gerilim transfer orani, iki ¢ift anahtar arasindaki faz farki ile kontrol
edilir. Anahtarlama frekans: yiikseltilerek transformator kii¢iiltiilmiistiir. Boylece sistemin hacmi ve agirligi
azaltilmistir. Benzer c¢aligmalardaki akim ve gerilim sigramalari daha hizli elamanlar ve opto-coupler
kullanilarak azaltilmis, snubber devreleri kullanilarak bu sigramalar minimuma ¢ekilmistir. Bu yapidaki DC-AC
invertorler ve yiliksek frekans transformatdrleri 6zellikle kiigiik boyutlu kesintisiz gii¢ kaynagi yapimi igin
uygundur. Uygulamada gergeklestirilen devre 110 W’lik bir DC-AC doniistiiriicii olup ¢ikig gerilimi 220 V,
verimi %93’diir. Uygulama devresinde kullanilan yiiksek frekans transformatorii, sac levha c¢ekirdekli
transformatére gore fiziksel boyutu 1/7, agirhgi 1/10°dur. Devrenin gii¢ kaynagi, siiriis devreleri, anahtarlar,
fanlar ve filtreler dikkate alindiginda, fiziksel boyutu 1/5, agirligi 2/3 oraninda azaltilmustir.

Anahtar Kelimeler: DC-AC invertor, yiiksek frekans, ferrite ¢ekirdekli transformator, faz kontrollii invertor,
gerilim transfer orani.

*bahadir.elmas@msgsu.edu.tr


mailto:bahadir.elmas@msgsu.edu.tr
https://orcid.org/0000-0002-8732-9997
https://orcid.org/0000-0002-7167-8340

High Frequency Switched Phase Controlled DC-AC Inverter

1. Introduction

Uninterruptible power supply is a type of power supply system that contains a battery to
maintain power to provide power to electronics in the event of a power surge or outage. The
uninterruptible power supply may be three-phase or single-phase. They are divided into two
general groups as dynamic and static. In addition, depending on whether the uninterruptible
power supply operates continuously or not; on-line and off-line, according to the connection
to the network; It is divided into two, directly connected and without connection (Bodur,
2011; Itoh et al., 2014).

Inverters are DC-AC converters that convert direct current into alternating current. Inverters
are divided into two groups as voltage-fed and current-fed. When voltage-fed inverters are
supplied with constant DC voltage, the current-fed inverters are supplied by a current source.
In general, a single-phase voltage or current-Fed inverter; it may be in a push-pull connection
with half bridge, H-bridge or midpoint transformer. Single-phase inverters are connected to
each other three-phase or multiphase AC systems can be obtained (Bodur, 2011). The high
gain DC-AC converters are widely used in various applications such as employed for
battery, solar photovoltaic, fuel cell fed applications like domestic lighting, motor drive,
active filter, electric vehicles, hybrid electric vehicles, naval/space/aerospace compact power
conversion modules, uninterrupted power supplies and etc. The DC-AC converter in these
applications are required to provide high gain with high power density and less component
count (Abdullah et al., 2012; Castilla et al., 2009; Inoue and Akagi 2007; Mazumder and
Rathore 2011; Min et al., 2009; Swaminathan and Lakshminarasamma 2018; Zhao et al.,
2014). Size and cost of the uninterruptible power supply are very important. Since the
dimensions of the uninterruptible power supply are determined by DC-AC inverter, it is
necessary to make a small DC-AC inverter. The most important factor determining the
dimensions and weight of the DC-AC inverter is the transformer (Bodur, 2011).

In low frequency transformers designed for commercial frequency, the weight and volume
reduction can be achieved by using materials with high magnetic permeability in the core
structure. On the other hand, since the frequency and transformer dimensions vary inversely,
the frequency can be increased to reduce the size of the transformer. However, increasing the
frequency does not causes the losses to increase (Alkul and Demirbas 2019; Bouley, 2017;
UPS Diinyasi, 2016; Itoh et al., 2014). With the advances in material technology, materials
with high magnetic permeability such as ferrite have been used in transformers. As a result of
the use of high frequency transformers with power electronics converters, high energy
transformations can be made from low volumes. In addition, working at high frequencies
reduces the size of the filter elements. The DC-AC converters using high frequency
transformers in Figure 1 are preferred in all areas of technology to reduce converter size and
filter requirement (Alkul and Demirbas 2019; Lotfi and Wilkowski 2001; Swaminathan and
Lakshminarasamma 2018).

