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Abstract-Zeta Micro inverter mounted on each
photovoltaic panel, micro inverter is gaining popularity
due to increased energy harvest. Single stage zeta micro
inverter is available for PV applications. The proposed
topology is based on zeta converter with high frequency
transformer isolation and single low side switch on the
primary side of transformer. The most distinctive feature
of the proposed inverter is its ability to work in
continuous conduction mode over a wide load range,
which results in high efficiency, reduced current stress,
and components rating, reducing number of power
conversion stages, and scalability. All the secondary
switches operate at line frequency, thus reducing
switching losses significantly. = Micro inverters are
attached at the back of a PV panel and directly generate
AC with MPPT. The proposed system of micro inverter
including steady-state analysis and design has been
involved. A 220W micro inverter was designed,
developed, and tested in the laboratory. Experimental
results are demonstrated to verify the CCM operation of
the inverter and its performance over a wide load range.

Keywords—Photovoltaic (PV), AC module, Zeta,
Microinverter, Continuous Conduction Mode (CCM).

I. INTRODUCTION

Among various renewable energy sources, solar is
the most abundant form of energy. Series connected PV
panels with a single large inverter (string inverter) can be used
to feed power into the grid with a common Maximum Power
Point Tracking (MPPT). However, this is an inefficient way
of harvesting energy because individual MPPT of solar panels
is not done. A panel mismatch, shading or formation of debris
will reduce the energy harvest significantly.Various inverter
topologies are presented, compared, and evaluated against
demands, lifetime, component ratings, and cost. Finally, some
of the topologies are pointed out as the best candidates for
either single PV module or multiple PV module applications
[9].A review of the appropriate storage-system technology
used for the integration of intermittent renewable energy
sources is also introduced.Theeffects of power-system
operation, especially where the intermittent energy source
constitutes a significant part of the total system capacity[1].

A full bridge connected to a high-frequency
transformer and a full-bridge rectifier amplifies the voltage of

the PV panel to approximately 475 V. This stage is controlled
by using a phase-shift pulsewidth-modulation controller that
permits  zero-voltage switching, thereby minimizing
losses.The performance of PV modules is easy to be affected
by partial shadows and mismatch of their electrical
parameters. Consequently, the conventional power
configurations are difficult to obtain higher energy efficiency
and reliability. Some improved power configurations of BIPV
system have been presented to solve these problems[13]. The
transformer leakage energy is handled by the decoupling
circuit itself so there is no need for additional dissipative
circuits, which leads to reduced power losses and improved
efficiency[6].
IT SINGLE STAGE CCM ZETA MICRO INVERTER

Modeling of zeta dc/dc converter and parameter
selection is important to eliminate RHP zero. It is
concluded that zeta converter can achieve higher
bandwidth, and good closed loop stability. A DCM
mode zeta converter based inverter. The inverter power
rating was limited to 80W. Low switching frequency
(20 kHz) operation resulted into a larger filter and
transformer. A single stage CCM zeta micro-inverter is
proposed as shown in Fig 1, with a single primary
switch and four secondary switches working as LFI.

L,
m

Fig 1: Zeta Microinverter

The steady-state operation of proposed microinverter.
To simplify analysis, the following assumptions are made: (i)
All semiconductor devices are ideal and lossless (ii) input
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voltage ripple is negligible. Operation of zeta microinverter is
explained for the positive half cycle of load current at
switching frequency. The main switch 5,,.is modulated at high
frequency with a variable duty cycle to generate rectified ac
output and secondary switches 5; — 5 are operated at line
frequency to produce ac output at line frequency. On the
secondary side, during positive half cycle of load current
switches 5, 5; are gated to conduct and during negative half
cycle of load current, switches 5, . are gated to conduct.
Steady-state operation of the proposed microinverter in DCM
and CCM mode of operation is analyzed.

