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INTRODUCTION

Renewable resources, such as wind generation
systems and Photovoltaic (PV) systems, have gained
great visibility during the past few years as convenient
and promising, renewable energy sources. There are
several benefits for solar power systems, such as:

» Clean and renewable energy that replaces power
produced by coal, oil and nuclear power

* Reduction/elimination of electric bills

+ Silicon for manufacturing PV panels is the second
most abundant element on Earth

» The ability to provide power to remote locations

The recent increase in demand for solar power
systems is due to enhancements in manufacturing
crystalline panels, which reduces overall costs in
manufacturing and increases the efficiency of the PV
panels. Additional reasons for the demand in solar
power are: PV technology is proven and reliable, PV
modules have warranties exceeding 30 years and
government incentives.

There are two main requirements for solar inverter
systems: harvest available energy from the PV panel
and inject a sinusoidal current into the grid in phase
with the grid voltage. In order to harvest the energy out
of the PV panel, a Maximum Power Point Tracking
(MPPT) algorithm is required. This algorithm deter-
mines the maximum amount of power available from
the PV module at any given time. Interfacing to the grid
requires solar inverter systems to abide by certain stan-
dards given by utility companies. These standards,
such as EN61000-3-2, IEEE1547 and the U.S. National
Electrical Code (NEC) 690, deal with power quality,
safety, grounding and detection of islanding conditions.

Characteristics of Solar Cells

To begin development of a solar microinverter system,
it is important to understand the different characteristics
of a solar cell. PV cells are semiconductor devices with
electrical characteristics similar to that of a diode. How-
ever, a PV cell is a source of electricity and operates as
a current source when light energy, such as sunlight,
makes contact with it. The most common technologies
today are the monocrystalline and multi-crystalline sili-
con modules. A PV cell can be modeled as shown in
Figure 1. Rp and Rs are parasitic resistances that, in an
ideal world, would be infinite and zero, respectively.

SIMPLIFIED MODEL OF A
PV CELL
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FIGURE 1:
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A PV cell will behave differently, depending on its size
or type of load connected to it, and the intensity of
sunlight (illumination). The characteristics of a PV cell
are described by the different operating currents and
voltages under different environments.

When the cell is exposed to sunlight, but is not con-
nected to a load, there is no current flowing through the
cell and the voltage across the PV cell reaches its max-
imum. This is known as the Open Circuit Voltage (Voc).
When the cell is loaded, current begins to flow through
the circuit and the voltage across the cell begins to
drop. The maximum current to pass through the cell
can be determined when the two terminals are directly
connected to each other and the voltage is zero. This is
known as Short-Circuit Current (ISC).
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Light intensity and temperature largely impact the
operating characteristics of a PV cell. Current is directly
proportional to light intensity, but the change in illumina-
tion has little impact on the operating voltage. The
operating voltage is, however, impacted by temperature.
An increase in cell temperature will decrease the operat-
ing voltage, but will have little effect on the generated
current. The influence of temperature and illumination on
a PV module is illustrated in Figure 2.

FIGURE 2: PV MODULE ELECTRICAL
CHARACTERISTICS
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Changes in light intensity will have greater effect on the
cell output power than changes in temperature. This is
true for all commonly used PV materials. The important
result of these two effects is that the power of a PV cell
decreases when light intensity decreases and/or
temperature increases.

Maximum Power Point (MPP)

A solar cell may operate over a wide range of voltages
and currents. By continuously increasing the resistive
load on an irradiated cell from zero (short-circuit event)
to a very high value (open circuit event), the MPP can
be determined. MPP is the operating point that maxi-
mizes, V x I, and delivers the maximum power at that
irradiation. The output power in a short-circuit (PV
voltage equals zero) or open circuit (PV current equals
zero) event is zero.

A high quality, monocrystalline silicon solar cell, at
25°C cell temperature, may produce 0.60 volts open
circuit. The temperature on a given cell in full sunlight,
with an air temperature of 25°C, may be closer to 45°C

which will reduce the open circuit voltage to ~0.55V. As
temperature rises, the open circuit voltage continues to
drop until there is a short circuit on the PV module.

The maximum power at a cell temperature of 45°C is
typically produced with 80% of the open circuit voltage
and 90% of the short-circuit current. The short-circuit
current from a cell is nearly proportional to the illumina-
tion, while the open circuit voltage may drop 10% with
an 80% drop in illumination. Lower quality cells have a
more rapid drop in voltage with increasing current,
which would reduce the usable power output from 70%
to 50% or even as little as 25%.

Figure 3 shows the output current and output power of
a PV panel as a function of operating voltage for a
given illumination.

FIGURE 3: MPPT CHARACTERISTICS

OF A PV MODULE
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The solar microinverter must ensure that the PV module
is operating at the MPP to capture the maximum energy
from the PV module, at any given time. This is accom-
plished by the Maximum Power Point control loop,
known as the Maximum Power Point Tracker (MPPT).
Achieving a high percentage of MPP tracking also
requires the PV output voltage ripple to be sufficiently
small, in order to operate around the Maximum Power
Point without too much variation in PV current. See the
“Decoupling Capacitors” section for more details on
limitation of the PV module output voltage ripple. Refer
to the “Maximum Power Point (MPP)" section for more
details on implementing MPPT.

A common MPP voltage range for PV modules can be
defined in the range of 25V to 45V, at a power genera-
tion of approximate 250W, with an open circuit voltage
below 50V.
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Introduction of a Grid-Connected
Microinverter System

A high-level block diagram of a grid-connected solar
microinverter system is shown in Figure 4.

FIGURE 4: GRID-CONNECTED SOLAR
MICROINVERTER SYSTEM
Inverter | cal Load
:;:k ] - Grid
)
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The term, “microinverter”, refers to a solar PV system
comprised of a single low-power inverter module for
each PV panel. These systems are becoming more
and more popular as they reduce overall installation
costs, improve safety and better maximize the solar
energy harvest. Other advantages of a solar
microinverter system include:

» Improvement of system reliability by reducing
inverter temperatures and removing fans

» Replacement of traditional hard switching tech-
nigues with soft switching techniques to improve
efficiency and reduce heat dissipation

» System designs can be standardized (hardware
and software) to improve reliability and reduce
costs

This Application Note presents and discusses
Microchip’s 215W Solar Microinverter Reference
Design in detail.

© 2012 Microchip Technology Inc.
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HARDWARE DESIGN

The Solar Microinverter Reference Design is a single
stage, grid-connected, solar PV microinverter. This
means that the DC power from the solar panel is
converted directly to a rectified AC signal. This con-
version is done by an interleaved flyback converter. A
Full-Bridge (unfolding) converter, switched at 2x line
frequency, controls the direction of power flow to the
grid. This microinverter has been designed to connect
to any PV module having a power rating of approxi-
mately 250 watts, with an input voltage range of
25VDC to 45VDC, and a maximum open circuit
voltage of ~55V.

Features of the reference design include:

» Peak Efficiency: 94.8%
* Maximum Power Point Tracking: 99.5%
* Maximum Output Power: 215W

+ Grid Voltage Range (230 VAC):
210 VAC-264 VAC

+ Grid Voltage Range (120 VAC):
90 VAC-140 VAC

* Input Voltage Range: 25 VDC-45 VDC

* Input Voltage Extended Range: 20 VDC-25 VDC @
reduced output power

+ Galvanic Isolation

» Support for Power Line/Wireless Communication
(add-on)

A block diagram of the grid-connected Solar
Microinverter Reference Design is shown in Figure 5.

FIGURE 5: HIGH-LEVEL SOLAR MICROINVERTER BLOCK DIAGRAM
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Decoupling Capacitors

There are five decoupling capacitors at the input of the
solar microinverter that serve as an energy storage ele-
ment between the input and output. These capacitors
balance the different instantaneous powers in the sys-
tem. As the input power from the PV panel is to remain
constant to maximize the energy harvested from the
panel, there will be an instantaneous power mismatch
between the input power and output power.

The solar microinverter generates a sinusoidal current
that is in phase with the grid voltage. There is little
phase shift (¢ ~0) between the grid voltage and current
(PF near unity). Equation 1 shows the time varying
output power.

EQUATION 1: TIME VARYING OUTPUT
POWER

Po(t) = Vi COS (at) + 1, COS (a2t — )

Equation 1 can be expressed as two components;
average constant power and time varying power with
2x the line frequency, as shown in Equation 2.

EQUATION 2:  TIME VARYING OUTPUT
POWER

1 1
P, (D= EV 1 +§V0m[0mcos(20)t)

out out

The decoupling capacitors are also required to reduce
the ripple voltage from the PV panel in order to achieve
a utilization factor greater than 99% (maximum power
utilization). As shown in Figure 6, large PV panel ripple
voltage means that the system operates further away
from MPP.
FIGURE 6: VOLTAGE RIPPLE EFECT
ON PV
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Leveraging the work by S. B. Kjaer in “Design and Con-
trol of an Inverter for Photovoltaic Applications”, the
ripple voltage can be determined by Equation 3, where
a and pB are coefficients of a second-order Taylor
polynomial and Kpv is the utilization factor.

EQUATION 3: RIPPLE VOLTAGE

_ (kpv_1)'2'PMPP
ripple — 3.0- VMPP+B

With a known ripple voltage, the required capacitance
can be determined to meet the ripple specifications as
shown in Equation 4.

EQUATION 4. REQUIRED CAPACITANCE

PMPP

C =
bulk
2n 'fripple ’ Vmpp ’ Vripple

The ripple frequency is twice the line frequency as the
output of the flyback is a rectified sine wave and VmpP
and PMPP have been taken as worst case. Different PV
modules need to be considered to determine the
required bulk capacitance. Additionally, the wide
tolerance of electrolytic capacitors, which can be up to
20 percent, must be taken into account.

ELECTROLYTIC CAPACITOR LIFE MODEL

Manufacturers of solar panels offer warranties of
30 years, or more, on their solar panels. This impacts
the design of any solar microinverter system because it
should be just as reliable as the PV panel. The biggest
limiting factor, and an area that needs to be addressed
in more detail, is the life expectancy of the electrolytic
bulk capacitors. For example, over time it is possible for
the Equivalent Series Resistance (ESR) of electrolytic
capacitors to increase significantly, causing the
capacitor to overheat and possibly short out.

Several factors affect the life expectancy of electrolytic
capacitors. These include DC operating voltage, ripple
current and ambient temperature. Equation 5 deter-
mines the operating hours of electrolytic capacitors,
where Lb is the base life given by the manufacture, AT
is the difference between maximum rated temperature
and working temperature, and Mv is the voltage
multiplier.

