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CHAPTER 1:

INTRODUCTION

Hawaii is the most petroleum dependent state in the nation. Despite having an
abundance of natural resources, 94 percent of Hawaii’s primary energy was derived from
imported oil in 2010 [1]. “Residential consumers in Hawaii pay twice the national average for
electricity and almost three times the national average (per BTU) for total energy consumed in
homes” [2]. Decreasing Hawaii’s dependency on imported fossil fuels will put the state on the
path of increased independence from fluctuating oil prices and availability, as well as decreasing
the pollution associated with the burning of oil.
The burning of oil at power plants and the combustion of gasoline for transportation emits
harmful pollutants into the atmosphere promoting global warming which is detrimental to the
earth’s atmosphere and have negative effects on human well-being. These negative impacts
associated with Hawaii’s fossil fuel dependence create the necessity for a change in Hawaii’s
primary energy source.

Renewable energies are a potential solution to increase the state’s energy security,
which would increase economical stability. Renewable portfolio standards were established to
provide states with a mechanism to increase renewable energy generation while using a costeffective, market-based approach that is administratively efficient [3]. The Hawaii Clean Energy
Initiative (HCEI) established in 2008 promotes reduced energy consumption through building and
household efficiency and increased deployment of renewable energy generation technologies.
The goal of the initiative is to reduce fossil fuel use by 70% clean energy by 2030 with 30% from
efficiency measures and 40% coming from locally generated renewable sources [4]. In 2009,
Hawaii consumed 269.8 Trillion Btu, (249.8 Trillion Btu from non-renewable energy and 20 Trillion
Btu from renewable energies) [5]. The 20 Trillion Btu of renewable energies is further broken
down into: 4.4% from biomass, 0.4% from hydropower, 1% from wind, 0.6% from geothermal
and 1% from solar [5]. The grid-tied photovoltaic (PV) system is one way of harnessing solar
energy which is growing in popularity among residential applications.

Grid-tied PV systems are a convenient renewable energy option available for residential
applications in Hawaii for its scalability factor as well as the lack of an environmental impact
assessment (EIA) that is required for larger renewable energies like wind, geothermal and
hydroelectric powers. Residential grid-tied PV systems are composed of solar panels or PV
modules that convert the solar energy to electricity which are connected to the grid via a
conditioning system (inverters) as illustrated in Figure 1. Hawaii has recently seen a drastic
increase in residential PV installations as a result of high electric rates and substantial tax credit
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incentives. Micro-inverter technology is the popular choice for the residential or small capacity
systems (<10 kW).

Figure 1: Residential grid-tied PV and inverter setup [6]

Since the end of 2009, cumulative installed solar photovoltaic capacity in Hawaii has
increased by 287%, from 24.8 MW to 96.1 MW [7]. However, the increased distribution of gridtied PV systems on the existing utility’s infrastructure has raised several issues. Since PV
systems convert the solar irradiance from the sun into electric power, any fluctuations in the
irradiance incident on the PV arrays, mainly due to passing clouds, lead to fluctuations in the
generated output power [8]. The fluctuations introduced by the PV systems as a result of the
input solar radiation are problematic from the utility’s standpoint because they are unpredictable.
While, the variation in power output from a single grid-tied PV system will have little effect on grid
operation, thousands of PV systems tied to the grid can impact grid stability [9]. Grid stability is
affected when “the aggregate generating capacity per distribution line section exceeds 15% of the
annual peak KVA load of the line section” [10]. Exceeding the capacity threshold will leave the
utility susceptible to complete power outage if the power injected by the PV systems
simultaneously drop out on a cloudy day. Therefore, monitoring the performance of the inverters
from a single residential grid-tied PV system would be beneficial to the PV community by
providing actual inverter performance under different solar radiation profiles.