The advantages of high frequency transformers are as follows:
e Total volume and weight are small,
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e Filter sizes are small,

e Input/Output frequencies may be different,
e Can be connected to different phase system,
e Reduces input harmonics,

e Provides voltage regulation,

e The warming problem is minimal,

e Makes the task of isolation.
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Figure 1. The DC-AC converters using low frequency and high frequency

In applications, high frequency transformer is used with two basic types of transducer
structure. First, the input signal is converted to the alternate signal (Kjaer and Blaabjerg 2003;
Nagao and Harada 1997; Papanikolaou et al., 2003). The second is applied to the high
frequency transformer by converting the direct current voltage to alternating current voltage,
the output voltage is rectified and the direct current signal is converted to the alternating
current signal by means of a second converter (Alkul and Demirbas 2019; Cacciato et al.,
2010; Jung et al., 2002; Kjer, 2005; Lohner et al., 1996; Martins and Demonti 2001; Martins
and Demonti 2002; Mekhilef et al., 2000).

Compared to conventional pulse width modulation converters with heavy and bulky line-
frequency transformer, high-frequency transformer enables high frequency link power
converters to offer high power density, compact size, and light weight (Zhu et al., 2014).
Figure 2 (a) shows a conventional inverter solution diagram where the inverter uses
conventional sine pulse width modulation scheme, Figure 2 (b) shows the solution diagram
based on the principle of high frequency link inverter (Deng, et al., 2003; Muroyama et al.,
1989; Yamato et al., 1988).
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Figure 2. Block diagram representation of inverter solution

2. Materials and Methods

As shown in Figure 5, M1-M2 switches on the primary part of the circuit and M3-M4
switches on the secondary part of the circuit work ON and OFF in the ratio of 50%. The
aforementioned switches on the primary and secondary parts work with a Ap.T phase
difference. The frequency of the signal on the load is twice as much as that of the working
frequency of the switches. The ratio of the positive alternate of the signal to its negative
alternate depends on the Ap phase difference of the switches on the primary and secondary
parts. The high frequency components in this signal are filtered out by the LC filter and at the
output V, voltage is acquired. And the transformer becomes smaller since it is switched at
high frequency.

Low Frequency
Transformer
O

L
c ﬁ l _AQC Cutput

Figure 3. DC-AC inverter
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In order to reduce the size of the DC-AC converter, the Pulse Width Modulation process with
high frequency switching has been commonly used, as show in Figure 3. In this circuit, the
LC filter becomes small enough by increasing the switching frequency and the transient
response becomes quicker due to the miniaturized LC filter. However, the size of isolation
transformer connected to the output is almost independent of the switching frequency,
because the flux change in the transformer is mainly determined by the modulation signal of
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the commercial AC line frequency of 50Hz and 60Hz. Therefore the high frequency switching
in the converter does not contribute to reduce the size of the transformer (Harada et al., 1988).
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Figure 4. Pulse width modulation inverter with DC-DC converter

Figure 4 shows the case where the isolation is made in the from direct current to direct current
converter followed by the Pulse Width Modulation inverter. The isolation transformer can be
miniaturized by increasing the switching processes are necessary losses in such circuits are
high and the reactive energy can not be recovered to the DC source through the DC-DC
converter. The phase controlled DC-AC converter, which was originally presented by
McMurray in 1970 is essentially suitable for making the isolation transformer small
(McMurray, 1970). The original circuit, however, has the problem that the high current or
high voltage surge may occur during commutation. This lessens the efficiency of the
converter as well as the realiability of the system (Bodur, 2011).
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Figure 5. Basic diagram of phase controlled circuit.

As shown in Figure 5, M1 and M2 are alternatively driven with 50% duty ratio signals. If M3
and M4 are alternatively driven with other 50% duty ratio signals as shown in Figure 6 (a)
and Figure 6 (b), the switch timing of M3 will delay from that of M1 by the period Ap.T
(Harada et al., 1988; Deng et al., 2003; Chung et al., 1991).

