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Abstract: In this paper a single-phase differential boost
inverter is presented that has two functions, first is boost up and
second is active power quadcoupling without adding active
power electronics components for smart grid system. There are
three operating principals: First is pulse energy modulation
which operates converter in continuous conduction mode
(CCM), Second is quadcoupler which is designed by adding four
boost converters and third is Tripolar technique which used to
add two inductors and one capacitor for each boost converter.
The proposed model consist of four boost converters in parallel
with interleaving switching technique to get lower duty cycle.
The energy is delivered to the quadcoupler through tripolar
technique. When two grids are connected through DC to AC
conversion the boost inverter can increase voltages on required
demand. A Simulink model is designed that shows and proves
properties of proposed system with high energy, high efficiency
and power control with lower voltage stress.

Keywords: Quadcoupling, Tripolar operation, Pulse energy
Modulation, Power decoupling, Boost converter.

I. INTRODUCTION

Single phase inverters are used most commonly in energy
storing systems, renewable energy systems, generation
system and distribution systems. Inverters are used energy
transferring component in photovoltaic system. In solar
irradiations there are some variations due to renewable
energy sources, so inverters are required to generate both
functions, buck-boost, and DC to AC inversion. In PV
systems, the power generated by PV module produces power
that is assumed to be constant on maximum power point
whereas, an ideal single-phase AC load produce sinusoidal
voltage and current which demands a pulsating instantaneous
power [1]. The second-order mismatch in power between DC
and AC sides has been controlled by an energy storage circuit
that exist within an inverter circuit, through a method “power
decoupling” [2]. This power produces second-order ripple on
the DC voltage or current which reduces the PV output
efficiency, therefor PV panel should be decoupled [3-5].

In past work, many power decoupling technologies has
been developed for single-phase power converters (inverters
and PWM rectifiers). They depend on passive energy storage
components such as capacitors and inductors, and active
power decoupling techniques using combined active
switches, and energy storage components respectively that’s
why they are called passive power decoupling techniques. In
this paper by designing quadcoupling technique with active

power improves efficiency and energy with more precision
and it can also be used for three phase inverters. The Dc input
voltage of boost converter is always smaller than its output
and confirms there is no over modulation. This decreases the
voltage utilization, and voltage boosting stage requirement.
The differential boost inverter with inherent power
decoupling capability is already designed in which the output
voltage across each capacitor is higher than the input voltage,
which results in high voltage stress and less space for
minimizing capacitance. The required energy storage of the
dc link, formed by a reduced value of the dc link capacitor
and the compensator, decreases series voltage compensation
[6-7]. The energy stored in the capacitor increases the
magnetizing current by turning on the switch [8-9]. To
remove these losses and drawbacks and to adapt the
variations in renewable energy sources a differential
buckboost converter in decoupling is designed already. The
low frequency (double of line frequency ripple component
that is common to single-phase inverters is greatly reduced
the maximum power point tracking (MPPT) performance,
and can be achieved due to the current ripple with reduced-
size passive components [10-12]. This decoupling technique
is shortly presented in section 1 which uses unipolar operation
for pulse energy modulation. In our designed technique four
boost converters are connected in parallel combination with
four inductors, which are connected to increase the output
current. The output terminals are controlled by two capacitors
at opposite ends of boost converter[13-15]. The capacitors
are connected for introducing three factors, power transfer,
power conversion and power quadcoupling capabilities in
boost converter. The proposed scheme converts boosted Dc
output to required AC output. The further analysis is done
under pulse energy modulation in tripolar operation with
energy based control of quadcoupling[16]. A stable Simulink
model is designed which analyses the stability of system
controller design. The experimental results are shown
through simulation results and are calculated by mathematical
equations and figures. This verifies the performance and
feasibility of proposed technique through calculated formulas
and simulation results.