EQUATION 5: OPERATING HOURS OF
ELECTROLYTIC
CAPACITORS

AT
— 1
Lhrs _Lh'Mv'2 0
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For this reference design, five 2200 yF aluminum elec-
trolytic capacitors from Nichicon were selected
(UPW1J222MHD) for the input bulk capacitance.
These capacitors have a rated voltage of 63 VDC and
have a base life of 8000 hours at 105°C. The rated
ripple current at 100 kHz is 3.2A. As the ripple current
is at a frequency of 100/120 Hz, the rated ripple current
is multiplied by a frequency coefficient of 0.85. The
ripple current at 120 Hz is 2.72A. From Equation 5, the
expected life calculates to ~30 years. This is actually on
the low end as many factors were not considered, such
as operating temperature which is assumed constant.
Microinverters only operate during daylight hours and
the equation doesn’t account for reduced ripple current.
Therefore, from calculations and usage considerations,
it is possible for the electrolytic bulk capacitors to be
just as reliable as the PV panels.

Interleaved Active Clamp Flyback Design

The flyback converter was selected as a single stage
topology that can boost the low PV panel voltages
(20-45 VDC) to arectified AC output, as well as provide
galvanic isolation from the PV panel and the grid.
Flyback converters are generally used in low power,
step-down applications, typically less than a couple
hundred watts and that have a low output current. A for-
ward converter can also step up the PV panel voltage
and provide galvanic isolation. When comparing the
two topologies, the flyback converter requires fewer
components as there is no freewheeling diode on the
output or the need for an output inductor; this is why the
flyback topology was selected.

One of the biggest concerns about the flyback topology
is how to handle the leakage energy. When the flyback
MOSFET turns off, there is a large amount of energy
still in the core that isn’t transferred (linked) to the sec-
ondary side. This energy causes a large voltage spike
on the flyback MOSFET, which can be very destructive
for the MOSFET. Traditional Resistor, Capacitor, Diode
(RCD) snubbers can be added across the transformer

primary to dissipate this energy through heat. The RCD
snubber will protect the flyback MOSFET, but will have
a negative impact on system efficiency.

The solar microinverter incorporates an active clamp
circuit that is essentially a lossless snubber. The leak-
age spike is clamped by the clamping capacitors
(Cclamp), @nd then the leftover energy is stored in the
clamping capacitors. This energy is then transferred to
the secondary, recycling the energy. If correctly imple-
mented, the active clamp circuit also provides Zero
Voltage Switching (ZVS) on the flyback MOSFET,
which reduces the switching losses and improves
overall efficiency.

Figure 7 shows the simplified circuit of the single-phase
active clamp flyback converter.

FIGURE 7: ACTIVE CLAMP FLYBACK
CONVERTER
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Here the leakage inductance is shown as a separate
component, but this can be incorporated into the main
transformer. A P-Channel MOSFET is selected to elim-
inate the need for a high-side gate drive circuit if the
clamp MOSFET was across the transformer windings.

FIGURE 8: FLYBACK DRIVE CIRCUIT
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One key item is the circuit for driving the P-Channel
MOSFET. To drive the P-Channel MOSFET, a negative
voltage between the gate and source is required. The
output of the gate drive IC (MCP14E4) is a square
wave with a given duty cycle (d) and an amplitude of
12V. A small ceramic capacitor is placed in series to
remove the DC offset. At a duty cycle of 50%, the

amplitude of the square wave would be +6V to -6V. A
diode is added after the capacitor, with the anode con-
nected to the capacitor, and the cathode connected to
ground. This diode will clamp the positive voltage to
~0.7V and force the amplitude all negative. Figure 9
shows the gate drive waveforms for both MOSFETs.

FIGURE 9: OPERATION OF ACTIVE CLAMP FLYBACK CONVERTER (SINGLE PHASE)
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The Solar Microinverter Reference Design implements
an interleaved active clamp flyback converter. An inter-
leaved topology shares the input/output current which
results in lower copper and core losses. Also, the output
diode conduction losses are reduced to help improve
overall efficiency. There are also two other reasons to
implement an interleaved design: reduction in the output
current ripple which helps lower Total Harmonic Distor-
tion (THD), and improve input bulk capacitor life span as
the input current ripple is reduced.

When designing the flyback transformer, a design
decision must be made as to whether the flyback
converter operates in Discontinuous Mode (DCM) or
Continuous Conduction Mode (CCM). The interleaved
flyback converter operates in both DCM as well as
CCM. At light loads, the flyback will operate in DCM,
but at higher loads, the system will operate in CCM. In
CCM, the primary/secondary peak currents will be two
to three time less than DCM. Additional benefits to
operating in CCM include:

« Smaller output filter capacitors with lower ripple
ratings

* Reduced losses in the output diode

» Smaller transient output voltage spikes

* EMI performance will be better

» With silicon carbide diodes, the reverse recovery
losses are minimized

Figure 9 demonstrates the operating waveforms of the
active clamp flyback converter operating in Continuous
Conduction mode. The following section breaks down
the waveform into six different time intervals and
discusses in detail how the system operates.

INTERVAL tg

During interval, tg, the flyback MOSFET (Q1) is con-
ducting and the P-Channel clamping MOSFET is open.
Diode, D1, is reversed biased as the voltage across the
output of Transformer (TX1) is negative. During this
time, the output capacitor delivers the required energy
to the load. The inductor ripple current can be defined
by Equation 6.
EQUATION 6: INDUCTOR RIPPLE
CURRENT

I = Ve VLAEF{J

INTERVAL t, (DEAD TIME)

Interval, t4, is defined as the instant from when MOSFET
Q1 turns off, to when MOSFET Q2 starts conducting.
This is referred to as dead time. This interval can be
broken into two parts. The first part is the instant directly
after MOSFET Q1 turns off to the clamping of the drain
to the source voltage of MOSFET Q1.

When MOSFET Q1 transitions off, the current flowing
in the circuit from the leakage inductance continues to
flow in the same direction, which charges the Output
Capacitance (Coss) of MOSFET Q1. This current will
charge Coss to the PV module input voltage, plus the
reflected rectified output voltage (PVinput + Vout/N,
where N is the transformer turns ratio). During this time,
the output diode (D1) becomes forward biased as the
voltage across the transformer secondary becomes
positive. The energy stored in the core is transferred to
the secondary, which charges the output capacitor and
provides energy to the load.

The second interval takes place after Coss has been
charged and continues until the instant before turning
on the P-Channel MOSFET (Q2). After Coss has been
charged, the remaining energy in the leakage induc-
tance will begin to flow through the clamping capacitors
forward biasing the body diode of the P-Channel
MOSFET. The clamping capacitors begin to store the
leftover energy from the leakage inductor.

INTERVAL t,

During this interval, the P-Channel MOSFET transitions
on with ZVS, as the body diode was forward biased
during interval, t1. The output diode is forward biased,
providing energy to the output capacitor and load.

The leakage inductor and clamping capacitor begin to
resonate with the energy transferring from the inductor
to the clamping capacitor. Equation 7 determines the
resonant frequency of the clamping network. The
interval ends when the energy from the inductor
depletes.

EQUATION 7: RESONANT FREQUENCY OF
THE CLAMPING NETWORK

1
f. =
2z «/Lleakage ’ Cclamp
INTERVAL T3

During this interval, the P-Channel MOSFET must be
on so that the tank current can continue to resonate,
but now the energy stored in the clamp capacitors is
transferred back to the leakage inductor. During this
interval, the output diode is still forward biased and the
energy that is stored in the capacitor will be transferred
to the secondary side, recycling the leakage energy.

DS01444A-page 8
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INTERVAL t4 (DEAD TIME)

Interval, t4, is another dead-time state as MOSFET Q2
has transitioned off. MOSFET Q2 should transition off
near the peak of the resonant period, forcing the maxi-
mum tank current to flow through the body diode of
MOSFET Q1, quickly discharging the drain-to-source
voltage. During this time, the output diode remains
forward biased.

INTERVAL tg

At instant, t5, the flyback MOSFET Q1 transitions with
Zero Voltage Switching. The output diode is reversed
biased and the output capacitor supplies the load current.

For Zero Voltage Switching (ZVS) to occur, it is impor-
tant that the energy in the inductor when the flyback
MOSFET turns off (interval t4) to be greater than the
energy required to charge C,,, of MOSFET Q1, and
that the body diode of MOSFET Q1 can be forward
biased. The energy stored in the inductor and the
energy required to charge Cyss can be calculated by
Equation8 and where [, can be calculated by
Equation 9.

EQUATION 8: ENERGY REQUIRED TO
CHARGE Coss

Einductar = jlpk2 ’ Lleakage

1

capacitor = EVCUSSZ ’ Coss
EQUATION 9: IPK
out . I
_ 211 L _ripple
=y at T2

mpp "

Transformer Design

The flyback transformer has been designed to meet the
following specifications:

* Minimum Input Voltage: 19 VDC

* Maximum Output Voltage (230 VAC): 375V

*+ Maximum Output Power (V,, > 25V): 215W

* Maximum Output Power
(20 VDC >V, < 25 VDC): 185W

» Secondary Current (230 VAC) — 1.05 Arms
* Maximum Duty Cycle: 0.75

» Switching Frequency: 57 kHz

* Magnetizing Inductance: 55 pyH

* Leakage Inductance: 1.3 pH

* Maximum Energy Stored in Core: 5.5 mJ

« Isolation: 3 kVA

With the specification provided, the required turns ratio
of the transformer can be determined by Equation 10.

EQUATION 10: TRANSFORMER TURNS
RATIO

To leave some margin, a turns ratio of seven was
selected for the 230 VAC systems. The duty cycle can
be pushed relatively high because the active clamp cir-
cuit will remove the energy from the core during the
OFF time. There is, however, a limit as to how high the
duty cycle can be since there must be sufficient time for
the resonance to occur between the active clamp
capacitors and the leakage inductance.

The selected bobbin and core for the flyback trans-
former are in-lined, 12-pin RM14 bobbin, and standard
size 3C90 core material. The RM core has a better sur-
face area to cross-sectional area, which reduces the
required primary number of turns while still supporting
the large magnetizing inductance. The core material is
a popular choice for this switching frequency.

The following describes the transformer construction:
* Primary Number of Turns: 6

* Turn Ratio: 7

» Core Gap Size: 1.27mm

» Primary/Secondary Construction: Litz Wire

* Primary Winding Structure: 4 parallel bundles of
40 gauge, 41 strands

» Secondary Winding Structure: 2 parallel bundles
of 40 gauge, 41 strands

 Effective Window Utilization: 80%
» Vacuum Varnished in Dolph’s BC-346

Figure 10 shows the pinout of the transformer.

FIGURE 10: FLYBACK TRANSFORMER
DIAGRAM
12 12
56 10

© 2012 Microchip Technology Inc.

DS01444A-page 9



AN1444

Unfolding Bridge Circuit Design

A full-bridge type circuit is connected to the output of
the flyback converter. The full-bridge circuit is an
unfolding circuit for the rectified output voltage of the
flyback that controls the direction of power flow to the
grid.

Figure 11 shows the isolated drive circuit for the
unfolding bridge MOSFETs.

To maintain galvanic isolation, small gate drive trans-
formers are used to drive both high-side and low-side
MOSFETs. A high-frequency (228 kHz), fixed duty
cycle (50%), PWM drive signal drives the gate drive
transformers. To prevent saturation of the gate drive
transformers, ceramic capacitors are added in series
between the output of the driver IC and the gate drive
transformer. These capacitors remove the DC offset
which will drive the MOSFETSs with a 6-volt drive signal.

