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Abstract

This paper presents a design and an implementation of an isolated grid connected micro inverter system
that is based on an interleaved flyback topology. The developed system gets input from a 250 W PV
panel, converts the dc energy into ac and connects it to the grid. This work covers the simulation aspect
of developing the above mentioned system where extensive simulations are performed in order to find
and optimize values of desired parameters and simulate the overall system. The CCM (Continues
Conduction Mode) of operation for the flyback converter is preferred as it generates considerably less
amount of the current ripple at converter output when compared to DCM operation and less amount of
power loss. A feedback loop with a PI controller is incorporated into the design in order to properly
stabilize the system. Simulation results demonstrated that the developed system generates sinusoidal
voltage and current signals of 50 Hz in frequency with desired amplitudes at the output of the system.
Connection of generated ac waveforms to the grid is accomplished by means of a PLL block. THD of the
grid current is found as 11.57% due to spikes at zero crossings.

|. INTRODUCTION

Utilization of the power generation system that depend on solar energy in both industrial and residential
areas has greatly increased in recent years due to its being a renewable and clean source of energy.
These systems have proven to be reliable over years, as they require small maintenance fees and cause
no danger to the nature. Taking into consideration that the life expectancy of PV panels with today’s
technology well excees 25 years and solar energy is available at almost everywhere, usage of the micro
grid systems is expected to increase in the future.

Micro grids are small-sized energy generating units in which energy is obtained from mostly renewable
sources such as the solar or wind energy and then converted into grid frequency ac energy which is either
directly utilized by the local network or supplied to the grid. There have been numerous studies in order to
improve the cost and efficiency

of such systems and develop optimum design for them in recent years [1-26]. Tamyurek and Kirimer [19]
developed a low cost micro grid system with interleaved flyback topology where the dc energy obtained
from PV panels is converted into sinusoidal ac energy and connected to the grid. Both PLECS (Piecewise
Linear Electrical Circuit Simulation) and Simulink are used to generate models of their system. DCM
(Discontinuous Conduction Mode) operation of the converter is preferred in order to achieve fast dynamic
response and guaranteed stability of the system operation. No feedback loop is utilized in their system
other than the feedback block embedded in the PLL algorithm. Optimization of various design
parameters was done using simulations. The experimental part of their work was accomplished by
building and evaluating a small prototype of simulated system for 1 KW output power which is suitable
to be used in small residential areas. By applying an MPPT technique based on perturb & observe
algorithm, they had achieved 97% of PV panel efficiency with 86% inverter static efficiency. They have
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reported a THD of 3.86% for the output current of the converter and close to unity power factor for their
design.

As a continuation study of their earlier work, Tamyurek and Kirimer [20] increased the power level of their
previously developed system to 2 KW by going through several design improvements. They have reported
90.16% inverter efficiency, 4.42% THD for grid current and 0.998 pf for their improved design. The DCM
mode of the converter operation and the open loop control of the overall system were again preferred in
this later design.

The goal of this study is to develop a simulation model of a micro grid system that obtains dc energy
from a PV panel and converts it into an ac energy using the interleaved flyback converter in order to
supply it to the grid. The CCM mode of operation is utilized in the flyback topology since it provides less
ripple at the output current and leads to less power loss. In order to overcome the stability problem that
might occur because of CCM mode of operation, a feedback loop with a Pl controller is incorporated into
the design. Matlab/Simulink software is used to calculate and optimize parameters of the model and
perform simulation of the overall system. The following studies are performed in prior to this study by us
in order to develop a proper background to this work [27-39 ].

The remaining parts of this work are organized as follows. Section 2 gives detailed description of each
sub-block of the overall system including theoretical background for interleaved flyback topology. Section
3 provides implementation details of the developed Matlab/Simulink program. Section 4 demonstrates
simulation results and discussions. Section 5 provides conclusion.

Il. REPRESENTATION OF MICRO GRID WITH BLOCK DIAGRAMS

The proposed micro grid system is composed of several blocks. The first block is the PV Source block.
The output of PV Source block is connected to Flyback block where the 2 stage interleaved flyback
converter is implemented. This block is followed by an output capacitor and H bridge block. The output of
H bridge block is a grid frequency sinusoidal waveform. Finally, these sinusoidally shaped voltage and
current signals are synchronized and connected to the grid by means of a PLL block. The block diagram
of the micro grid system is given in Fig. 1 and the schematic circuit of the system is provided in Fig. 2.