The third order component has been sufficiently reduced in
the DC current by using power quadcoupling. This system is
different from previous one because it has quadcoupling control
and previous was on decoupling control, and previous system
was on dipolar operation and this system works on tripolar
operation.
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Il. PULSE ENERGY MODULATION ON UNIPOLAR OPERATION
WITH DECOUPLING TECHNIQUE

The unipolar differential buck-boost inverter is composed
of two DC buck-boost converters which shares DC terminals
on the same input and the negative output terminal, and the
positive output terminals are connected differentially to
provide an AC output voltage v, on positive terminals. The
energy is exchanged between DC input source and output
capacitor which has charging and discharging sequence by
each buck-boost converter [17]. The inductor is connected for
transfer of energy between DC input source and output
capacitor which has charging and discharging sequence. The
voltage at output across both capacitors is unipolar and it can
be lower or higher than the DC input voltage, because system
works on buck-boost inversion.

The system uses decoupling technique that’s why both
buck-boost converters are operating in bipolar conversion
which delivers energy to the output for each half cycle for DC
buck-boost converter. If one of the secondary switches
remains on, then there is no current flows though the
secondary inductor due to the current-unidirectional switches,
the output current is provided by discharging of capacitor C,
or Ca.

I1l. THE MODEL ON PULSE ENERGY MODULATION ON
TRIPOLAR OPERATION

The inverter functions as a transfer of energy from DC
input to AC output. Inverter has switches that are activated by
three references, Energy reference, current reference and
voltage reference. This tells the energy required at AC output
is equal to the total energy of input. The input applied is 30V.
The operating principle in differential boost inverter in
quadcoupling control can be explained by four operating full
cycles with PEM as shown in Figure 2.

There are four operating full cycles of quadcoupler that are
explained by four equivalent circuits. And switching modes
of MOSFET,s are shown in Figure 1.
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Fig. 1. Switching pattern of switches

Figure 2 shows system model for proposed system.
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Fig. 2. Quadcoupling circuit model

Step 1: Figure 3(a) shows equivalent circuit in which boost
converter is working in the way that IGBT 0 and IGBT 2
remains on and are controlled at given frequency by PEM to
deliver the required energy at output. All other switches
remains off. The time pattern is shown in Figure 1 where
switching time is expressed as to and t,

Step 2: In the Figure 3(b), boost converter is working in
the way that IGBT 6 and IGBT 7 remains on and controlled
at frequency given by PEM to deliver required energy at
output, all other switches remains off.

It is cleared from Figure 2 that the voltage at output when
switch6 and switch 7 is ON is V1+Veut Vg, and voltage in
inductor L, when switch 1, and 3 is ON is V¢-V,. The time
pattern is shown in Figure 2 where switching time is
expressed as ts and t7.

Hence demanded energy due to capacitor 1 in nth switching
period is,

1

Ep=We =V, + Vo + Vcl)-lrefg €]

Where | is reference current for step 1 and step 2, and f is

sampling time of switches. l.s becomes constant for the fact that
line frequency is lower than the switching frequency.

Step 3: In the Figure 3(c) boost converter is working in that
way that switch 3 and switch 5 are on and controlled at given
frequency by PEM to deliver required energy at output, all other
switches remains off. The time pattern is shown in Figure 1
where switching time is expressed as t3 and ts

Step 4: In the Figure 3(d) boost converter is working in that
way that switch 4 and switch 1 are on and controlled at given
frequency by PEM to deliver required energy at output, all other
switches remains off. The time pattern is shown in Figure 1
where switching time is expressed as t; and t4
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The equivalent circuits are given as Figure 3 (a),(b),(c),(d).
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Fig. 3. Quadcoupling circuit model: (a) Step 1, (b) Step 2, (c) Step 3 and (d)
Step 4

In stand-alone operation with RLC load as shown in Figure 2
the reference current lresduring nth period is

Vc1=Vo+ ViL2+Ves
R+XL+XLC @)

The simplicity of circuit is achieved by neglecting the power
loss of capacitor and non-linearity of inductor. So the energy

Iref =

10
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charged from DC supply during nth switching period the energy
transferred can be calculated as

1 1

Sy + LU + 15 = 16) + 5 (Ls + Ly). (I5 +
I} —13) 3)