FIGURE 11: FULL-BRIDGE DRIVE CIRCUIT
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On the output of the drive transformers are low-pass
filters that generate a pure DC voltage for driving the
full-bridge MOSFETSs at 2x the line frequency (100 Hz/
120 Hz). This reduces switching losses as the
MOSFETs are switched on and off near the zero cross
(voltage/current near zero). Optocouplers are added

across the gate-to-source of the full-bridge MOSFETs
to create a fast discharge path when the MOSFETSs are
switched off. Without the optocoupler discharge path,
the only element to discharge the gate voltage is the
gate-to-source pull-down resistor. The full-bridge
unfolding circuit is shown in Figure 12.

FIGURE 12: FULL-BRIDGE UNFOLDING CIRCUIT
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The operating waveforms of the unfolding bridge circuit zero cross, PWM3H is disabled and the optocoupler is
are shown in Figure 13. During one AC half cycle, enabled (OPTO_DRV1). During the other half cycle,
PWM3H switches and drives one leg of the unfolding PWMB3L drives MOSFET Q3 and MOSFET Q4.
circuit (Q2, Q5). When the AC voltage approaches the
FIGURE 13: FULL-BRIDGE OPERATIONAL WAVEFORMS
A | I
|| 228 kHz [

I
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|
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EMI Filter

An Electromagnetic Interference (EMI) filter is con-
nected to the output of the full-bridge unfolding circuit.
The EMI filter consists of a common-mode choke (L6)
and a Differential mode filter (C51 and L4/L7). This filter
has been designed with off-the-shelf components that
are rated appropriately. At the output of the EMI filter is
a 430V varistor across the Line/Neutral terminals,

which will add additional protection against transient
voltage spikes. After the varistor are two fuses, one in
the AC line path and one in the neutral path. The last
component in series with the fuse before the output
connector is a ferrite bead. The ferrite bead helps at the
high end of the frequency spectrum. The schematic of
the EMI filter is shown in Figure 14.

FIGURE 14: EMI CIRCUIT
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s JF ) L5
, L —
(I 1 150 uH 1 — ™
cas ca9 RST63 Hép
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—Lcss Cc50 == P = Lo ==C51 ° YO bse2 2 E@
SS0VAG S30vAC SRS 350 VG L,
= e EARTH=SCS3  © F2 L8 EARTH ND
] 250 VAC Ko~ —  [250 VAC ] — 387206303
y
B 4700 pF  FE2X03-4-3NL 150 kH 4700 pF RST 6.3
< ™ of — 6.3A
s
dd & d]une ACN

ACS712ELCTR-05B-T
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Feedback Networks

The solar microinverter measures/monitors the

following feedback networks:

* PV Panel Voltage

* AC Voltage Sense

* AC Current Sense

» Flyback Currents

» Flyback Output Voltage

* AC Zero Cross Detect

» 2.5V Reference Voltage

* 12V Drive Supply

As the Analog-to-Digital Converter (ADC) on the dsPIC®
DSC has a range of OV to 3.3V, additional circuitry is
required to accurately measure/monitor most feedback
signals above. This section provides circuit schematics

of several feedback networks, gain calculations and
theory of operation.

PV PANEL VOLTAGE SENSE

The PV panel voltage is scaled using the voltage
divisor circuit shown in Figure 15.

The resistor divider scales down the PV panel voltage
to the ADC input voltage level (0-3.3V). Equation 11
computes the gain for the voltage divisor.

EQUATION 11: VOLTAGE DIVISOR GAIN
R74
Vane = Vo p7a+R72

The base voltage, that is the voltage that would give
3.3V on the ADC pin, is approximately 56V. The base
voltage is helpful to quickly calculate the voltage at the
ADC pin or the Q15 fixed-point number format equiva-
lent. For example, 36V on the PV panel voltage would
equal 2.11V on the ADC pin (36/56 * 3.3) or 21,027d in
Q15 format (36/56 * 32767).

Resistor, R73, and capacitors, C42/C43, are used for
additional signal filtering. Diode, D12, provides
protection if the voltage on the analog pin of the dsPIC
DSC exceeds 3.3V.

The sensed PV panel voltage is used for Maximum
Power Point tracking, voltage feed forward
compensation and for protection.

AC VOLTAGE SENSE

FIGURE 15: PV PANEL VOLTAGE SENSE
CIRCUITRY To maintain galvanic isolation, a low-power 50/60 Hz
transformer is added to the microinverter output to
TP9  TP10 . .
O 70 O measure the grid voltage. The Line/Neutral sense
points for the AC sense transformer are taken before
+3.3V_ANA the output EMI filter to avoid impacting EMI perfor-
~ mance. A Transient Voltage Suppression (TVS) diode
has been added to the output of the transformer to
TSNS R 3012, protect the op amp and dsPIC DSC from high-voltage
1201 ® transients (spikes).
R74 1 - . :
7.5K g;gpF g;tgpF Figure 16 shows the AC voltage sense schematic.
GND?_PV GNI;ANA
FIGURE 16: AC VOLTAGE SENSE CIRCUITRY
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The base voltage for the AC voltage sense is approxi-
mately 445V. Equation 12 computes the gain for the
voltage sense circuit.

EQUATION 12: VOLTAGE SENSE

CIRCUIT GAIN
v
_ grid_pk 1@ . R32
Viapc = [( Noad 731 +2'5V} R30 + R32

As seen in Figure 16, a 2.5V offset is added into the
circuit to force the AC voltage positive.

A resistor divider network is added to the output which
scales the offset to 1.65V on the dsPIC DSC. Capaci-
tor, C26, and resistors, R135/R136, can be used for a
low-pass filter if necessary.

FIGURE 17:

AC CURRENT SENSE CIRCUITRY

AC CURRENT SENSE

A Hall effect-based linear current sensor is connected
between the inverter output and the grid. This current
sense IC measures the inverter output current flowing
into the grid. The selected Hall effect current sensor
can measure current with 80 kHz bandwidth. It pro-
vides 2.1 kV of isolation between the high AC voltage
and the low output voltage. The output sensitivity of the
selected current sensor is fairly low at 180 mV/A with
an offset of 2.5V.

The output of the current sensor IC is fed to the invert-
ing pin of op amp, U5, and an offset voltage is fed to the
non-inverting pin. The output of the op amp is amplified
by a non-inverting amplifier and is fed to the analog
channel of the ADC. The effective current signal at the
ADC pin of the dsPIC DSC will have an offset of 1.65V.
Figure 17 shows the AC current sense schematic.
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The base current for the AC current sense is approxi-
mately 2.14A. Equation 13 computes the gain for the
current sense circuit.

EQUATION 13: CURRENT SENSE CIRCUIT GAIN

' (Rzgfizmﬂ‘ VU14} (1

R37
Vapc =2 [5 ' (R37 TR3

“20)

FLYBACK CURRENT SENSE

Current Sense Transformers (CT) are used to measure
the flyback currents. The CTs have been placed
between the flyback transformer and the flyback

MOSFET. This method offers galvanic isolation, if
necessary, but also reduces losses as compared to
traditional shunt circuits. Figure 18 shows the flyback
current sense schematic.

FIGURE 18: FLYBACK CURRENT SENSE CIRCUITRY
C31
|1
U
NP
Ra6 TP4 TP5 +3.3V_ANA
R48 Y
J:: 3.01K
GND_ANA S u7:2 Rao
ELy1_cTy NDg 5\9\0, Sl IN+ ’ 120R
= 4 ¥ R51l
R53 R54 CDBU0520 301K l L~ Mcpeo22-1sN DNP—L C33
DNP 15R c34 ?55f< 8200
RS6 TDNP -
ELCT—— aa me
GND_ANA GND_ANA

The selection of the CT depends on the current handling
capabilities, the number of turns (z) on the secondary of
the transformer and the external current sense resistor,
known as the burden resistor. The current transformer
turns ratio and the burden resistor are chosen to mini-
mize the losses seen across the burden resistor. The
peak power dissipated across the burden resistor can be
calculated by Equation 14.

EQUATION 14: PEAK POWER DISSIPATION

]LMJ)/() .R54

-
loss_pk
B N TRS

EQUATION 15: GAIN OF FLYBACK CURRENT

A non-inverting op amp, with a gain of ~3.5, amplifies
the voltage across the burden resistor into the ADC
voltage range.

A resistor divider network is added to the output of the
flyback current sense for overcurrent protection using
the on-board analog comparators. This allows maximum
range on the ADC and will provide quick shutdown of the
PWM module in the event of an overcurrent condition.
The exact gain of the flyback current sense network is
provided in Equation 15. The base current for a single
phase is approximately 13.5A.

TR5

Vapc = H(]]L\;M—_pk) 'R54} - VDQ} ’ (1%) '(1 *

R48
R4

DS01444A-page 16

© 2012 Microchip Technology Inc.



AN1444

HARDWARE ZERO CROSSING

A zero cross detect circuit has been added to detect the
change in grid voltage state (i.e., +ve to -ve) and to
change the state of an 1/O port (PORT RB15) on the
dsPIC DSC accordingly. As the grid voltage state
changes from negative to positive, it changes the state
of PORT RB15 from low-to-high and vice-versa.

FIGURE 19: ZERO CROSS DETECT CIRCUIT

The output of the AC voltage differential amplifier, U6:1,
is compared with the 2.5V reference by comparator,
U6.2. The comparator output drives transistor, Q1, as
shown in Figure 19. To avoid false triggering of the
comparator, a hysteresis band of ~10 mV is added
using R40, R41 and C30.
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FLYBACK OVERVOLTAGE PROTECTION

An optically isolated error amplifier, consisting of a ref-
erence voltage, an error amplifier and an optocoupler,
is connected to the flyback output to protect the
microinverter in the event that the flyback secondary

becomes open circuit (i.e., high-side, full-bridge
MOSFET fails to turn on). If the flyback secondary
becomes open, it is possible for the output voltage on
the flyback to rise to catastrophic limits. The flyback
overvoltage protection circuit is shown in Figure 20.

FIGURE 20: FLYBACK OVERVOLTAGE PROTECTION CIRCUIT
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C90 R109
220 pF %SK
+1%
GNIfANA
This circuit will remain non-operational until the voltage EQUATION 17: MAXIMUM LED FORWARD

rises beyond the set flyback maximum voltage limit. In
order for the optocoupled signal to be enabled, the
voltage at the reference pin must be 2.5V. Equation 16
calculates the required flyback output voltage to
generate 2.5V on the reference pin.

EQUATION 16: REQUIRED FLYBACK
OUTPUT VOLTAGE

R106

V iyback_ouput” 7706 + k102 + R100+ K98 ="

At this time, the LED would become forward biased and
the current flowing through the circuit is limited by the
resistor network, R97, R99 and R101.

The maximum forward current that the LED will carry is
expressed in Equation 17.