Input Zeta micro inverter
DC
Supply = -y Load
A A
12V Opto Gate driver 12V
DC N Coupler Circuit — DC
Circuit
yy A
Buffer Circuit
'y 5V
DC
Controller
Circuit <

Fig 2: Block Diagram of Single Stage CCM Zeta Micro Inverter

From the block diagram (Fig 2) the solar panel the
power is sent to the isolated zeta converter. The converter is
used to convert the power from DC to AC. The control circuit
consists of Opto coupler, Gate driver and Buffer. The
programmable interface controller is act as a microcontroller.
The output of the zeta converter is given to the single phase
inverter. In order to fed to the grid it is inverted and the output
of the inverter is filtered by using LC filter. So the harmonics
of the inverter will be reduced. The AC output is given to the
grid. The efficiency of the system will be improved because of
the micro inverter operating at continuous conduction mode.
So the switching losses will be reduced.
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IIT DCM MODE OF OPERATION
A. Interval 1 (tz,<t<tg)(Fig3)

At t =tz , the main switch 5, is tuned-on.
Secondary switches 5;, 5; are conducting for the entire
positive half cycle of load current. Diode I, is reverse
biased as shown in Fig 3 Primary current [ increases linearly
starting from zero as shown in Fig 4 Primary current [, and
magnetizing inductor current [;,can be given as

C"L_ 1 ‘ Jl v
() Tl -

o Vin nEvy . -
gt =2+t —tg) ey
; Sl Ls
P Fin .
LB} = Ty g + — U8 — £l 2

In this interval, secondary switch current i, = 0
and secondary side currents iz, 15 and i_are similar
due to series connection as shown in Fig 3 and the
values is derived as

Lp ':f:l = L = :'-':H = _::‘r":f:l 3

Flying capacitor cis discharging, and at the end
of this interval, its voltage falls below the minimum
value, V..
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Fig 4: Steady-state operating waveforms of the for proposed inverter

in DCM mode of operation

At the end of this interval, primary current i,
reaches maximum value denoted by, ;.,xgiven by
(eqn. 4). Duration of this interval is equal to
DTs(t4 = DTslwhere,Dis the duty cycle, Tsis the time
period of main switch 5,,,.

-lr;_1 ::.td‘lz' = ‘rp_ps:k = (r;\; + _r__nljl ::-DTS’I (4)

_ Tpprak—lemif=fa ]

fio peak = (@)

I, (# =
fpahlayd =
Lot dl -

B. Interval 2 (t 1< 1 <t 5») (Fig 5)

At t =%, the main switch 5,,is turned-off and
secondary side diode ., goes into conduction. At the
start of this interval, the diode current is equal to peak
primary current [, ;.. xreferred to secondary given by
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galtad = ~Io(tg) =—=— (6)
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" "

-
|2

The magnetizing inductance L,,starts charging
the flying capacitor from initial value of V. ;..
Switch current i, and output inductor current i;  are
given as

Ip pesk Verlt) ¢

v
ity = — B2 0 )+ (t— tqq)
i ltaq) . o au) + -t a1t (8)

Lo
E"l i dt(9)

™
Verlt) =Veg min +

1o (1) = ‘r.’_o_psck - ,_D (t— Z.::"1:' (10)
Lp

It should be noted from (eqn. 9) that with
increase in value of flying capacitor, voltage ripple will
reduce. Average voltage across the output capacitor and
the flying capacitor is equal for given switching
cycleI:~< Vep =<1 :>). Thus, for higher values of
flying capacitance, V.¢is approximately equal to the
output voltageli,and is constant for a given switching
cycle. So, the switch current i, can be approximated to

r

[o () = — B o (r—t,) (1)
righ

n nikL

+'L—‘;:_t— taq)+

However, for a practical design with higher
flying capacitance value, corresponding increase in
series resistance of capacitor will increase conduction
losses. Although, conduction losses in the diode D,
will reduce with increasing capacitance value. Thus, an
optimum value of the flying capacitor should be chosen
to limit overall losses. This interval ends when the
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switch current i, becomes zero. This interval can be
obtained by my making i., = 0, and substituting ¢ =t 4,
and is given by