A. Switching Modes for inductors

During each half cycle some waveforms of the inverter during
a switching period are delivered to inductors [3]. Which are
depicted in Figure 2 and Figure 3. When switch 1 and 2 are on
the DC input source, the energy transfers to the inductor L, and
L,. When switch 1 and 2 are turned off the energy stored in
inductors is transferred towards output through highly capacitive
capacitor and antiparallel switch 5 as shown in Figure 2. The
inverter switching steps are described as follows:

When switch 1 and 2 are on, the DC input source delivers
energy to the inductor L; and L, during this time the capacitor
at output delivers energy to AC output load. When switch 1 and
2 are off, first inductor L, and L; energy adds up, and then it
discharges in capacitor C; and output RLC load that greatly
increase output energy. Until switch 1 and switch 2 remains off
the energy in L; and L, is totally discharge in C;, and C;
respectively and provides energy to AC load. In this switching
pattern the voltage in capacitor C; becomes very high. When
switch 3 and switch 6 are on then inductor Ls and L4 charge and
discharge in same way but the voltage across capacitor and
current across inductor becomes very high. In this way the two
switches become on in one coupling period because two switches
are triggered on same trigging angle. 8 switches make four
coupling periods that efficiently boost up total energy. Due to
four coupling periods this scheme is called quadcoupling. The
duty cycle for switch 1 and 2 can be calculated as,

8E
Dy, = / (1) (o) + 5 4
The current though inductor L is given as
_ 1 _ VinDi2
Iy = Ip =22 (5)
Where fs is sampling frequency, Vi is input voltage , L is

inductance of inductor 2, I, is total output current, and Er i
energy required by output when switch 1 and 2 are triggered.
Same formulation can be used for other switches combinations,
like when switch 4 and 5 are on then duty cycle for them is,

8E
Dys = /(Io) (1) + % (6)
The current through L; can be calculated as
Vin.Dss
I =1 — 215
t=lo—== )

When coupling switch 3 and 6 are ON then inductor Lz will
charge and duty cycle for switchesis given as,

S / (o). (Ip) + 22

Current through Ls is given as

Dsg = ®)



INTERNATIONAL JOURNAL OF ELECTRICAL AND COMPUTER ENGINEERING RESEARCH

_ VinD3e

=l L3.fs

I3

©)

When coupling switches 7 and 8 are ON then inductor L4
will charge and duty cycle for switches is given as,

fs 8E
Dyg =2 |(1). (Io) + 2 (10)
4-Vin 4
Current through L4 is given as
Vin.D
Iy =1y — =222 (11)

Through all above equation the total AC output current is
combination of all inductors currents and can be expressed as
Ly=1+1,+ 13+ 1, (12)

_ Vin-Das
Ly.fs

_ VinD12
Lo fs

__ Vin.D3e
L3.fs °

_ VinD7s
Ly fs
(13)

_ Vin- D45 _ vin- D12 _ Vin- D36 _ Vin- D78
L. fs L. fg Ls. fs Ly. fs

(14)
vin-D78
Ly fs
(15)

I, =1, +1, +1,

I, =4I,

_ Vin- D45 vin- D12

] = Vin-D36
© L. fs L. fg

L. f;

41,

Vin'D36
Ls. f;

Vin'D78
Ly fs

3] = Vin- D45 Vin- D12

(16)
Vin- D36
L3- fs

Vin- D78
L4- fs

310 — Vin- D45 Vin- D12
L.f, | Lyf

a7)

D7g

Ly

D36
I ]
3

(18)

Itis cleared from Figure 4, the voltage across the capacitor
C; is approximately 21 times the input voltage by using
quadcoupling technique., and the current through inductors is
stored to discharge as output current l,, which is less than the
saturation current in capacitors. When switch 7 and 8 are off
the inductor L; and L. are totally discharged through
capacitor C, and the C; delivers energy to AC load.

B. Voltage across capacitors

After from above discussion the voltage across capacitor is
shown in Figure 4, the current in other inductors L3 and Ls
and capacitor C, depends on mode of switches 1,2,4 and 5
and the current through output is combination of L4,L, and
Ls,L4 current which is in output current lo, Current in Lz and
L. is very low than output current. The voltage across output
capacitor C; and C, is shown in Figure 3 and Figure 4
respectively.