CURRENT VOLTAGE

Vflyback_output = 866ud

TLep = R707+ R99 + RO7 —

With 866 pA of current on the primary and a minimum
Current Transfer Ratio (CTR) of 100%, the current seen
on the low voltage or isolated side is also 866 pA. As the
operating temperature of the system can be 65° Celsius,
a CTR of 60% has been taken to ensure reliability. The
phototransistor collector current will now be calculated
at 520 pA. This current will impact the resistor values
for the voltage divider on the isolated side. When the
voltage at Test Point 15 is high (~1.6V), the analog
comparator interrupt is generated and the PWM
outputs are disabled.

DS01444A-page 18
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AUXILIARY POWER DESIGN

The auxiliary power supply provides power to all on-
board electronics, such as the dsPIC DSCs, gate drive
ICs and operational amplifiers. For a solar microin-
verter, there are a few different options for deriving the
auxiliary power. One option is to use a small bridge
rectifier and a flyback converter connected to AC
mains. Another option is to use a flyback converter con-
nected to the PV module input. If connected to AC
mains, it should be noted that there are nighttime
power consumption limitations that must be met. In
both instances, the flyback converter can provide
isolated auxiliary power that may be required for some
drive circuitry.

For this reference design, a constant on-time buck
switching regulator (LM5008A) is connected to the PV
module to generate a regulated 12V output. As this ref-
erence design supports several different PV modules
with a wide input voltage range, a proper buck switch-
ing regulator should be selected. The regulated 12V
output is used for driving the flyback MOSFETs, full-
bridge MOSFETs and the remaining auxiliary power
sections. The nominal efficiency of the buck regulator
is 90%. At approximately 100 mA of load current, the
typical losses in the buck regulator are 125 mW.
Figure 21 shows the circuit for the 12V drive supply. A
second high-efficiency, step-down voltage regulator
(MCP16301) steps down the 12V drive supply to 5V, as
shown in Figure 22.

FIGURE 21: 12V DRIVE SUPPLY CIRCUIT
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FIGURE 22: 5V DRIVE SUPPLY CIRCUIT
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This auxiliary power supply rail is used for the Hall
effect-based linear current sensor IC, an optically iso-
lated error amplifier and several rail-to-rail operational
amplifiers. Nominal efficiency of the step-down buck
regulator is 90%, and at a load current of 135 mA, the
total losses in the regulator are approximately 75 mW.

A low quiescent current LDO (Low Dropout) voltage
regulator is used to generate the 3.3V drive supply for
the dsPIC devices and on-board temperature sensor.
At a typical load current of 120 mA, the approximated
losses seen in the LDO are 12 mW.

The total losses in the auxiliary power section are
approximately 1.2W. This would change slightly with
the changing of the PV input voltage.

FIGURE 23: SYSTEM BLOCK DIAGRAM

SOFTWARE DESIGN

The Solar Microinverter Reference Design is controlled
by a single dsPIC DSC device, as shown in the system
block diagram in Figure 23. The dsPIC DSC device is
the heart of the Solar Microinverter Reference Design
and controls all critical operations of the system as well
as the housekeeping operations.

The functions of the dsPIC DSC can be broadly classified
into the following categories:

« Digital Power Conversion Algorithms

» State Machine for Different Modes of Operation

» Maximum Power Point Tracking (MPPT)

« Digital Phase Lock Loop (PLL)

» System Islanding and Fault Handling

» Communication via Power Line or Wireless (not
implemented)

PWM Module

Interleaved,

Active Clamp
Flyback

Converter

Analog Comparator

Full-Bridge
(Unfolding
Circuit)
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A high-level block diagram of the solar microinverter
software structure is shown in Figure 24. As shown in
this figure, the software is partitioned into five parts:
» User Interface
» Timer2 Interrupt Service Routine (10 kHz)
- MPP Tracking (AC Frequency/3)
- Load Sharing (5 kHz)
» Timer1 Interrupt Service Routine (3.3 Hz)
ADC Interrupt Service Routine (56 kHz)
» Analog Comparator Interrupts

FIGURE 24: HIGH-LEVEL SOFTWARE
BLOCK DIAGRAM

Comparator Interrupts Timer?2 Interrupts
(Priority: Highest) (Priority: Low)
Critical Faults State Machine
Fault Management
MPP Tracking
ADC Interrupts Load Sharing
(Priority: High)

Phase Lock Loop
Compensator User Interface

Power Derating/ (Priority: Lowest)

Clamp PLM/Wireless
Comm.

Timer1 Interrupts
(Priority: Medium)
LED Fault Indication

STATE MACHINE

The solar microinverter software implements a state
machine to determine the mode of operation for the
system. The state machine is executed, once every
100 ps, inside a timer Interrupt Service Routine (ISR).
As shown in Figure 25, there are three system states:
System Error, System Start-up and Day mode.

FIGURE 25: STATE TRANSITION
DIAGRAM

Fault Detected

Unit Switched Off

SYSTEM
ERROR
(Start)

SYSTEM
START-UP

DAY MODE

No Faults Detected &
Full-Bridge Enabled &
Zero Cross Count > 60

System Error

At power-up, the system state is initialized to system
error. If the system does not detect a Fault for 500 ms,
and the on/off switch is in the ON position, the state
machine switches to system start-up.

The system state switches to System Error mode if the
on/off switch is switched OFF or if any of the following
Faults occur:

» Grid under/overvoltage

» Grid under/over frequency

* Flyback MOSFET overcurrent

» Flyback output overvoltage

« Inverter output overcurrent

» PV under/overvoltage

» Overtemperature

» Drive supply under/overvoltage

» Hardware zero cross

» AC current sense offset

» 2.5V reference under/overvoltage

As soon as the system switches to system error, the
PWM drive signals are disabled and placed into a “safe”

state, several global variables/flags are re-initialized and
a timer is initialized to blink an LED for Fault indication.

© 2012 Microchip Technology Inc.
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System Start-up

During system start-up, the AC current offset is
measured and averaged, all Faults are continuously
monitored and the full-bridge unfolding circuit is
enabled after several successive zero cross events.
After the full-bridge circuit has been enabled, the sys-
tem waits for several more zero cross events to occur
before switching the system state to Day mode. During
this time, if a Fault occurs or if the on/off switch is
switched to the OFF position, the system state will
switch back to system error.

Day Mode

Normal operation of the solar microinverter occurs dur-
ing Day mode. In this mode, the solar microinverter is
fully operational and is delivering the maximum avail-
able energy from the PV panel to the single-phase grid.
The Maximum Power Point and load sharing functions
are called in Day mode.

During this time, if a Fault occurs or if the on/off switch
is switched to the OFF position, the system state will
switch to a system error.

DEVICE PERIPHERAL CONFIGURATION

The dsPIC DSC device offers high-speed, intelligent
power peripherals, specifically designed for power
conversion applications. These intelligent power
peripherals include the High-Speed PWM, High-Speed
10-Bit ADC and High-Speed Analog Comparator
modules. These peripheral modules include features
that ease the control of any Switch Mode Power Supply
with a high-resolution (1.04 ns) PWM, flexible ADC
triggering and comparator Fault handling. In addition to
the intelligent power peripherals, the dsPIC DSC also
provides built-in peripherals for digital communications,
including IZCTM, SPI and UART modules, that can be
used for power management and housekeeping func-
tions. This section will discuss how the PWM, ADC and
analog comparators have been setup/configured in
software.

PWM Configuration

A total of three PWM generators (PWMxH/PWMxL) are
used in the system. Two PWM generators (one with a
180 degree phase shift) drive the interleaved active
clamp flyback and one PWM generator drives the full-
bridge unfolding circuit. The active clamped flyback
PWM generators are configured for Complementary
mode with a fixed dead time. Dead time is configured
for 50 ns and the alternate dead time has been config-
ured for 250 ns. To drive the P-Channel MOSFET,
PWMxL has been inverted (active-low) with respect to
PWMxH. Figure 9 shows the PWM gate drive
waveforms of the single stage, active clamp flyback
converter.

For both flyback converters, the PWM Latched Fault
mode has been enabled for overcurrent protection. In
the event there is an overcurrent condition, the analog
comparators will trigger the PWM module to shut down
in a latched manner. To prevent sporadic shutdowns
due to noise at MOSFET switching instants, Leading
Edge Blanking (LEB) has been enabled at MOSFET
turn-on, as well as MOSFET turn-off. The LEB counter
has been configured for 240 ns.

The Full-Bridge unfolding drive circuit is shown in
Figure 11. The PWM generator has been configured for
independent time base switching at a frequency that is
four times that of the flyback converter (~228 kHz). A
single PWM channel switches for one half cycle and
then is placed in an override state while the other PWM
channel switches. The duty cycle of the PWM channels
is fixed at 50% and dead time is disabled.

Analog-to-Digital Converter (ADC) Configuration

PWM1 and PWM2 trigger the ADC to start sampling/
converting 4 ADC pairs at precise instances in time.
PWM?1 triggers ADC Pair 0 and PWM2 triggers the
other three ADC pairs (Pair 1, Pair 3 and Pair 5). The
ADC module has an internal priority of ANx channels,
with ADC Pair 0 having the highest priority. A single
ADC interrupt (ADCP3) is used to read the ADC result
buffers. When this interrupt is generated (after conver-
sion of Pair 3 is complete), ADC Pairs 0, 1 and 3 are
available, and ADC Pair 5 will still be in the process of
sampling and converting. Toward the end of the ADC
interrupt routine, the result buffers for AN10 and AN11
can be read. At the end of the interrupt, the PWM
triggers are updated based on the new PWM duty
cycle.

Analog Comparator Configuration

The solar microinverter uses three analog comparator
modules for system protection. Two of the comparator
modules are used for flyback overcurrent protection and
the third module is used for flyback output overvoltage
protection. Each module has interrupts enabled. If the
Interrupt Service Routine is entered, the system
indicates that a critical Fault has occurred. For the over-
voltage protection ISR, all PWM channels are placed in
an override state and then the critical Fault flag is set.
The comparator module will automatically shut down the
PWM if the flyback overcurrent limit is exceeded. The
reference voltage for the flyback overcurrent protection
is variable, based on the operating voltage. This is
updated in the system state machine when the system is
operating in Day mode.

DS01444A-page 22
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START-UP ROUTINE

The following section describes the start-up procedure
for the solar microinverter. The system powers up in
system error, but with no Faults detected. Once the on/
off switch is switched to the ON position, and no Faults
are present, a restart counter of 500 ms starts. If no
Faults have been detected for 500 ms, the system will
switch to Start-up mode. If, at any time a Fault occurs
during the restart event, the restart counter is reset to
zero and the system waits for the Fault to be removed
before entering the restart counter routine.

When the system enters Start-up mode, approximately
30 zero cross events are counted before enabling the
full-bridge unfolding circuit. The unfolding circuit is
enabled at the peak of the AC voltage to eliminate a
large inrush current if enabled at the zero crossing.
Approximately 30 zero crossings are counted after
enabling the full-bridge, unfolding circuit before
enabling the flyback converter. If, at any time, a Fault is
detected, the system will switch back to system error.
To enable the flyback converter, the system state
machine switches to Day mode.