‘ppesk (Wp. Vg e )
n T
Vo, Vo |

“Lg nZlms

tgy = (12)

At the end of this interval, inductor current
i;.1s given by
I oot — L—E'\rg_- —DOT.) (13)

C. Interval 3(tz.< t <tz:) (Fig. 3.7)

This interval starts when the secondary diode
current i .;becomes zero and extends until the primary
switch is turned-on att = .. This interval is seen only
if inverter goes into DCM and equivalent circuit for this
time interval is shown in Fig 6. A voltage I:l-',;f -1

fe
iratbs-d =

appears across the output inductor and its current
expression is

L,
AR
_5; """ D) === -> I
D, | e
I
C.t!' |
V () Cirr | L
in - |
T 4\ lC“ Load| " “

"y
S

' Y
| ===~

8
Fig 6:Interval 3(f ;< t <tz3)
- . Vo=l .
ot = Il b+ —— U — 15 (14)

The second term in (eqn.14) is very small which
makes inductor current approximately dc. The same current
flows through the magnetizing inductance but negative. At the

end of this interval, the current i;.and i;,.are given by
Fear=T5%

177 . : i-:l 1 --. = |T__ —_ ri:j (15)

Il
o

Flartes

o

';E:';I'- ! ."-I = ';E:';I'-'*it :‘I = _H"‘f_: Ii'l_: :‘I (16)

The inverter operation is repeated at switching
frequency with a variable duty cycle D to generate a rectified
sine output. Once the reference load current is negative,
switches 5; and 5; are tuned-off, and the switches 3; and 5,

are turned-on.
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III CCM MODE OF OPERATION
A. Interval 1 (t.3< t <t.q) (Fig 3)

Att =t,,, the main switch 5,,is tuned-on and secondary
switches 5; and5; are conducting throughout the positive half
cycle. Equivalent circuit of the proposed zeta inverter for the
current interval is shown in Fig 3 Fig 4 shows the steady state
operating waveforms when operated in CCM. This interval is
common to both DCM and CCM but prior to this interval the
voltage across the primary of the transformer is non-zero, thus
the current in the primary starts from a minimum value. In this
interval input voltage, V},,is applied across the magnetizing
inductance L, of the transformer. Diode I';, is reverse
biased, thus the secondary switch current i;; = O in this
interval. Mathematical equations for the various current
waveforms are

£ — - e o Rl CFT -
ighth =T+ —+— | =t a7)
: : Lw Le

. e T Wiy - "
Lim = .'::n-"\f-:..l T | ._.l L= :_:__I (18)
I I ; L ;
e plt! = ipnlt) . .
iemht) =——— = it} = i .\t) (19)

At the end of this interval, flying capacitor is
discharged to Vs, currents Ig, Ip,.and [ reach
their peak values which can be represented by
Ly pear, lim—psaxand Iro—y.qr, respectively and are
given by

]p'\t::«I - ]p—pEik - ]:-'\t::fI _I'kL,._, L Ig .l '\DT?' (20)
P P Y PR .
[imMord = fpmepean = imbip ) I'k;,.. 1DT) @D

1.0t _‘| =1, peas = Tp-pesk-lim-pask (22)
This interval with duration DT, ends when the

main switch 5,,is tuned-off.

o]

B . Interval 2 (1.4< t <t_-) (Fig 5)

At t = t_4the main switch 5,,is turned-off and
secondary side diode D, .goes into conduction as shown
in Fig 5. At the start of this interval, the diode current is
equal to peak primary current [,z referred to

secondary, which can be given as

T .
ip—pean

lgeallog) = —lalt ) =~

(23)

n
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Output voltage of —17is applied across the