A. The PV Panel Block

The PV Panel block contains a model of the PV panel followed by an input line filter. The filter is used to
eliminate high frequency harmonics and smooth out the current signal obtained from the PV panel. TDK
CWT250-60P poly-crystalline PV panel specifications are used to simulate this

block in the simulation. The utilized PV panel has an output power of 250 W and consists of 60 serially
connected PV cells. Each PV cell can be modeled by a schematic circuit given in Fig. 3.
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There are 4 unknown parameters in this cell model that have to be calculated namely the photo current of
the cell Iy, the diode reverse saturation current l,, the series resistance Rg, and the shunt resistance Rgy,.
Numerous methods are illustrated in literature in order to find these unknown parameters. In [27], we have
developed a Matlab/Simulink program to calculate these 4 unknown parameters by implementing an
accurate method chosen from the literature [22]. The developed program was then used to generate |-V
and P-V curves of the PV panel which was shown to be very close to those provided by the manufacturer.
Figure 4 shows |-V curves generated by the developed program and that provided by the manufacturer.

B. The Decoupling Capacitor Block

The decoupling capacitor placed in between the PV source and interleaved flyback converter acts as a
buffer and helps to maintain constant dc voltage at PV terminals. In doing so, it provides a low
impedance path for instantaneous demand that the PV source is subjected by the output of the converter
which is tied to the grid or the load. The orientation and sizing of the decoupling capacitor are important
in order to maintain low ripple at the PV terminals. Increasing amount of ripple at PV terminals yields
proportional or even larger amount of increase in the value of THD of the output current. It's reported by
Zengin et al [26] that the value of decoupling capacitor could be calculated based on the following
formula based on certain assumptions.
C> v (1)

(27 f,)AVpy
where AVpy is peak to peak voltage ripple across the decoupling capacitor, Ipy is the average PV
current and f; is the line frequency.

C. Theoretical Background for Interleaved Flyback Converter

Although the interleaved flyback architecture used in this work has 2 flyback cells in parallel, the
converters are operated in such a way that the PWM pulse signal applied to the switch S1 is shifted by
180° and applied to the switch S2 during each switching period. Consequently, operations of the both
flyback cells are similar except that the output of the second cell is 180° phase shifted version of the first
one during the steady state operation. Because of that, the theoretical background given in this section
only covers the operation of the first converter and assumes that the extension of it to the second
converter is straightforward. Also without loose of generality, it's assumed that the whole switching cycle
is utilized by one converter.

As it is seen in Fig. 5(a), primary winding of the flyback transformer is connected to a dc source through a
high frequency switch S. The switch is operated with period T. The duty cycle of the switch is given by DT
where D is a real value between 0 and 1. At each period T, the switch S is on for the time length of DT and
off for the duration of (1-D)T. There are 2 stages of operation for the converter in its steady state when
the above described PWM signal is applied to the switch S which is illustrated schematically in Fig. 5.

a. Switch on Case
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When switch S is on, the operation of the converter simplifies to the circuit given in Fig. 5(a). During this
stage, the input dc source directly gives energy to the magnetizing inductance of the primary winding L,,.
There is no current flowing through the secondary winding at this stage. This is due to the fact that the
diode at the output is reverse biased because of the chosen dot notation of the transformer. The load is
only fed by the output capacitor. Equations describing this stage of operation are as follows.

digm .
a Ll_m(vs - ZLm-Ron) (2)

dv,  —i,
a  C, (3)

b. Switch off Case

The circuit schematic describing operation of the converter for this stage is given in Fig. 5(b). When the
switch is off, the diode at the secondary side becomes forward biased. The stored energy in the
magnetizing inductance from the previous stage causes current z5 to flow through the secondary winding
of the transformer. 79 charges the output capacitor as well as provides energy demand of the load.
Equations of interest for this mode of operation are given below.

ditm, _ (vetwp)
- =~ .N (4)
dv,

1 /1 .
& = ¢ (W — i) (5
D. The Output Filter and H Bridge Block

The output filter block provides a low pass filtering in order to remove high frequency harmonics from the
output current. Since there are 2 switches each operated with 62 kHz frequency, harmonics at the output
waveform are located at 124 kHz or more. This allows the filtering of harmonics to be accomplished
easily with small valued passive circuit parts. For proper operation of the low pass filter, the corner
frequency of the low pass filter could be placed at 12.4 kHz or lower. The outputs of this block are full
wave rectified waveforms for both the output voltage and current signals. The H Bridge block is used to
convert the shape of these signals into sinusoidal ac waveforms of 50 Hz. The H bridge block is
implemented with 4 switches that are oriented as full wave rectification circuit.