FULL-BRIDGE (UNFOLDING CIRCUIT)

Figure 26 shows the flowchart for the state machine
that has been implemented to control/determine the
proper state for driving the full-bridge unfolding circuit.

FIGURE 26: FULL-BRIDGE FLOWCHART
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There are four different states for the full-bridge state
machine. Two of the states define an inactive region, and
the other two states drive the full-bridge unfolding circuit.
All PWM drive signals are in an override state when the
state machine is operating in the inactive states.

At each zero cross, the last known hardware zero cross
state is compared against the new state to ensure that
the hardware zero cross is functional. Before the state
machine can switch to an active state, both the hard-
ware zero cross and software zero cross events need
to occur. The flyback output voltage never reaches zero
volts. When the full-bridge MOSFETs are disabled near
the zero cross, there will be some small voltage that
remains (~15V) on the flyback output. Because of this,
a small delay has been added to give time for the AC
voltage to reach the approximated flyback output
voltage. This will reduce/eliminate small glitches
caused by the difference in voltages. The delay is dif-
ferent for 50 Hz/60 Hz operation.

When in an active state, the PWM drive signal remains
active until the system global angle is greater than
175 degrees. This event occurs very close to the zero
cross event. If, for some reason, the software zero cross
is detected before the global angle is greater than

FIGURE 27:

175 degrees, the state of the full-bridge drive is automati-
cally changed to the proper inactive state (depending on
the direction of the zero cross event).

MPPT ALGORITHM

There are two algorithms commonly used to track the
Maximum Power Point (MPP): the Perturb and Observe
(P&0O) method, and the Incremental Conductance
method. This reference design uses the P&O method for
MPPT. The P&0O method operates by periodically incre-
menting or decrementing the current reference based on
the measured input power. If a given perturbation leads
to an increase (decrease) in the output power of the PV
module, the subsequent perturbation is generated in the
same (opposite) direction.

The MPPT routine is executed every three AC cycles.
The average input voltage and average input current are
parameters passed to the MPPT routine. The average
input power is calculated here, as well as the change in
input voltage. The decision to increment or decrement
the mppt Fact or (current reference) is based on the
change in input power and the change in input voltage.
Figure 27 provides a software flowchart for the P&O
method for Maximum Power Point tracking.

SOFTWARE FLOWCHART FOR MPPT

inputCurrenAverage

inputPower = inputVoltageAverage x

L

deltaV = inputVoltageAverage —
previnputVoltageAverage

v

deltaV >0

mpptFactor—=C

inputPower > previnputPower

Yes

deltaV > 0

No

A

mpptFactor + =C mpptFactor— = C

mpptFactor + = C

\J

A

previnputPower = inputPower
previnputVoltageAverage = inputVoltageAverage

A
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An additional step that can improve the tracking
response is to have a second set of increment/
decrement factors that are based on the delta voltage.
For example, if the system is operating on the right-
hand side of the power curve and a given perturbation
leads to an increase in power, but the change in voltage
is small, the next perturbation could be even larger as
the system is operating further away from MPP. Once a
larger change in the input voltage is observed, the
system is moving closer to the MPP and a smaller
perturbation can be made. The same holds true when
operating on the left-hand side of the power curve, but
when there is a large delta in the input voltage, a large
perturbation can be made.

ANTI-ISLANDING

Islanding is the continued operation of the inverter
when the grid has been removed intentionally, by acci-
dent or by damage. In other words, if the grid has been
removed from the microinverter, then the microinverter
should stop supplying power to the grid.

All anti-islanding methods can be categorized as being
passive or active. In passive methods, usually the grid
voltage and grid frequency are monitored, and if either
deviate outside of their defined operating range, the
microinverter will switch off. Active methods, on the
other hand, will inject a small disturbance signal and
then monitor the response to determine if islanding has
occurred.

Figure 28 shows the power flow of the grid and solar
microinverter when the grid is connected. The local
load is represented by a parallel connected Resistor,
Inductor and Capacitor (RLC) circuit.

FIGURE 28: SYSTEM LEVEL POWER
FLOW

Point of Common Coupling
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Microinverter
Grid Impedance
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PV
Panel

Local Load

When the grid is removed, the microinverter will see the
local load. In the event that the local load resonates
near the operating frequency before the grid was
removed, the microinverter will see a small change in
active and reactive power, and will not be able to detect
that the grid has shut down. This is known as an island
condition and is a Non-Detection Zone (NDZ) for the
microinverter. All passive methods have a large NDZ,
while active methods have a relatively small NDZ.

There are several different active methods that can be
used to reduce the NDZ. A few of the common active
methods are:

* Frequency Jump

+ Slip Mode Frequency Shift
* Impedance Measurement
* Active Frequency Drift

» Sandia Frequency Shift

» Sandia Voltage Shift

Almost all active methods will impact (degrade) the
output power quality of the solar microinverter.

The Sandia Frequency Shift (SFS) uses positive feed-
back to push the microinverter output current frequency
out of the defined operating range, causing the micro-
inverter to shut down. This is done by introducing a
small misalignment in phase angle by truncating/
extending the output current and then monitoring the
next cycle to see how the grid frequency was impacted.
If the grid is present, the grid frequency will not change
when the disturbance is injected. However, as soon as
the grid is removed, the resonating frequency of the
local load will change when the disturbance is injected.

The Sandia Frequency Shift can be implemented using
Equation 18. Where fin — fline is the difference between
measured frequency and the line frequency, K is an
accelerated gain and cf; is the chopping fraction when
there is no error in frequency. As seen by Equation 18
below, the chopping fraction is accelerated as the
frequency moves further away from the operational
frequency of the line.

EQUATION 18: SFS IMPLEMENTATION
cf = cf, + K(fm—fline)

In addition to the SFS, the Sandia Voltage Shift (SVS)
method can also be used to reduce the Non-Detection
Zone. SVS also uses positive feedback and adjusts the
amplitude of the microinverter output current, based on
changes in the grid RMS voltage. When the grid is con-
nected, there will be little to no change in the grid RMS
voltage, but if the grid was removed and the output cur-
rent increased/decreased, the voltage at the point of
common coupling will change. It is possible to increase
or decrease the output current, but it is recommended
to decrease the current to prevent or reduce the
chance of damaging the microinverter.

The initial release of the solar microinverter software
only implements the passive method for islanding
detection by monitoring both the grid voltage and grid
frequency. A future software release is planned that will
incorporate an active method along with the existing
passive method.

© 2012 Microchip Technology Inc.
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PHASE LOCK LOOP

In systems connected to the grid, a critical component
of the inverter’s control system is the ability to synchro-
nize the inverter’s output current with the grid voltage.
This is done by use of a Phase Lock Loop (PLL). The
PLL generates the grid voltage frequency and phase
angle. The estimated frequency, we, and phase angle,
e, of the grid voltage can be used not only for control
and signal generation, but also for protection against
island situations. Refer to “Anti-Islanding” for more
details.

If the inverter’s PLL is unable to synchronize to the grid
voltage accurately, the output power factor, harmonics
and efficiency may be impacted. In software, the grid
voltage is sampled every ADC interrupt (rate of
17.8 ps). In every sample, the grid voltage polarity is
checked. If there is a change in the grid voltage polarity,
the software sets a zero cross detect flag. The number
of ADC interrupts between each zero cross determines
the period value.

The period value is then used to determine the phase
angle increment for the sine table reference. The sine
table consists of 512 elements which generates a 0 to
90 degree sine reference, with 32767 equaling
90 degrees. As 90-180 degrees of the sine reference is
a mirror image of that of 0 to 90 degrees, the sine refer-
ence only needs to consist of 0 to 90 degrees.
Equation 19 determines the phase angle for the sine
table reference based on the inverter period (calculated
each AC half cycle).

EQUATION 19: PHASE ANGLE

deltaAngle = _builtin_divsd((long))32767,inverterPeriod),
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BURST MODE

To improve efficiency at light loads, a Burst mode feature
has been implemented in the software. When the system
is operating below 15% of the rated output power for
more than a minute, Burst mode is enabled. When in
Burst mode, the system will deliver three times the max-
imum power in one full AC cycle and then shuts down for
two full AC cycles. During the off cycles, the bulk capaci-
tors are recharged and will be able to provide enough

FIGURE 29: BURST MODE DIAGRAM

energy to the load for the next burst cycle. During this
time, the Maximum Power Point tracker is still harvesting
the maximum power from the PV panel, but instead of
being delivered over three AC cycles, the power is
delivered over one AC cycle. With this implementation,
efficiency at light loads can be increased by up to 15%.

Equation 29 shows the software flowchart for Burst
mode implementation. Hysteresis has been added for
entering/exiting from Burst mode.

No

Output Power > ~38W
&&
burstModeActiveFlag ==

No

Yes

A 4

mpptFactor = mpptFactor/2

Start

Output Power < ~32W
&&
burstModeActiveFlag ==

burstModeActiveCounter ++
burstModeActiveCounter > 6700

(~1minute) No

burstModeActiveFlag = 0

mpptFactor = 3 x mpptFactor
burstModeActiveFlag = 1

A4

burstModeActiveCounter = 0

End
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POWER DERATING AND OUTPUT
POWER CLAMP

The solar microinverter is designed to support 215W out-
put power at nominal input voltages (25 VDC-45 VDC).
To ensure that the microinverter does not operate at an
output power greater than 215W, a software clamp on the
maximum allowable output current has been designed,
based on the measured peak AC voltage.

If the peak inverter output current (nmppt Fact or Maxi num)
at minimum/maximum operating voltages (210 VAC and
264 VAC) for a 230V system is calculated, then the max-
imum peak inverter current can be determined at any
operating voltage using the curve in Figure 30.

FIGURE 30: POWER CLAMP CURVE
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The peak inverter output current can be determined by
Equation 20. We can rearrange Equation 20, convert
1.567 into Q14 format and use the built-in multiply
instruction to determine the maximum inverter output
current at any given inverter output voltage.

EQUATION 20: PEAK INVERTER OUTPUT
CURRENT

y = —1.567x + 39530

Equation 21 is the software implementation to calculate
the peak inverter output current. This is calculated at
every AC zero cross.

EQUATION 21: SOFTWARE
IMPLEMENTATION

v = 39530 — (_builtin_mulss(x, 25673)) >> 14);

To prevent saturation of the flyback transformers when
the PV module voltage is in the extended operating
range (below 25 VDC), a power derating feature has
been implemented to clamp the microinverter’s output
current. This routine derates the output current at a rate
of seven watts for every one volt drop on the PV
module. Figure 31 shows the output power derating as
a function of the input voltage.

FIGURE 31: OUTPUT POWER DERATING

220
210
200
190
180

170
160

Output Power

2021 22 23 24 25 26 27 28 29 30 35 40 45
PV Module Voltage

DS01444A-page 28

© 2012 Microchip Technology Inc.