Within the residential grid-tied PV community, the Enphase micro-inverters are growing in
popularity for their performance. An Enphase micro-inverter is placed at the output of each
individual PV module, converting the DC to AC power. This placement of conversion allows the
micro-inverter to increase system efficiency under intermittent cloud cover.
In this study the performance of Enphase micro-inverters in a residential grid-tied PV
system is analyzed. I designed, fabricated, calibrated, and tested the measurement devices used
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to monitor environmental conditions in parallel with PV system performance from a photovoltaic
(PV) test-bed at Pu’u Wa’a Wa’a (PWW), Hawaii. The PV test-bed contains 10 PV modules,
each coupled to an Enphase micro-inverter. Data collected over an 18 month period is used to
analyze the performance of the micro-inverters in Hawaii’s unique climate. The objective of this
paper is to show the relationship between the input and output parameters of the Enphase microinverters.
This thesis presents the design, fabrication, testing and analysis from the data collected
by the measurement boxes deployed at the PWW PV test-bed on the Big Island of Hawaii.
Chapter 2 explains how the PV technology works and the characteristics associated with the
module performance. The micro-inverter’s functions and performance parameters are described
in Chapter 3. The design, fabrication and calibration of the measurement devices at the PWW
test-bed are specified in Chapter 4. Chapter 5 introduces the recorded data from the
measurement boxes and evaluates the micro-inverter performance from the test-bed. Lastly, the
observations and conclusions made from the inverter analysis are presented in Chapter 6,
followed by the future work in Chapter 7.
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CHAPTER 2:

PHOTOVOLTAIC MODULE

This chapter will explain how a PV cell works and introduces the different types of
materials used to fabricate current PV module technologies are briefly introduced. The
performance parameters associated with the PV modules are introduced next.

2.1)

The Photovoltaic Effect
The photovoltaic effect is the process where semiconductor materials convert sunlight

into electric current. The most elementary building block in harnessing the photovoltaic effect is
the solar cell. Silicon solar cells are used to explain how the solar cell works since single crystal
silicon is currently the most popular option for commercial cells [11].

An internal electric field is created when two semi-conductor materials with different
potentials come into contact. There are several different combinations of semiconductor
materials which produce the desired electric field. The single crystalline cell will be explained
since they are popular among the public. In silicon, the difference of potentials is typically created
by a process called doping, which is the injection of atoms from another element into the silicon
crystal to alter the electrical characteristics of the material. Phosphorous atoms are used to dope
the n-type silicon, creating the presence of an extra valence electron. Boron atoms are used to
dope the p-type silicon which leaves an electron void (hole). The n-type layer is typically placed
on top of the p-type layer, creating the p-n junction, as shown in Figure 2.

Figure 2: General structure of a PV cell [12]

When a photon (sunlight) with enough energy is absorbed into the solar cell, the extra
electron from the n-type material is knocked free creating an electron-hole pair. The electron and
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hole diffuse through the material, assisted by the electric field. The free electron generated from
the incoming photon is attracted to the p-side by the cell’s electric field, while repelling the hole
also created by the photon. Attaching a load to the metallic front and back contacts on the
outside of the n-type and p-type sandwich, as shown in Figure 2, allow the electrons to flow from
the n-side through the circuit and back to the p-side to recombine with the hole [12].
The amount of energy required by a photon to create the electron-hole pair is called the
band-gap energy. The band-gap associated with the solar cell material, glass covering, and
temperature affects the generation and collection of carriers from different wavelength light. This
is called the spectral response. The spectral response is the ratio of the current generated by the
solar cell to the solar radiation incident on the cell. The spectral response of solar cells fabricated
from various semi-conductor materials as well as the reference spectral irradiance with respect to
wavelength is shown in Figure 3. Photons with energy less than the band gap of the
semiconductor material are either absorbed as heat or pass right through. Photons with energy
greater than the material’s band gap are absorbed but also heat up the cell [13].

Figure 3: Spectral response characteristics of different solar cell technologies with
reference spectral irradiance (red) [13]

2.2)

PV Cell Technologies
Various PV cell technologies have been developed and are available on the market

currently. Any two semiconductor materials with different electric potentials will form a junction
and an electric field at their interface that could provide the voltage to drive a solar cell [12]. The
material of the PV technology is what drives many factors associated with the PV cell such as
price (driven by the manufacturing process) and spectral response.
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Mono-crystalline silicon cells are fabricated by cutting thin wafers from one continuous
silicon ingot, requiring high quality silicon [12]. Each side of the silicon wafer is then doped,
creating the p-n junction. The mono-crystalline cells achieve a high efficiency around 25%
however incur increased cost due to the manufacturing process.