In Figure 6 (c) is the Pulse Width Modulation voltage which appers at point K of Figure 5
When Ap is changed sinusoidally, the sinusoidal voltage V, appers at the output terminal by
removing the high frequency components with the LC filter (Harada et al., 1988).
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Figure 6. M3-M1, M4-M1 Phase difference and pulse width modulation

According to the state of the four switches M1-M4, the operation of the converter is classified
into four states as shown in Figure 7 (I)-(IV). Among these four situation, which are repeated
by turns, Figure 7 (I) and (111) are represented by the equivalent circuit as shown in Figure 8
(@), while Figure 7 (I1) and (IV) are in Figure 8 (b).
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Figure 8. Equivalent circuits of operation phases

In Figure 8, Ri is the internal of the circuit and Ry is the load resistance. The winding ratio of
the transformer is n.

On the practical assumption that the switching frequency (1/T) is sufficiently higher than both
the cutoff frequency on the LC filter and the modulation frequency, the output voltage Vo is
derived like a buck type converter using the state space averaging method as follows (Harada
et al., 1988; Middlebrook et al., 1976).
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Figure 9. Phase controlled circuit
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Figure 10 is the averaged equivalent circuit based on (1) and (2). It can be assumed that this
equivalent circuit is 50Hz or 60Hz, because the frequency is sufficiently lower than the cutoff
frequency of the LC filter. When the energy flows from the primary to the secondary of the
transformer, the operation is called normal flow mode. On the other hand, when the energy
flows from the secondary to the primary, the operation is called reverse flow mode. The
equivalent turns ratio of the transformer is a function of the ratio Ap, which is controlled by
the modulation signal. If Ap is changed sinusoidally with the center of 1/2, this circuit
operates as a DC-AC converter. The power being able to flow bidirectionally through the
equivalent DC transformer, the watt less power can be recovered to the primary source in the

case of reactive load (Harada et al., 1988).
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Figure 11. Scheme of the main circuit
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The circuit of Figure 11, a pair of MOSFETSs are used for the primary switches M1 and M2,
and a pair of diode quads with a MOSFET are used fort he secondary switches M3 and M4 so
that the power may flow bidirectionally. The waveform of the driving voltage for MOSFETS
is rectangular of 50 percent duty ratio, there is no DC bias in the driving transformers for
MOSFETSs. A high current surge or a high voltage surge is liable to ocur during commutation
between M3 and M4 for the following reasons. If the ON time of M3 and that of M4 overlap
each other, the secondary winding of the transformer is short circuited by M3 and M4 to
generate a high current surge. On the other hand, if there is a gap between the ON time of M3
and that of M4, a high voltage surge is impressed across the switching elements due to the
stored energy in the reactor. This high current or high voltage surge lessens the efficiency of
the converter and may cause serious damage to the switching elements. The solution to this
problem is to divide the reactor into two parts, namely, L; and L, as shown in Figure 11. In
this circuit, M3 and M4 are to be driven with a short overlap. Because the short current is
blocked by the two reactors smooth commutation is realized in Figure 11, however, the small
saturable reactors Snubberl and Snubber2 are used as a magnetic snubber to suppress the
switching current surge due to the excess charge in the diodes of MD3;, MD3,, MDy,, and
MDg,, and due to the parasitic capacitance in the switching elements (Harada et al., 1988).

The Ap signal is generated in the control circuit. For this purpose, 89S52 microcontroller was
used (Gumiiskaya, 2007). The supply of the Vs voltages required to drive the M3 and M4
MOSFETSs on the secondary side must be isolated. The trigger transformer can be used to
drive MOSFETS, or it can be used in Opto-coupler. As shown in the circuit in Figure 12; By
using Trf2 and Trf3 transformers, the signals in the secondary of these transformers are
isolated from the main circuit. Thus, the drive signal required for the two MOSFETS in the
secondary circuit can be obtained. In Figure 13, Opto-coupler was used to provide insulation.
In this study, the transformer circuit is preferred while the analysis of the circuit is made with
Opto-coupler, which takes less space and is easier to control in practice (Elmas, 2006).

o MOSFET-4

MOSFET-2 —.

—— MOSFET-3

M2

[

Figure 12. Drive circuit using transformer.
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Figure 13. Drive circuit using opto-coupler.