AN1444

The peak current (in Q15 format), at nominal grid volt-
age for a power of seven watts, is calculated as shown
in Equation 22.

EQUATION 22: PEAK CURRENT

TW* V2

Iy 015 = W + 32767 = 650 counts, where 2.14A4 is the base current

A one volt drop on the PV module (in Q15 format) is
calculated as shown in Equation 23.

EQUATION 23: VOLTAGE FEEDBACK AT ONE VOLT

VPV,Q15 = 56;1%/ 32767 = 584 counts, where 56.1V is the base voltage

The derating constant can be calculated as, 1, o;5 /
Vv 015 = 1.113, which in Q14 format equals 18235. The
derating factor can be determined by multiplying the
voltage difference (25V — input voltage) by the derating
constant, as shown in Equation 24.

EQUATION 24: DERATING FACTOR SOFTWARE IMPLEMENTATION

Derating Factor = ((_builtin_mulss(V g5, 18235)) >> 14);

The maximum current reference (nppt Fact or Maxi mum)
is then subtracted by the derating factor to clamp the
output power.

© 2012 Microchip Technology Inc.
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FAULT MANAGEMENT

The dsPIC DSC monitors all major system parameters,
such as inverter output voltage/current, PV panel
power, reference voltages, ambient temperature and
frequency, to name a few. Each parameter is closely
monitored, and if any of the measured signals are out
of specification, the system will enter into system error.
The Fault will be displayed using an LED on the PCB

TABLE 1: DEVICE FAULTS

(LED D27). The LED will blink a certain number of
times to indicate which Fault has occurred. When the
Fault is removed, the system will restart but the LED
will continue to blink for approximately one minute. This
allows a visual indication of the last known Fault.
Table 1 lists all Faults and the corresponding LED
counts.

Fault

LED Count Critical Fault

PV Panel Under/Overvoltage

Inverter Frequency (Over/Under)

VAC Under/Overvoltage

lac Overcurrent

Yes

Flyback Overcurrent (ADC/CMP)

Yes

Over Temperature

Drive Supply (Over/Under) Voltage

Flyback Output Voltage (CMP)

Yes

2.5V Reference (Over/Under) Voltage

OO N[O[O|D|WIN|—~

AC Current Offset

Hardware Zero Cross Failure

_ | =
- O

The software is written in such a way that the first
recorded Fault is stored and displayed via the LED.
Once that Fault is removed, the system will enter the
restart period. In the restart period, if another Fault is
detected, the system will enter back into system error.

There are three system Faults that are treated as a criti-
cal Fault: flyback overcurrent, inverter overcurrent and
flyback overvoltage. If any of these critical Faults occur,
the system will try a single restart. If the Fault is still pres-
ent during the restart process, the system will shut down
and a power-down cycle will be required to restart the
system. If the system starts up without detecting a critical
Fault, the system resumes as normal.

Flyback overcurrent protection and overvoltage protec-
tion utilize the on-chip analog comparators. In the event
the flyback overcurrent Fault occurs, the PWM will be
latched (disables PWM) in approximately 20 ns. This
should protect the flyback converter and prevent any
hardware failures. The comparator interrupt will also be
generated to indicate the Fault occurred and to set the
critical Fault flag. If the flyback overvoltage Fault
occurs, the analog comparator interrupt is generated,
the PWM outputs will be disabled using the PWM over-
ride feature and the critical Fault flag will be set. The
comparator interrupts have the highest priority in soft-
ware to ensure that the PWMs are disabled in a timely
manner.
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DEVICE RESOURCES

Table 2 summarizes the device resources. Table 2 indi-
cates that the dsPIC33FJ16GS504 is very well utilized,
from the program memory, to the device peripherals, to
the MIPS usage. There are 8 device pins consisting of
general purpose I/O, output compare and ADC that are
currently not used, but have been routed to a 12-pin
headerfor supporting PLM or wireless communication.

TABLE 2: DEVICE RESOURCES

MIPS usage is approximated and is mostly restricted
by the ADC Interrupt Service Routine. This routine is
called every 17.8 ys with a nominal interrupt time of
~12 ys or 65% MIPS usage. The state machine
interrupt is the second most called function, at a rate of
100 ps. These two routines make up a majority of the
30 MIPS used as all other routines are called at a much
slower rate (i.e., every zero cross or every third AC

cycle).

Description

Device Resource

Program Memory (w/o compiler optimizations)

9117 bytes (56%)

Data Memory

242 bytes (11%)

MIPS Usage

30 MIPS (75%)

PWM Module (3 — Pairs)

PWM1H/L — Active Clamp Flyback Phase 1
PWM2H/L — Active Clamp Flyback Phase 2
PWM3H/L — Full-Bridge Unfolding Circuit

ADC Module (8 — Channels)

ADCBUFO0 — PV Panel Voltage
ADCBUF1 — Flyback Phase 1 Current
ADCBUF2 — Flyback Phase 2 Current
ADCBUF3 — AC Current

ADCBUF6 — 2.5V Reference
ADCBUF7 — AC Voltage

ADCBUF10 — Temperature
ADCBUF11 — Drive Supply

Comparator Module (3 — Channels)

CMP2C - Flyback Current Phase 1
CMP3B - Flyback Current Phase 2
CMP4C - Flyback Overvoltage

GPIO

RCO, RC13 — Drive Signals for Optocouplers
RC3, RC8, RC12 — LED Drive Signals

RC11 — ON/OFF Switch

RB15 — Zero Cross Detect

Communication (PLM/Wireless)

8 — GPIO/OC/ADC

Programming/Debugging

PGEC2/PGED2

© 2012 Microchip Technology Inc.
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COMPENSATOR DESIGN

The control structure of the solar microinverter system
is shown in Figure 32. This system has a multi-loop
control structure. The MPPT serves as the outer power
loop, which decides the maximum power that can be
extracted from the PV panel at a given solar irradiance
and temperature. The MPPT loop, along with the PLL,
provide a sinusoidal current reference to the inner cur-
rent loop. The inner current loop controller regulates
the AC current delivered to the grid at near unity power
factor. The current loop is fast acting and with a much
wider bandwidth than the outer MPPT power loop.

Therefore, for the MPPT loop, the current control loop
appears as a unity gain system with zero or minimal
phase error. The current loop modulates the converter
current into a rectified sine wave output. The MOSFET
full-bridge unfolds this rectified current into an alternat-
ing current to be delivered to the grid. The current loop
bandwidth can be improved through the use of a feed-
forward compensator. The steady-state duty cycle can
be dynamically computed using the measured PV
panel voltage and grid voltage. While the feed-forward
compensator supplies the steady-state modulation, the
current control loop takes into account the dynamic
variations and modulates the controlled current accord-
ingly. The following sections discuss the mathematical
modeling of the solar microinverter system to obtain the
transfer functions of output to control input and output
to disturbance inputs of the system.

FIGURE 32: COMPENSATOR BLOCK DIAGRAM
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+ Current d Load Share Full-Bridge EMI
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CURRENT LOOP COMPENSATOR DESIGN

The flyback converter is basically an isolated, non-
inverting buck-boost converter. The flyback converter,
like other power electronic converters, is a highly
nonlinear system.

FIGURE 33:

NON-IDEAL FLYBACK CONVERTER

A single non-ideal flyback converter connected to an
equivalent grid is shown in Figure 33.

RLoad

The grid voltage is assumed to be a half-wave, rectified
voltage with the same RMS value as the AC grid. This
assumption is made for simplifying the analysis of the
flyback converter.

The flyback converter has the following three states,
corresponding to three energy storage elements, that
need to be analyzed:

* I n(s) — Flyback inductor current
* V,o(s) — Flyback output capacitor voltage

* l5c(8) — Output filter inductor current which is fed
to the grid

The averaged Kirchhoff’s Voltage Law and Current Law
(KVL and KCL) equations of the converter over one-
switching cycle are shown in Equation 25; where (d)
is the duty cycle or modulation signal and (d°) is the
off-time (/- d).

EQUATION 25: KVL/KCL SYSTEM
i)

m

d" .
VLM=LM dr = d*vpv_ d*im (Ron + Rp) -d [M

N
- '
lS = Nd
VLf = Vac_ iach_ Vorid
‘e = C, dl;c = ls—lac

vgrid = Rloadlac

i = d*i
lpv = m

All the quantities (states and inputs) in Equation 25 are
averaged over one switching cycle. The equations
included in Equation 25 are large signal and exact
(nonlinear) representation of the system. In order to
obtain the transfer functions between the system out-
put and the control and disturbance inputs, the system
equations are linearized over a chosen operating point.
The solar microinverter system has a wide operating
voltage and current range, as the output swings from
zero to peak, over every quarter-sine wave. Since the
converter operates at unity power factor, the Rload is a
representation of the grid load and is given by:
Vgridrms/lacrms. The operating point is chosen corre-
sponding to the RMS values of the nominal grid voltage
and output current at nominal panel peak power
voltage. Perturbing all the quantities in Equation 25, the
following input, state and output vectors are obtained.

The system state vector is provided in Equation 26 and
the system input vector is provided in Equation 27,
where d is the control input and Vgrid and Vpv are the
disturbance inputs.

EQUATION 26: SYSTEM STATE VECTOR

— T
x_[lmlacvac]

EQUATION 27: SYSTEM INPUT VECTOR

_ T
u=/[d Varid va]

© 2012 Microchip Technology Inc.
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As the controlled variable is the output filter current, the
output of system is provided by Equation 28:

EQUATION 28: SYSTEM OUTPUT VECTOR
V= [iged

Perturbing and linearizing the state, input and the
output vectors, isolating the steady state and the per-
turbed quantities, we obtain the following equations
shown in Equation 29:

EQUATION 29: SYSTEM VECTORS

X=X+ 5= [Ty IuVael + [im ac Vacl

u=U+u=[D Varid va] +[d V;rrid V;Jv]

y=Y+}7=]ac+iac

EQUATION 30:

The vectors, X, U and Y represent the quiescent oper-
ating point of the system and the vectors, x, u and y are
the perturbations over the operating point.

Substituting Equation 29 into Equation 25, separating
the AC quantities and disregarding the smaller AC
terms, the linearized system equations are obtained, as
shown in Equation 30.

From Equation 30, the small signal equivalent AC
circuit is obtained as shown in Figure 34.