Poly-crystalline cells are manufactured by melting and pouring the silicon into a block
mold, which is cut into wafers. Poly-crystalline silicon cells are cheaper than the mono-crystalline
silicon modules due to the fabrication process. The use of lower quality silicon allows for
decreased price of the module with an efficiency of 20%.
Amorphous silicon modules require less silicon material in comparison with the monoand polycrystalline types. Instead of being grown, sliced or treating and ingot, amorphous silicon
cells are made by depositing thin layers of the required silicon material on either a flexible or solid
substrate [12]. Amorphous silicon cells have reached 13% efficiency.
Gallium Arsenide (GaAs) is a single crystalline thin film technology which has a high
absorptivity and is relatively insensitive to heat. Two popular methods of fabricating the GaAs
layers are molecular beam epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD).
In MBE, a heated substrate wafer is exposed to gas phase atoms of gallium and arsenic that
condense on the wafer on contact and grow the thin GaAs film. In MOCVD, a heated substrate is
exposed to gas phase organic molecules containing gallium and arsenic, which react under the
high temperatures, freeing gallium and arsenic atoms to adhere to the substrate [12].
Although gallium is a rare material, researchers have developed two methods to decrease cost.
The first method of decreasing cost is to fabricate the cells on a cheaper substrate, such as
silicon or germanium. The second method is to grow the cells on a removable GaAs substrate
that can be reused to produce other cells [12].

Cadmium telluride (CdTe) is a thin-film technology which obtains an efficiency of around
17%. This efficiency is obtained from the capability of the module to operate throughout much of
the solar spectrum [14]. CdTe has suffered in sales due to the toxic materials (Cadmium)
required in the fabrication of the modules as well as the amount of Tellurium available. Another
thin film technology is Copper Indium Gallium Diselenide (CuInSe2) which has reached 20%
efficiency. Another benefit of the CIGS cells is that they operate at a wide solar spectrum from
300 nm to 1300 nm. [15]

The organic solar cell is a type of polymer solar cell that uses organic (carbon-based)
electronics for light absorption and charge transport to produce electricity from sunlight. Organic
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solar cells show promise due to potentially low production cost, light weight and mechanical
flexibility. The conversion of light to electricity is different for organic solar cells in comparison
with inorganic solar cells in that the absorption of light results in the formation of excitons in
molecular materials instead of electrons and holes [16]. Recent technology has produced organic
solar cells with 10% efficiency.

2.3)

Electrical Characteristics
Figure 4 shows the equivalent circuit of the diode model for a photovoltaic cell. The

shunt resistance, RSH, and series resistance, RS, are accounted for. The shunt resistance
accounts for the leakage currents due to the impurities of the p-n junction while the series
resistance accounts for the ohmic resistances in the semiconductor material and the resistances
from the metallic contacts. The current through the diode, ID, represents the p-n junction of the
cell [17].

Figure 4: Equivalent circuit diagram of the diode model for a photovoltaic cell

The total current output by the solar cell is the summation of the current generated by
light (IL), plus the current consumed by the diode (ID), plus the current consumed by the shunt
resistance (ISH) as shown in Equation 1. Equation 2 is the ideal diode equation which is
substituted into Equation 1. Equation 3 is used to calculate the current output by the cell [18].