L Vin inductor L and the inductor current decreases linearly
Bl _ l given by
T
P— Ip,peal\/ I
| i (F) = — oy
e i10(8) = Iiopear .’_Z t—DT.) (25)

Flying capacitor voltage I”.: appears across the
magnetizing inductance, but the average voltage across the

output capacitor and the flying capacitor is equal for given
switching cycle (<1} s> = <¥;;>). Thus, for higher values of

flying capacitance, 1. -is approximately equal to the output
voltage ¥ thus the current in flying capacitor I, increases

linearly with a slope Vy/(nL,.) thus expression for switch
W . T

| — _";:l—;:lzs'-..' _

Vc;r' i of _rmin E

1.y \l\ |
I, } i i

I i

ta Ts -

j D <1 7-D tLZ:

T\'w !

Fig 7:Steady-state operating waveforms of the for proposed

L.

{te) =

inverter in CCM mode of operation

[ \Lem L

A R Y
Ip (o) +| —B+T—8 }(DT,)

p-paak _
o - o

; current can be given as
=t—t (£ —t.,1(26)

For CCM operation, switch &,..is turned-on before
the diode current reaches zero. Thus, the currents at the end of
this interval are equal to currents at the start of next interval.

I ‘ (27
n (2 () (28)

Substituting (eqn.26) in (eqn.27) the expression for
the initial current when the primary switch is turned-on can be
obtained as

fpprnkpyd — T Ly -
T 1 o oLlm

" iy zl_ =~
=t = —nli W00

ol =¢.1=
Sim oo

(24)
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From the above analysis, it should be realized that
CCM operation of zeta micro-inverter results into lower RMS
to average current ratio compared to DCM mode as the
current ripple in the inductors L., L are reduced. This will in
turn translate into improved inverter efficiency as the
conduction losses are reduced.

IV RESULTS OF REAL-TIME VALIDATION

A solar micro-inverter, or simply micro inverter, is a
device used in photovoltaics that converts direct current
generated by a single solar module to alternating current. The
output from several micro inverters is combined and often fed
to theelectrical grid. Micro inverters contrast with
conventional string and central solar inverters, which are
connected to multiple solar modules or panels of the PV
system.

The proposed system was simulated in
MATLAB/Simulink software. MATLAB (matrix laboratory)
is a multiparadigm numerical computing environment and
fourth-generation programming language. A proprietary
programming language developed by MathWorks. MATLAB
allows matrix manipulations, plotting of functions and data
implementation of algorithms, creation of user interfaces and

D
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g | 0 ,
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g
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@ o || — = é
4 1-3 o] s
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AL=2000chm
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Fig 8:Simulation setup of Single Stage CCM Zeta Micro Inverter

interfacing with programs written in other languages,
including C, C++, Java, Fortran and Python. The converter
was implemented with input voltage in the range 40-50V and
the grid reference voltage was considered to be 110V. The
main power switch,5; is operated at a high frequency of 60
kHz. The input to the converter is fed from a simulation model
of PV system. MPPT technique employing fuzzy logic is
implemented for efficient utilization of the PV array.

Microinverter at 20kHz theoretical loss distributions
for zeta microinverter in CCM and DCM modes respectively,
at different load conditions. It should be observed that at any
load conditions the losses in CCM zeta microinverter are
lower than DCM counterpart for the given specifications (low
voltage high current input, high voltage boost ratio). This can
be explained by considering RMS to average current ratio. At
any value of given power transfer, RMS current through the
components under DCM mode is be higher than CCM mode.

The Fig 8 shows the PV panel connected to the
DC-DC converter. The PV panel output is DC. DC-DC
converter tracks the maximum current. Then the DC-DC
converter connected to the micro inverter. Micro inverter
consists of four switches. If two switches are open, the other
two switches are closed. If the arrangements are changed
means not compare to the output. The output is analog pulse.
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Analog pulses are increase and decrease, so ac filterisused to  system. Then the micro inverter operate at continuous
reduce the losses. conduction mode. So the current stresses are reduced.