The voltage across capacitor C; with active power in
quadcoupling control with tripolar operation has following
equation. The AC output voltage is

Vaco = Vo sin(wT)
where V, is constant output voltage.

The AC voltage across capacitor 1 is

11
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Vetae = CiVaco[0Vy sin(wt) + V, cos(wt)]
(19)
Verae = GV, sin(wT)][wVy sin(wt) + V, cos(wt)]
Verae = CiV,w sin?(wt) + C;.V,. w sin(wt) cos(wt)
(20)

Similarly AC voltage across C; is given as
Vezae = CV,w sin?(wt) + C,.V,. w sin(wt) cos(wt)
(21)
The output voltage at output load is summation of Vciac and
Ve2ae due to inductor quadcoupler combination with tripolar
technique.

Vclac + VcZac = Cll/;)w Sinz ((Ut)
+ C;.V,. w sin(wt) cos(wt)
+ C,V,w sin?(wt)
+ C,.V,. w sin(wt) cos(wt)
(22)
So Alternating voltage at output can be experessed as;
Vaco = Verac + Vezac
=V, w [sin?(wt)](C; + C;)
+ [V,. w sin(wt) cos(wt)](C; + C3)

(23)
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Fig. 3. Voltage across capacitors (a) C1 and (b) C2

C. Energy stored in inductor

The output current becomes four times higher due to
quadcoupling technique used. It can be expressed as lo,=
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4V,o/R. If load is low, resistive then non-linearity and power
losses are ignored in inductors. The turn-off and turn-on
durations of switches are controlled by PEM technique, so the
exact required energy should transfer in inductors from DC
side to AC side. First switch 1 and switch 2 are turned ON
and remains ON until the total energy is stored in inductors
L1 and L,. When energy is stored in L, and L, switch 1 and 2
becomes off and combine energy of L; and L. is released in
output. The stored energy in inductor in case of decoupling

technique has the was Ep :éL.iL2 [3], but in quadcoupling

control inductor L1, Lo and L3, L4 combinedly increase current
too high, so energy stored in inductor also become 21 times
higher than decoupling control technique. According to
quadcoupling control technique the energy can be calculated
by given formula: And we have already calculated that i, is
very high. The current at output inductor is shown in Figure
5.

E, = L.i}

=,

|

(24)

Current(mA)

Time(sec)
Fig. 4. Current across inductor

In equation 2, L is combine inductance of L1, L, and Ls,La.
If current at initial time in both inductors is ILi+1» and after
fully charging the total current in inductors is lc for the ON
switching period, the energy Ea_ which is stored in all
inductors from input DC supply can be expressed by given
formula:

Ey, =L (IC3‘L — 1)
Wherel, =1, + 1, + 13+ 114
Therefore, by measuring the initial current and final current
values during charging period the total energy transfer to the
inductors can be easily determined by given formula. Let
assume the stored energy at the start of switching period in
all inductors is Ei, when switch 1 and 2 are in ON state the
inductors are fully charge, in this duration and required
energy Er is transferred to output load. The inductor is
charged until required energy Egr. stored in inductor until
input energy is greater than required energy as given
condition:

(25)

Ein > Egy, (26)

According to charging, at the start of discharging the

energy, which is discharge with energy EDS, should be

smaller than required energy, because discharging depends

on output load, which should be low resistive discharging,
continues until following condition satisfies:

ERL > EDS (27)
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frequency response{dB)
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frequency(hz)
Fig. 5. Filter response of LC filter

D. Output voltage across low resistive load

The change in inductor energy during charging and
discharging due to input E;, is be compared with required
energy Eg, and it has been proved that energy is efficiently
increased in quadcoupling than in decoupling. The inductor
discharging is shown in Figure 6.