I = I L − I D − I SH

Equation 1

 q (V + IRS )



ID = I0  e kT
− 1





Equation 2
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 q (V + IRS )


 V + IRS
I = IL − I0  e kT
− 1 −
RSH





Equation 3

Where:
•

I: cell current (A)

•

IL: light generated current (A)

•

Io: diode saturation current (A)

•

V: Voltage across the PV cell (V)

•

T: cell temperature in Kelvin (K)

•

K: Boltzman’s constant (1.38 x 10

•

q: Absolute value of electron charge (1.6x10

•

RS: cell series resistance (ohms)

•

RSH: cell shunt resistance (ohms)

-23

j/K )
-19

C)
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Figure 5 shows the I-V curve with the short circuit current (ISC) and open circuit voltage
(VOC) obtained from the diode model equation in Equation 3. For the case of short circuit current,
the voltage across the cell is zero and I=ISC, therefore:

ISC

 I SC Rs

 aref
 I R
= IL − I0 e
− 1 − SC s

 RSH



Equation 4

The open circuit voltage is the condition where no current is passing through the cell and the cell
voltage is at its maximum, I=0 and V=VOC:

VOC


 VOC


 aref

= RSH  IL − I0 e
− 1 


 





Equation 5

Figure 5: Typical current and power characteristics for PV-cell or –module

Figure 5 also displays the maximum power point (PMAX) along with the values of the
current (IM) and voltage (VM) at maximum power (PMAX). Power is calculated by multiplying the
voltage and the current as shown in Equation 6. For a certain solar radiation and module
temperature, the module has a unique maximum power point.
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PMP = VMP * IMP

2.4)

Equation 6

PV Module Performance Parameters
Solar cells will be connected in series and/or in parallel to output voltage in the range of

40 V for the standard crystalline modules and rated power output of around 200 W. The voltage
and power rating of the modules has been standardized within the general range for the
integration of power conditioning units in the forms of charge controllers and inverters. All solar
cell configurations are sandwiched between a back substrate and a glass cover to maximize light
transmission while also protecting the solar cells form the surrounding environment. The back
substrate is typically Tedlar polyvinylflouride (PVF), for its excellent strength, weather resistance,
UV resistance and moisture and moisture barrier properties [19].

PV module manufacturers provide datasheets describing the output characteristics and
performance of the module. The data is aimed at providing consumers with data points which
can be used to compare the various PV module technologies. PV manufacturers provide data at
Standard Test Conditions (STC). STC conditions specify a module temperature of 25°C, an air
2

mass of 1.5 (AM 1.5) and irradiance of 1,000 W/m [20].
PV modules typically operate at higher temperatures and lower insolation conditions than
the STC conditions. Nominal operating cell temperature (NOCT) is an indication of the
anticipated operating temperature of a PV module. It can be used with PV models to predict
energy performance or to compare the thermal aspects of one PV module to another [21]. NOCT
2

conditions specify module temperature of 20°C, irradiance on cell surface of 800 W/m , and wind
velocity of 1 m/s.

The effects that operating temperature of the PV cell/module has on its electrical
efficiency has been well documented [22]. Figure 6a and Figure 6b show the I-V curve of a PV
module for different levels of solar radiation and temperature, respectively. These figures are
used to qualitatively show the I-V characteristics of a PV module, while the I-V curve for specific
PV modules will output quantitatively different curves. The amount of current output by the
module is directly proportional to the amount of solar radiation available as shown in Figure 6a.
Figure 6b shows the inverse relationship between the module voltage and ambient temperature
due to the heating of the module.
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(a)

(b)

Figure 6: PV Module I-V Curve (a) varying solar radiation and (b) varying temperature from
Sanyo HIP-210NKHAS datasheet
This chapter explained how a solar cell works, the different technologies and the
characteristic electrical properties from a solar cell which can be carried over to the operating
characteristics of PV modules. The effects of solar radiation, temperature and solar cell material
on PV performance were also introduced.
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CHAPTER 3:

PHOTOVOLTAIC INVERTER

Enphase micro-inverters were selected for this study due to their growing popularity in
residential grid-tied PV installations. The first section will introduce the functions and
requirements of the Enphase micro-inverter technology. Next, the definitions and methods of
characterizing micro-inverter performance are presented. Although this corresponds to the
Enphase micro-inverters, most of the following information is similar for other grid tied inverters.
It is also important to note that the area of inverters is actively being researched so the
information used in this research is representative of current inverter technology.

3.1)

Inverter Functions
A general representation of a grid-tied PV system is illustrated in Figure 7. The DC side

of the system consists of PV modules which output DC voltage and current. The DC side of the
system interfaces with the inverter. The output of the inverter then interconnects with the utility
grid.