LINEARIZED SYSTEM EQUATIONS

d(iy)
Mgy

Vim =

= Dy +d(v,,~1,(R

Vpv on

lg =

L dlw)
Vi = 4y dt

~ d(Vae)
= Co g

Py =

1
m
+ Rp) + ﬁRS

~ D/;m _ a[m

,
D',

Ry .
—S)im+ ¥

(D(R(m +R)+D'S

vac)
+ — —
N

N N

= Vac— iach_ Varid

1

m ~
—d—1i,4

N

D'~.
= Wlm—

Di,+dl,

FIGURE 34: SMALL SIGNAL AC CIRCUIT
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Rewriting Equation 30, the linearized state equations
are provided as in Equation 31;

EQUATION 31: SYSTEM STATE EQUATIONS

d(,l\.m) R~ D'~ D -~

77 Lmlm +0-7,0— LnNV”c Lmd+ 0- vg”d+ L—mvpv
d(ige) . R
d(;c =0-i,- zac Lfvac +0d- f vg”d + Ovpv
d(vac) D/ . 1 o Im

— e+ 0V — N 2.d+0- vg,,d+0 vpv
o

.~ NC,m"C,

- I, Vae
Where, k = (vpv I,(R,,+R )+ R +W)

/RS
R = D(R,, +R,)+D'S

and the output equation is provided in Equation 32;

EQUATION 32: OUTPUT STATE EQUATION

V=l

writing Equation 31 and Equation 32 in state matrix form.

R o _D .

'l‘-. Lm LmN A L_ D 0

m Im m —

. R, 1 R ~ | L 1]~

,l\.ac = 0 _L_'//: [_,f iac + 0 d+ (;n va+ —Z Varid

! . I v

Vae D1 Vac —NZ; 0 0

NCO Co 2

X = [A]X+[B41U, + [By]U, + [B31Us

The relationship between the output and the control
input (forcing all the other disturbances to zero) is
provided in Equation 33.

EQUATION 33:

RELATIONSHIP BETWEEN OUTPUT AND CONTROL INPUT

Y(s)
U1(s)

= C(sI-A)"'B1  where, U2(s) = U3(s) = 0

© 2012 Microchip Technology Inc.
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Using Equation 33, the transfer function is obtained
between the output AC current and modulation input,
as shown in Equation 34

EQUATION 34: TRANSFER FUNCTION (lac vs. MODULATION INPUT)

(kD’—ImR
L,NLC, L,c,N

]ms )

Gl = R RR
S3+(£+—QS2+[ A
L, L

i D7 ] (
—_—t —+ s+ +
LI LC ¥ o) \LEC, VL ¢

2
R R/ D ]

o

From Equation 34, the output to control transfer function
has a right half zero transfer function, which is typical of
boost and buck-boost topologies. The open-loop bode
plot of the system is shown in Figure 35.

In order to obtain the bode plot, the grid voltage has
been replaced by an equivalent resistive load with the
chosen operating point. The load resistance has been
included in the term, Rf, as the filter inductor DCR is in
series with the load resistance in the AC-equivalent
circuit. From the open-loop bode plot, it can be
observed that both gain margin and phase margin of
the system are low, thus, the system inherently has a
poor relative stability. Additionally, it is also observed
that the switching frequency ripple attenuation needs
improvement and that the system gain at the required
operating frequency (100/120 Hz) is very low.

Therefore, the control objectives are defined as follows:
* Gain Margin 210 dB

» Phase Margin 2 45 deg.

» Gain at Operating Frequency ~15 dB

» Bandwidth ~1/10th Sampling Frequency

» Switching Frequency Attenuation <-40 dB

The sampling frequency and the control loop execution
rate of the system are equal to the switching frequency,
which is 57 kHz. A Pl compensator was chosen to
obtain the required stability margins, gain and band-
width. Figure 36 shows the bode plot of the system,
which is provided in Equation 35.

EQUATION 35: SYSTEM TRANSFER
FUNCTION

| OLTF = Gid(s) x Ge(s) x H(s)

Where Gid(s) is given by Equation 34, H(s) is the trans-
fer function of the hardware current sensor filter and
Gc(s) is the Pl compensator transfer function, provided
in Equation 36.
EQUATION 36: PI COMPENSATOR
TRANSFER FUNCTION

| Ge(s) = Geo*(1+ wcls)
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FIGURE 35: OPEN-LOOP BODE PLOT (PLANT)
Bode Diagram
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Where Gco is the steady-state gain of the Pl compensator
and wc is the corner frequency of the Pl compensator,
Equation 36 can be resolved to the proportional and
integral components, as shown in Equation 37.

EQUATION 37: PI COMPENSATOR
| Ge(s)= Kp +Kils

Figure 36 shows that the compensator has achieved
sufficient stability margins, along with steady-state gain
and switching frequency attenuation.

FIGURE 36: CLOSED LOOP TRANSFER FUNCTION (SYSTEM)
Bode Diagram
Gm =10.3 dB (at 4.67e + 03 Hz), Pm = 104 deg (at 614 Hz)
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FEED-FORWARD COMPENSATOR DESIGN

A combined feed-forward and feedback system can
improve the performance of the control system to a
large extent, whenever there is a major measurable
disturbance. In an ideal situation, the feed-forward
compensator will completely reject the measured dis-
turbance signal better than the compensator acting
alone. The role of the feed-forward compensator in the
solar microinverter system is to provide the steady-
state duty ratio, “D(?)”, to the system, thereby allowing
the compensator to provide only the “4d(z)” for tracking
the dynamic current reference. The feed-forward
network will help the compensator to reject the distur-
bances caused by fluctuations in both the input voltage
(PV panel voltage), and the output voltage (AC grid
voltage). The relationship between the input voltage
and the output voltage for a flyback converter is
provided in Equation 38.

EQUATION 38: VOLTAGE CONVERSION
RATIO

_N-D

O

v

in

By rewriting Equation 38, we obtain the following
expression for the steady-state duty cycle (D) in
Equation 39.

EQUATION 39: STEADY-STATE DUTY CYCLE
vV

_ o

V,+V,N

The feed-forward compensator is nothing but the soft-
ware implementation of Equation 39, that represents
the steady-state input/output voltage relationship, and
this will be added to the output of the compensator. The
compensator will be a correction factor to this, D, for
achieving the dynamic current reference, as shown in
Figure 32. The final duty ratio, without considering the
load sharing compensator, is provided in Equation 40.

EQUATION 40: FINAL DUTY CYCLE
d(t) = D(1) + Ad(t)

Where, D(1), is the contribution from the feed-forward
compensator and 4d() is contribution from the AC
current control compensator.

© 2012 Microchip Technology Inc.

DS01444A-page 39



AN1444

LOAD SHARING COMPENSATOR DESIGN

As explained in the earlier sections, the solar
microinverter system is comprised of two interleaved
flyback converters connected in Input Parallel Output
Parallel (IPOP) configuration, thereby, sharing the load
current. Any two practical converters, although the
same by design, are bound to have parameter varia-
tions. Parameter variations could be observed in the
parasitic elements, like primary and secondary resis-
tances, diode voltage drops, Rdson, core losses, etc.
Such parameter variations could cause one of the con-
verters to be overloaded, thus leading to lower effi-
ciency and degradation of reliability. In the worst-case,
imbalances could also lead to situations of thermal run-
away of the overloaded converter. Therefore, it
becomes very important to incorporate a load sharing
compensator, which would ensure equal sharing of the
injected current.

The load sharing control loop constantly monitors the
error between the input currents of the converters and
will minimize this error. It does so by dynamically
adjusting the duty ratio of each of the converters by the
addition/subtraction of a small common correction
factor depending on the sign of the error.

The transfer function between the current error (41(s) )
and the correction modulation factor 4d(s) is obtained
as follows in Equation 41.

EQUATION 41: LOAD SHARING TRANSFER
FUNCTION

Ipv1(s) = Gd, ipv1(s)Xd(s)

Ipv2(s) = Gd, ipv2(s) X d(s)

Let the error between the currents be equal to A1
Therefore, the currents can be seen as follows in
Equation 42.

EQUATION 42: LOAD SHARING CURRENT
ERROR

Ipvi(s) =Ipv2(s) = Al = (Gd, ipvi(s) - Gd, ipv2(s)) X d(s)

The goal is to make both the currents the same (i.e.,
make Ipv! as Ipvi(s) — Al/2 and Ipv2 as Ipv2(s) + A1/2) by
including correction factors of +4d.

Rewriting Equation 41 with the correction factors
provides the following in Equation 43.

EQUATION 43: LOAD SHARING
CORRECTION FACTOR

Ipvi(s)—Al/2 = Gd,ipvi(s) X (d(s) - Ad(s))

Ipv2(s) + Al/2 = Gd,ipv2(s) X (d(s) + Ad(s))

Subtracting the second equation from the first equa-
tion, in Equation 43, provides the following result in
Equation 44.

EQUATION 44: LOAD SHARING CURRENT

AT = (Gd,ipv2-Gd,ipvl)d(s) + (Gd, ipv2 + Gd, ipv1)Ad(s))
Assuming Gdipv2 = GdipvI~ Gdipv
Al(s) = 2Gdipv(s) Ad(s)

The transfer function between i,, and d can be
obtained by modifying the system output in
Equation 32toy = ipv, where ipv is given in Equation 30,
and applying Equation 33.
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Simulink Model

A simulation of the mathematical model of the
interleaved flyback microinverter system, using
Simulink® MATLAB®, is available in both digital and the
equivalent analog implementations. This section
describes the digital implementation of the system
simulation in Simulink. Figure 37 shows the overall
block diagram of the simulation.

The model implements the exact nonlinear differential
equations, considering the actual measured non ideal-
ities of the plant, thereby accurately representing the
actual system. All the functionalities of the system,
including interleaved operation, load sharing controller,
feed-forward compensator, sensor transfer functions
and software normalization operations, have been
incorporated in the model.

FIGURE 37: SIMULINK® BLOCK DIAGRAM
Vo [P Vev Vor Yor iD1 ’—r A
Pd1 iD14| A laci—¥|lac Iac

Solar Panel  Input Filter

Output Circuit » d1dash .
—>V, ¥ D2 P Vgridabs Vgridabs —
Interleaved Flyback Output Output Filter Grid/Load
Flyback Inductor 1 Capacitor Inductor

IacRef d1
d1dash
d2

[ ]
2dash

d2das| d2

iD2—
Digital Control d2dash
System
VO
Interleaved

Flyback Inductor 2

Probe Station
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Figure 38, Figure 39, Figure 40 and Figure 41 show
the Simulink implementations of a digital Pl controller
(with feed-forward compensator and load sharing com-
pensator), flyback inductor model, output capacitor
model and the output filter inductor model, respectively.

FIGURE 38: DIGITAL Pl CONTROLLER

Current Error
Controller Output

0-18052-10-1595 — Modulation /P 91——>CT)
lacRef L ) z-
ZOH  per Unitizing Gain Bl Controller 0 & »!Delta d1 d1dash—>.d1sh
e Delta d2 42
FFWD Term -JT-L »{Delta
d2dash——(4)
Feed-Forward ZOH1 d2dash
o Network PWM Modulator
i den(s),
ac
Filter1
1/z

Ipv1 Delta7d1
[iv2 >——>fipv2  Detta d2|—»f 7 }————

Load Sharing
Control System

AC Side Current Sensor Gain = 1.65-0.77 lac
AC Base Current = 1.65/0.77 = 2.143A

FIGURE 39: FLYBACK INDUCTOR MODEL
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FIGURE 40: FLYBACK OUTPUT CAPACITOR MODEL
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FIGURE 41: OUTPUT CURRENT FILTER MODEL
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APPENDIX A: DESIGN PACKAGE

A complete design package for this reference design is
available as an executable installer. This design
package can be downloaded from the Microchip
corporate web site at: www.microchip.com

Design Package Contents

The design package contains the following items:
» Reference Design Schematics

+ Bill of Materials

» Hardware Design Gerber Files

» Source Code

» Hardware Design Layout Files

» Demonstration Instructions

+ MATLAB® Models

Software License Agreement

The software supplied herewith by Microchip Tech-
nology Incorporated (the “Company”) is intended and
supplied to you, the Company’s customer, for use
solely and exclusively with products manufactured by
the Company. The software is owned by the
Company and/or its supplier, and is protected under
applicable copyright laws. All rights are reserved.