In quadcoupling operation with PEM, the output voltage is
assumed to be Vo, which is 21 times higher than input voltage
Vin, and the output current is l,, so energy En during nth
switching period can be calculated by given formula in
equation 1:

En — ZIX\?HXIO (28)
Power across capacitor 1is givén as
Pey = 4C;. 0. Veqac (29)
Similarly power across capacitor 2 is
Pey, = 4Cy. 0. Vegace (30)

Pc1 and Pe is power absorbed by C; and C; respectively
and Veac and Veac is voltage oscillation. Figure 7 shows the
waveform of output voltage V, across output resistor which
has very high amplitude whose peak value reaches to 600 V
and input was 29V. Hence it is cleared from equation 1 that
energy will be increased because current |, is very high. The
term 21Vi, is sinusoidal output voltage which is shown in
Figure 7.

Time(sec)
Fig. 6. Voltage across resistive load
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The energy also becomes 10.5 times of input. V, and |, are
output voltage and output current respectively. when some
switches are in ON state then AC output voltage and current
are easily observed. V, and I, are at their maximum
amplitudes in switching period which proves that line
frequency is lower than switching frequency.

The total energy at output can be determined by following
formula.

ET — Vaco-lo

a (31)

As shown in Figure 5, the output is totally free from
second and third order harmonic components. The output
becomes very high due to highly inductive load. The current
continuously stores in inductors due to four switches
combination, so the current stored has very high magnitude.
Remember that to achieve high current the inductor should be
of high inductance that can store high current as well as
delivers the high energy to load.

The pair of switches in tripolar operation are modulated by
8 trigging pulses and current through Ls,L4 is said to be
tripolar which is shown in Figure 7. During discharging the
inductor current tries to reach zero but due to inductor current
opposing property, it increases current in reverse direction
instead of staying at zero. When switch 1 and 2 are ON the
voltage is continuously stores in inductors Li,L that has high
inductance and hence high amount of energy is stores in
inductors. When switch 7 and 8 are ON, then forward voltage
stress due to switch7 and switch 8 is 21 time Vin. When switch
1 and switch 2 are off and switch 7 and switch 8 are on, the
voltage across the inductors Lz and L4 reaches to saturation.
This procedure greatly increase energy in quadcoupling.

IV. HARDWARE IMPLEMENTATION

The quadcoupler inverter is designed on hardware by
means of MOSFET switches and pulse signal is provided by
transistors. The input is provided through function generator
is 9 V and output is three phase AC signal shown at
oscilloscope as in Figures 8,9,10.

Fig. 7. Hardware implementation of DC to AC inversion.
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Figure 8 above shows the complete circuit of DC to AC
inverter in which first 12 Volts DC is converted to Ac by
means of 8 switches that gets pulse signal from aurdino
through transistors. After MOSFET s the inverted output is
applied at transformer which gives output of 230 V.

Fig. 8. Output of phase 1 displayed on oscilloscope

Figure 9 shows AC waveform at oscilloscope that clearly
shows AC waveform at CH 1 of oscilloscope. Whose
parameters are mentioned on oscilloscope screen. The other
two phases of AC waveforms are shown in Figure 10 by using
both channels of oscilloscope.

Fig. 9. Output of phase 2 and phase 3 display on oscilloscope

Figure 11 shows the function generator picture that uses
9.3 volts as input to our circuit.

Fig. 10. Input DC voltage display on function generator
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V. CONCLUSION

This paper presents Model design of Differential boost
inverter with PEM in tripolar operation using quadcoupling
control. It is cleared from results that Input value boost up
from 29V to 600V. This technique has no extra components
and capacitors. It is verified that PEM technique with tripolar
operation and quadcoupling scheme with high value
inductors results in high energy because of voltage multiplier
cell. Ripple component has been successfully removed in
input DC current by using energy based quadcoupling control
technique. The energy becomes 10.5 times than decoupling
control due to voltage at two capacitor and current in four
inductors. The output is completely free from first, second
and third order components and is very smooth due to four
inductors and high switching frequency used with highly
inductance The converter has many advantages like a high
voltage gain ratio, low voltage stress in switches and high
efficiency. Hence greater energy can be obtained using
tripolar operation with quadcoupling control technique at
high voltage smart grid. The future work includes convert this
boost energy in AC output and connect it to smart grid system
for UHF applications.
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