89S52 from the 8051 Microcontroller family was used to drive the switch and create the
required phase difference (Giimiiskaya, 2007; Topaloglu et al., 2003). The phase difference
between M1 and M3 is called Ap and is calculated by the following method (Elmas, 2006).

Phase difference between M1 and M3
A= 180 @)

In Table 1, V, output voltage average values are given as a result of the changes in Ap, and
Vo-Ap graph is drawn by using these values in the table (EImas, 2006).

3. Simulation and Experimental Evaluation

The high frequency switched phase control DC-AC invertor scheme that was followed
through during the practice is shown at Figure 14. The M1 and M2 switches on the primary
part of the transformer and the M3, M4 switches on the secondary part work ON and OFF in
the ratio of 50% among each other. The switches in the primary and the secondary parts work
according to the Ap value that creates and controls the phase difference between the two. Ap
can be modified between zero and one according to the desire and the circumstances. The
ratio of the positive alternate to the negative alternate of the voltage on the load depends on
the Ap value. The frequency of the signal that is on the load of the circuit is twice as much as
the switch frequency and the voltage value depends on the transformation of the transformer
(Elmas, 2006).
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Since the signals of the microcontroller must be fortified in order to drive the MOSFET in the
primary part with the microcontroller, a MOSFET driving circuit is designed with the use of
two 2N2222 between the microcontroller and the MOSFET as can be observed in Figure 14,
In order to drive the MOSFET in the secondary part with the signals coming from the
microcontroller, besides fortifiying the signal, the isolation of the Vgs voltage is necessary.
For that purpose, a driving circuit where two 2N2222 and TLP 2061 opto-coupler for
isolation is used. The high frequency transformer in the circuit is wound around and E-Core.

The diameter of the wire used for the primary windings of the transformer is 1mm and 15
windings were completed. The diameter of the wire used for the secondary windings of the
transformer is 0,5 mm and 144 windings were completed. As a result, a high frequency
tranformer is designed which has six tips and whose transformation ratio is four. The input
voltage of the circuit is 24 V and the output voltage is 220 V. Since the work is a prototype
work, a 110 W DC-AC inverter is designed (Elmas, 2006).
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The Ap value was changed from 0.1 to 1 by 0.1 steps with the program written for the
microcontroller. The average value of the output voltage for each value of Ap is given in
Table 1 and at the Figure 15.

Table 1. M3-M1, M4-M1 Phase differences and average Vy (V)

M3-M1 M4-M1

Ap Phase difference Phase difference Ort. V, (V)

0 0 180 -220
0.1 18 198 -176
0.2 36 216 -132
0.3 54 234 -88
0.4 72 252 -44
0.5 90 270 0
0.6 108 288 44
0.7 126 306 88
0.8 144 324 132
0.9 162 342 176

1 180 360 220

V (Volt)

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1
Ap

Figure 15. Vo-Ap graph

The output signal of the circuit for Ap = 0.5 is a square wave. The frequency of the signal is
about 20 kHz. For commercial frequency, this signal is not suitable for an inverter output. As
can be seen in Figure 15, when the Ap value is changed by 0.1 steps in the range of 0-1, the
output signal is similar to the rising edge of a triangular wave. By setting the Ap value to the
appropriate values with this method, a 50Hz triangular wave can be obtained as in Figure 16.

250

. . . \ .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
T (ms)

Figure 16. 50Hz triangular wave obtained from T values
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With a similar method, a 50Hz sine signal can be obtained at the circuit output. Table 2 shows
the Ap values obtained by adjusting the Ap values of the signal in Figure 16 and the sine
values corresponding to these values. The circuit output signal obtained as a result of the
switching applied with the program written to the microcontroller with these Ap values is as
in Figure 17.