Any use in violation of the foregoing restrictions may
subject the user to criminal sanctions under appli-
cable laws, as well as to civil liability for the breach of
the terms and conditions of this license.

THIS SOFTWARE IS PROVIDED IN AN “AS IS”
CONDITION. NO WARRANTIES, WHETHER
EXPRESS, IMPLIED OR STATUTORY, INCLUDING,
BUT NOT LIMITED TO, IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESS FOR A PAR-
TICULAR PURPOSE APPLY TO THIS SOFTWARE.
THE COMPANY SHALL NOT, IN ANY CIRCUM-
STANCES, BE LIABLE FOR SPECIAL, INCIDENTAL
OR CONSEQUENTIAL DAMAGES, FOR ANY
REASON WHATSOEVER.

© 2012 Microchip Technology Inc.
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APPENDIX B: ELECTRICAL
SPECIFICATION AND
OPERATIONAL

WAVEFORMS
This appendix provides information on the test results

for the 215W Solar Microinverter Reference Design, as
well as a few operating waveforms.

B.1

Table B-1 lists the electrical specifications for the Solar
Microinverter Reference Design. Figure B-1 and
Figure B-2 show the 230 VAC system performance for
efficiency, and total demand distortion across output
power.

Electrical Specifications

TABLE B-1: SOLAR MICROINVERTER ELECTRICAL SPECIFICATIONS
Parameter Description Min Typ Max Units Comments
VPV PV Panel Input Voltage 20 36 53 VDC
VMPP Maximum Power Point Voltage 25 — 45 VDC | 215W output power
Maximum Power Point Voltage 20 — 25 VDC |Reduced output power
Vout Output Voltage (230 VAC) 210 230 264 VAC
Output Voltage (120 VAC) 90 120 140 VAC
FOUT Output Frequency (60 Hz) 59.3 60 60.7 Hz
Output Frequency (50 Hz) 47 50 53 Hz
Pout Maximum Output Power 180 — 215 w Depends on Vp,,
PmpP PV Panel Power — — 250 w
TDD Total Demand Distortion — — 4 %
PF Output Power Factor 0.98 — 0.998 — System not in Burst mode
n System Efficiency — 94 94.8 % 230 VAC System
MPPT Maximum Power Point Tracking — 99.5 — %
FIGURE B-1: EFFICIENCY FIGURE B-2: TOTAL DEMAND DISTORTION
TDD @ 230 VAC
Efficiency @ 230 VAC 35
95.5 § 3
-
. 93.5 G 25
2015 = — //
L2 ©
£ 805 L /
87.5 e
1
85.5
10 20 30 50 75 100 3 66 100
Load Percentage
Load Percentage
20 Vmp = 36 VM = 45 \Vmp
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B.2  Operational Waveforms

Figure B-3 and Figure B-4 show the output current (yel-
low) and grid voltage (blue) of a 230 VAC system when
operating at maximum output power and at 30 percent
output power.

FIGURE B-3: OUTPUT VOLTAGE AND
OUTPUT CURRENT —
MAXIMUM POWER

FIGURE B-4: OUTPUT VOLTAGE AND
OUTPUT CURRENT —
~30% POWER

Figure B-5 shows the active clamp waveform for a
single flyback phase.

FIGURE B-5: ACTIVE CLAMP WAVEFORM

When the gate drive (violet) of the flyback MOSFET is
disabled, the inductor current (yellow) charges the
MOSFET output capacitor. This causes the drain-to-
source voltage (green) to rise (VPV + Vout/n). When the
drain-to-source voltage is greater than the voltage
across the clamping capacitor, the voltage rise is
clamped by the clamp capacitors. The leakage current
now forward biases the body diode of the clamp
MOSFET and will begin to resonate with the clamp
capacitors.

Figure B-6 shows the resonant current waveform and
ZV/S for a single flyback phase.

FIGURE B-6:

ZNVS WAVEFORM

© 2012 Microchip Technology Inc.
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When the gate drive of the active clamp MOSFET is
disabled (blue), the inductor current (yellow) is negative
and begins to flow through the flyback MOSFET body
diode. The drain-to-source voltage of the flyback
MOSFET begins to discharge (green). After the drain
voltage is zero, the flyback MOSFET is enabled
(violet).

Figure B-7 shows the gate drive waveforms for the
full-bridge unfolding circuit.

FIGURE B-7: UNFOLDING GATE DRIVE
WAVEFORM

The MOSFET drive signals (blue, green) are driven
every other AC half cycle. The flyback output voltage
(violet) is seen as a 100/120 Hz rectified signal.

Figure B-8 shows the point at which the full-bridge
unfolding circuit is enabled.

FIGURE B-8: FULL-BRIDGE START-UP
WAVEFORM

When AC voltage is applied, and before enabling the
full-bridge unfolding circuit, the output voltage of the
flyback (violet) will be DC due to the body diodes of the
MOSFETs. To eliminate large spikes, the full-bridge
circuit is enabled at the peak of the AC voltage (blue).

Figure B-9 shows the waveform of the output current
(yellow) and PV panel voltage (violet) when the system
enters Burst mode.

FIGURE B-9: BURST MODE WAVEFORM

3

When operating in Burst mode three times, the energy
is pushed during one AC cycle and the other two AC
cycles are used to recharge the bulk capacitors.
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APPENDIX C: 120 VAC HARDWARE

CHANGES

This appendix highlights all hardware changes made
between the 230 VAC system and a 120 VAC system.
There are four major areas that have changed:

» Flyback Transformer

* Inverter AC Current Sense

* Inverter AC Voltage Sense

» Flyback Overvoltage Protection

Cl

The 120 VAC flyback transformer design has similar
design specifications as the 230 VAC transformer,
except for a couple of changes:

* Maximum Output Voltage: 200V

» Secondary Current: 2.4 Arms

Flyback Transformer Design

The primary winding structure of the flyback transformer
and core gap remains unchanged. As the rectified out-
put voltage has reduced, the transformer turns ratio has
reduced to four; this will keep the operating duty cycle
range in that of a 230 VAC system. For the same output
power and a lower operating voltage, the output current
has now increased, so two more bundles of Litz wire has
been added in parallel to the secondary winding.

C.2 Inverter Output Current
Sense Circuit

Figure C-1 shows the AC current sense schematic for
the 120 VAC systems. The base current for the AC
current sense can be calculated by Equation C-1 and is
approximately 3.9A.

FIGURE C-1: INVERTER AC CURRENT SENSE
TP1 TP2 3 A
O O +3. =
WA %
2K 0R N
yaN
6 Us:2 D7
. R28 100K ; IN- 7 Ry 3 4 BAR43S
4[5/23\,‘ M epsozzusn oK ~
100K
= —=—C27 §R33
D ANA 8200 pF < DNP
GN;?__ANA
EQUATION C-1: CURRENT SENSE CIRCUIT GAIN
~ R37 R28 R21
Vapc = [2 ' [5 ' (R37 TR (st +R34ﬂ - VUM} (14 m)

© 2012 Microchip Technology Inc.

DS01444A-page 49



AN1444

C.3 Flyback Output Overvoltage

Protection Circuit

The flyback overvoltage protection circuit for the
120 VAC systems is shown in Figure C-2. Resistors,
R99, R101 and R105, were changed to keep the LED
drive current the same as the 230 VAC system. Resis-
tor, R106, was changed to give 2.5V at the reference
pin when the peak inverter voltage is 210V.

C4 Inverter Output Voltage

Sense Circuit

Figure C-3, shows the AC voltage sense schematic for
the 120 VAC systems. The base voltage for the AC
current sense can be calculated by Equation C-4 and is
approximately 247V.

FIGURE C-2: FLYBACK OVERVOLTAGE PROTECTION
FLY_OUT+)
R97 R98
0.25W 0.25W
150K 240K
R99 R100
§0.25W §0.25W
150K 240K
+5V_ANA
R101 R102
0.25W 300K
U5 150K
~ 8
J %%Z 6 C68 || R
j“ 7 120 pF ]
pF 100R
- FOD2741BSDV R105 R106
= §3OK ?5.“(
1% FLY OUT-
R108
TP15 20K
O +1%
FLY VOLTAGE CMP
c90 R109
220 pF < 15K
+1%
GND_ANA
FIGURE C-3: INVERTER AC VOLTAGE SENSE
+2.5 VREF +5V_ANA
R23 1(324 c25
R131  RI32 62K :I:m WF 1.0 uF
ACL
DNF DNP L ==
R133  RI34 TR R24 R135 | GND_ANA GND_ANA
, N AR AR o -
0R 0R Q Srog 15K | cos OR [s i et R30
22K DNP 1
g 3 R, TP Rege 2 IN: 160K
o~ D29 & 15K 0R :
% < <|McPe022-1sN
R137  R138 7 £
A 8 GND_ANA
O0R R DPC-10-00 R36
R1
IR SNV vy 6.2K
DNP DNP
EQUATION C-4: VOLTAGE SENSE CIRCUIT GAIN
oo (Vgrid_pk).R36)+25V _R32
AbC Nygq / R31 R30 +R32
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APPENDIX D: SAFETY NOTICES

The following safety notices and operating instructions
should be observed to avoid a safety hazard. If in any
doubt, consult your supplier.

WARNING - This reference design must be earthed
(grounded) at all times.

WARNING - This reference design should not be
installed, operated, serviced or modified except by
qualified personnel who understand the danger of elec-
tric shock hazards and have read and understood the
user instructions. Any service or modification per-
formed by the user is done at the user’s own risk and
voids all warranties.

WARNING - Itis possible for the output terminals to be
connected to the incoming AC mains supply and may
be up to 410V with respect to ground, regardless of the
input mains supply voltage applied. These terminals
are live during operation and for some time after dis-
connection from the supply. Do not attempt to access
the terminals or remove the cover during this time.

General Notices

» The reference design is intended for evaluation
and development purposes and should only be
operated in a normal laboratory environment as
defined by IEC 61010-1:2001

+ Clean with a dry cloth only

 Operate flat on a bench and do not move the
reference design during operation

» The reference design should not be operated
without all of the supplied covers fully secured in
place

* The reference design should not be connected or
operated if there is any apparent damage to the
unit

© 2012 Microchip Technology Inc.
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NOTES:
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