E. PLL Block

The ac waveforms at the output of the H bridge block are processed by the PLL block for the purpose of
grid integration. The block diagram of the PLL implementation is given in the Fig. 6.

F. The Control System Block

The block diagram of control structure of the developed grid connected micro inverter system is given in
the Fig. 7. The main control objective that has to be accomplished by the control algorithm is to control
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output current iy in order to obtain full wave rectified sinusoidally shape current signal. A Pl controller is
utilized for this purpose.

In order to implement this control objective, the transfer function between output current iy and the
modulation input D (duty cycle) needs to be obtained. This can be accomplished by means of state
space averaging method. The state space model of the converter needed for this method is obtained by
using the systems state equations described in the section C. Using those formulas, the transfer function
between the i, and the d is calculated as:

I(s) ~1.225210'°5+1.798210"° (6)
d(s) $34+7950524-6.459210%5+4.058 21012

which can be used to perform small signall analysis of the converter. The values of the parameters in the
state space model are given in the Table Il. As it is seen, the transfer function has one right half zero
which is typical for this converter type. All 3 of its poles are at left half plane which indicates that the
open loop system is stable. The Bode plots of the transfer function are given in the Fig. 8.

The Fig. 8 shows that gain and phase margins of the system are - 32.1 dB and - 132° which indicates
that the system would need a controller during the closed loop operation.

Implementation of a PI controller would ensure stable operation of the converter while obtaining output
current ¢, of 100 Hz full wave rectified sinusoidal signal with low harmonic distortion. The Bode plot of
the control loop with Pl compensator is given in the Fig. 9. The Fig. 9 shows that the systems gain and

phase margins are improved to 4.42 dB and 96.7° which indicates that the closed loop system with the
implemented PI controller is stable.

It can also be seen from the Fig. 9 that the systems gains at operating frequency of 100 Hz (rectified
signal frequency for 50 Hz) and switching frequency of 62 kHz are 16.3 dB and - 15 dB respectively. The
K, and K; parameters of the Pl controller are obtained heuristically and shown in Table I.

Table I. Calculated values of Pl controller parameters

Pl Controller Kp Ki

Pl 0.015 0.01

The above described control structure is implemented in the developed Simulink program with the Control
System block which is shown in Fig. 10.

I1l. Matlab/Simulink Program

In order to simulate behavior of the above described microgrid system, several Matlab scripts and a
simulink program are developed. The Matlab scripts are mainly used for purposes such as parameter

Page 6/21



calculations and/or optimization and tuning of those values. Once these stages are completed, the
obtained values are substituted into the Simulink model in order to perform simulation of the whole

system. Figure 11 shows the main module of the developed Simulink program. Figure 12 shows one of
the Flyback converter implementation of the interleaved structure named Flyback1 as a sub-system.
Table Il shows specifications for the PV panel, interleaved flyback converter and other parameter values
used during the design phase of the system.

Table Il. Specifications for the PV panel, interleaved flyback converter and other parameters.

PV PANEL DESIGN PARAMETERS FLYBACK CONVERTER DESIGN
PARAMETERS

Open Circuit Voltage V,,; (V) 37,6 Input Voltage (V) 29,74

Short Circuit Current I (A) 8,6 Output Voltage (V) 220

Maxsimum Power Point Voltage V 29,74 Switching Frequency (Hz) 62000

(V)