Table 2. Sine wave Ap values

Triangle Wave Sine
Ap V, (Volt) Ap Vy (Volt)

0.50 0 0.50 0

0.60 44 0.66 68

0.70 88 0.79 129
0.80 132 0.91 178
0.90 176 0.98 209
1.00 220 1.00 220
0.90 176 0.98 209
0.80 132 0.91 178
0.70 88 0.79 129
0.60 44 0.66 68

0.50 0 0.50 0

0.40 -44 0.35 -68
0.30 -88 0.21 -129
0.20 -132 0.10 -178
0.10 -176 0.03 -209
0.00 -220 0.00 -220
0.10 -176 0.03 -209
0.20 -132 0.10 -178
0.30 -88 0.21 -129
0.40 -44 0.35 -68
0.50 0 0.50 0

250 T

200

150

100

_250 Il Il 1
0 0.005 0.01 0.015 0.02

T (ms)
Figure 17. Triangle-Sine transformation

The pictures of the practice circuit are demonstrated in Figure 18. The circuit is loaded with
110 W. The output voltage of the circuit is 220 V, its efficiency is 93%.

12
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Figure 18. Application circuit

The graphs in Figure 19 are the Oscilloscope outputs obtained for Ap = 0-1 values from the
application circuit given in Figure 18.
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Figure 19. Voltage over load for Ap=0,1-0,9 values in oscilloscope.
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The microcontroller was programmed with the data in Table 2, and then switching was done
with this microcontroller and 220 V sinus in Figure 20 was obtained.

................................................

A=100 10dms Trig: AT

Figure 20. Circuit output signal

The data of the application circuit in Figure 18 is given in Table 3.

Table 3. Application circuit output

Application Circuit Data

Input Power 118.27 W
Output Power 110 W
Input Voltage 24V

Output Voltage 220V
Switching Frequency 20 kHz-50 kHz
Efficiency 0.93

®) (©

Figure 21. High frequency transformer with ferrite core and sheet metal core transformer.

In Figure 21 (a,b,c), the measurements of the ferrite cored transformer used during practice is
demonstrated, and in Figure 21 (d,e) the measurements of a metal-plated transformer is
demonstrated. The measurements of ferrite cored high frequency transformer are 7x6,5x4 cm,
and the measurements of the metal plate cored transformer that has the same power are
13x10x10 cm. The ratio of the mass of the ferrite cored high frequency transformer that is
switched at 20 kHz to the mass of the metal plate cored transformer is approximately 1/7. The
ratio of the weight of the transformers is 1/10.

14
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4. Conclusions

The voltage transfer ratio of the circuit can be controlled with two couples of phase controlled
switches. During the switching period, when the M3 and M4 swithces in the secondary parts
of the circuit are in transmission simultaneously, the secondary winding has short circuit. This
condition causes the formation of high frequency waves. Additionally, if there is a gap in the
increase and decrease switching period of M3 and M4, a high voltage wave occurs. Studies in
the literature have similar current and voltage jumps. Faster MOSFET and diodes were used
in this study. In addition, opto-coupler were used to switching MOSFETSs on the secondary
side of the circuit. This study, opto-coupler drive circuits were preferred to transformer drive
circuits commonly used in the literature. This preference had made MOSFETSs easier and
faster switching. Thus, The inrease and decrease of the MOSFET at the moments of
transmission and cut had made simultaneous and thus the jumps caused by the current and the
voltage are eliminated. As a result, a decrease in the productivity of the inverter and damage
in the switches as a result of the voltage fluctuation had prevented. The ratio of the mass of
the ferrite cored high frequency transformer that is switched at high frequency to the mass of
the metal plate cored transformer is approximately 1/7. The ratio of the weight of the
transformers is 1/10. When the size of the circuit with a high frequency transformer is taken
into consideration with power source, driving circuits, switches, air conditioning fans an LC
filters, it corresponds to 2/3 of the size of a circuit with metal plate cored transformer. Ratio
of their weight is 1/5. Because the ferrite cored transformers are smaller, lighter and cheaper
in comparison to the metal cored transformer, the high frequency switched DC-AC invertors,
where ferrite cored transformers are used, are decided to be more suitable for uninterrupted
power sources. Since the circuit was a prototype, high power was not used. The circuit is
loaded with 110 W. The output voltage of the circuit is 220 V, switching frequency is 20 kHz,
its efficiency is 93%. The same transformer can be used at 20 kHz 1000 W, at circuit 50 kHz
1600 W. In order to be able to signal at the desired period and amplitude at the circuit output,
Ap value is set in the range of 0-1 and sent to MOSFET driver circuits in packets. Since the
sine signal is obtained directly at the circuit output, no filter is designed for the circuit output.
The size of this circuit had been reduced and the cost had been reduced.
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