Tablel:Simulation Parameters

Framd
Reltbnal = '_<I|
'D':" b S.No. Parameter(unit) Specification
P Frams
-' .:—‘ Fepeafing
Se ll—.".l'
m = ] 1. Input Voltage (V) 50
MPPT
2. Grid Reference Voltage (V) 110
3. Frequency (kHz) 60
DC-DC CONVERTER
CLOSED LOOP
4. Micro inverter frequency 20
Fig 9:DC-DC Converter Closed loop (kHz)

Table 1 shows the simulation parameters that is used

The Fig 9 represents the DC-DC converter loop ¢, setup the Single Stage CCM Zeta Micro Inverter.

is mounted on the PV panel. The MPPT is used to track
the maximum DC Current. Then the closed loop of the
DC-DC converter is used to check the output current i fa Ia /M
with the reference current. The operating value of the
system will be focused by the closed loop control.

N
R

Gani Integator

Voltage(kV) —»
Pt
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Fig 11: CCM Zeta eform
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Fig 11 shows the voltage waveform of CCM Zeta
microinverter. The graph is drawn between the voltage

M I% S'Elgh[E%TPER of the time. The voltage of the CCM Zeta microinverter
is taken in the Y axis the time interval is taken in X axis.
Fig 10:Micro inverter Close loop The steady state voltage obtained from CCM Zeta

microinverter is about 230kV.

From Fig 10, the micro inverter consists of four
switches. The two switches are operate at a time. If the
switches 57and 55 are closed then the switches Szand

e

5. are open.

The switching technique are available in the
micro inverter. So the continuous turn ON and turn
OFF process the constant current flows through the

Current (A)

Time(s)
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Fig.4.4 CCM Zeta Micro inverter Current Waveform

Fig.4.5 shows the current waveform of CCM
Zeta microinverter. The graph is drawn between the
current of the time. The current of the CCM Zeta
microinverter is taken in the Y axis the time interval is
taken in X axis. The steady state current obtained from
CCM Zeta microinverter is about 80A.

Table 4.2 Comparison of Voltage in MPPT and Zeta

CCM Micro inverter
Time(s) Voltage(kV)
MPPT CCM Zeta Micro
inverter

0.09 10 5
0.095 10 8

0.1 10 12
0.15 10 15

0.2 10 15

Table 4.2 shows the comparison between
MPPT and CCM Micro-inverter. In CCM
Micro-inverter strategy the voltage obtained is 10kV
through the time period. But in CCM Micro-inverter
strategy the voltage is increased as the time period
increases.

Table 4.3 Comparison of Current in MPPT and Zeta

CCM Micro inverter
Time(s) Current(A)
MPPT CCM Zeta Micro
inverter
0.09 50 80
0.095 50 150
0.1 80 230
0.15 80 230
0.2 80 230
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Table 4.3 shows the comparison between
MPPT and CCM Zeta Micro-inverter. In CCM Zeta
Micro-inverter strategy the current obtained is 80A
through the time period. But in CCM Zeta
Micro-inverter strategy the current is increased as the
time period increases.

V CONCLUSION

A single stage CCM zeta micro inverter has
been proposed for solar PVAC module. Steady-state
operation and analysis of proposed zeta micro inverter
in both DCM and CCM has been studied. Micro
inverter operation in CCM mode results in reduced
conduction losses, switch ratings and current stress.
The proposed inverter provides HF isolation and has
only a single switch operating at HF which will reduce
the switching losses. The circuit is simple and easy to
develop. Critical factors to consider while designing the
inverter have been discussed and studied. A 220 W
inverter prototype has been developed and tested in the
laboratory to validate the claims, proposed operation
and design. The laboratory prototype has a peak
efficiency of 93% at rated power of 220 W.
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