Maxsimum Power Point Current |, (A) 8,1 Magnetizing Inductance Lm (uH) 12.8

BV, (%) 0,35 Output Capacitor C,, (UF) 2

alg. (%) 0,06 Transformer Turn Ratio N 8

Ns 60 Duty Cycle (D) 0.48

Np 1 Input Voltage ripple (%) 1

Power (Watt) 250 Decoupling Capacitor Cpegyp (MF) 86

IV. Simulation Results and discussions

Before running the developed simulation program, a preliminary study should be done in order to find or
optimize some system parameters and circuit element values. Some of the parameter values that have to
be obtained with this preliminary study are the magnetizing inductance value that enable the flyback
transformer to operate in CCM operating mode, the decoupling capacitor value corresponding to the
desired panel output voltage ripple, the output capacitor value corresponding to the desired output current
ripple of the converter and the duty cycle value corresponding to the steady state operation of the system
for the adjusted switching frequency. Some of these parameter values were shown in the Table Il. After
calculating these parameter values, the state space model of the system was obtained. Using the state
space averaging method, transfer function from the output current to the duty cycle was found in order to
be used in the small signal analysis of the system. Finally, the determination of the
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Pl controller parameter values was done. Once the parameter calculation and initialization stage is
completed, the developed simulation program is started. Graphical visuliation of selected parameter
values are demonstrated in the following figures. The top figure in the Fig. 13 shows reference signal for
the grid current versus the sinusoidaly shaped converter output capacitor current. The botom figure in the
Fig. 13 gives reference signal for the grid voltage versus the sinusoidaly shaped converter output
capacitor voltage. The signals belonging to the converter are shown after they are being processed by the
output filter. In the figures the converter output signals are shown with a blue color while the reference
signals are shown with a red. Converter output voltage and current signals are those that are connected
to the grid by means of the PLL block after rectification and filtering operations. Figure 14 dispalys
magnetizing current signals for flyback 1 and the flyback 2 converters. Figure 15 shows decoupling
capacitor voltage.

From the Fig. 13, it's clear that both voltage and the current signal at the output of the H bridge block are
sinusoidal in shape and 50 Hz in frequency. The THD of the grid current is calculated as 11.57% due to
the spikes at the zero crossings. From the Fig. 14, it's seen that magnetizng current signals of the
interleaved flyback architecture cause the grid current to have harmonic content at frequency 124 kHz.
The peak to peak variation of one of the interleaved flyback output current is approximatly 21 A. Figure
15 gives the voltage seen on the decoupling capacitor. There is a peak to peak ripple voltage of around
1.5V on the decoupling capacitor voltage which mainly causes the THD of the output current.

V. CONCLUSION

In this work, a simulation study of grid connected micro inverter is performed which uses an interleaved
flyback topology. The input source for the micro grid is obtained from a PV panel. Two flyback converters
are utilized in interleaved architecture operating in the CCM mode. The output of the converter is first
converted into sinusoidal ac signal waveform by an H bridge block and then connected to the grid by
means of a PLL block. A Pl controller is implemented in order to achieve proper control of the system.
Several programs are developed in Matlab and Simulink to find and optimize values of the design
parameters such as the value of magnetizing inductance L, the value of decoupling capacitor C, values
of K, and Kj parameters of PI controllers etc. Simulation results demonstrated that the developed system
successfully obtained ac voltage and current signals at 50 Hz in frequency and 220 V rms in amplitude.
The THD of the grid current is found as 11.57% due to spikes at zero crossings.
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Circuit schematic of the proposed system
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Circuit schematic of the PV cell used in modelling.
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Figure 4

(@): IV curve and P-V curve of the panel generated by the developed program at STC. (b): Corresponding
curves provided by the manufacturer.
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(a) Equivalent circuit of the flyback converter for the switch on case. (b) Schematic for the switch off

case.
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Block diagram of the control structure
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Bode Diagram
Gm = -32.1 dB (at 7.84e+04 rad/s), Pm = -132 deg (at 1

.53e+05 rad/s)
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Figure 8

Bode plots of the transfer function
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Bode Diagram
Gm = 4.42 dB (at 7.84e+04 rad/s), Pm =96.7 deg (at 4.14e+03 rad/s)
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Figure 9

Bode plots of the transfer function with Pl controller.
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Figure 10
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Control System block of the developed Matlab/Simulink program.
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Figure 11

Developed Simulink implementation of the overall system
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Figure 12

Simulink implementation of the FLYBACK1 sub system
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Figure 13

Simulation results for reference signal for the grid current versus the rectified converter output current (top

figure) and reference signal for the grid voltage versus the rectified converter output voltage (bottom

figure). Reference signals are shown in red.
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Figure 14

Signal waveforms of magnetizing currents for flyback 1 (top figure) and flyback 2 transformers.
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Figure 15

Signal waveform for decoupling capacitor voltage.
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