The general tasks of a grid-tied photovoltaic inverter are encompassed in the schematic
shown in Figure 7. The inverter’s main functions are to obtain the maximum power from the
module, convert the DC power to AC power and synchronize the output AC power to the
frequency of the grid. The maximum power point tracker (MPPT) obtains the maximum product
from the DC voltage and current output by the PV module. Pulse width modulation (PWM) is
utilized to produce AC power from the DC input. The inverter also matches the frequency output
by the system with the frequency of the grid to mitigate harmonic distortions injected to the grid.
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Figure 7: General photovoltaic grid-tied inverter system [23]

3.1.1) Maximum Power Point Tracker
The electrical characteristics of a PV module were presented in the previous chapter.
The parameters (solar radiation and module temperature) of the PV module’s I-V curve and
therefore the unique maximum power available from the PV module were also mentioned in the
previous chapter. Current inverter technology is equipped with a MPPT that draws the maximum
power from the PV module. As the PV module parameters vary due to changes in insolation and
temperature, the inverter’s MPPT must react to the changing conditions to continue extracting the
maximum power from the PV module.

Several MPPT algorithms have been developed which search for the PV system’s
maximum power point. Most are based on the “perturb and observe” (P&O) method, also called
the hill-climbing or radient method [24]. In the P&O method, the algorithm measures the array
output power at the current DC voltage, then perturbs the voltage and observes the resulting
power. If the power is moved towards the MPP until the power decreases in which case the
voltage would be reversed. This process repeated so the MPP is constantly converged to.

Enphase does not mention the specific MPPT algorithm used onboard their microinverters. They do specify their “burst-mode” which includes a micro-scanning process which is
used to converge to the inverter’s MPP. Enphase’s micro-scanning process scans the module
voltage every AC cycle (16.7 ms) which implies that the change in voltage from one cycle to the
next, is very small (<1 V). Instead of scanning a large range of voltage, the circuitry is concerned
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instead with only what the last cycle check was showing, and then adjusting its range window
accordingly, in anticipation of the next cycle.” [25].
The DC/AC conversion efficiency increases with the input power, however, for input
power levels less than 30%, conversion efficiency drops drastically. In order to mitigate
decreased efficiencies at low input power, the Enphase units use capacitors on the DC side of the
MPPT to momentarily store DC power. Capacitor voltage is monitored in order to accumulate
enough energy into the capacitor for high DC/AC conversion. Figure 8 shows the relationship
between the capacitor voltage and the power delivered by the inverter being off while the voltage
increases and “bursts” power until the capacitor voltage reaches its minimum voltage.

Figure 8: Operation of Enphase burst-mode [25]

3.1.2) DC/AC Conversion
Enphase micro-inverters use a single-stage two-phase isolated fly-back topology for the
inversion from DC to AC as shown in Figure 9. The single stage topology uses the least amount
of components possible while simplifying isolation. The ripple current in the electrolytic capacitors
produce heat, raising temperature in this component and further reducing its lifespan. The use of
an interleaved fly-back converter topology helps improve the lifespan of the capacitor by reducing
ripple current, and reducing current total harmonic distortion at the output [26].

A single stage fly-back inverter is composed of capacitors, an H-bridge circuit and a
custom fly-back transformer as shown in Figure 9. The five 1.8 µF capacitors placed across the
PV system filters the ripple current from the converter and ensures efficient power tracking as
previously mentioned. DC power from the PV array, buffered by the input capacitors is inverted
to AC power through the H-bridge using a set of solid state switches that essentially flip the DC
power back and forth creating a rectangular AC waveform. The H-bridge is responsible for the
synchronization with the grid, receiving information from the grid voltage via a microcontroller.
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Next, a fly-back transformer performs a change of voltage level as well as isolating the DC side
from AC side. The presence of inductors in the fly-back transformer also performs a smoothing of
the rectangular AC sine wave into a rectified AC signal. Finally, the Silicon-Controlled Rectifier
(SCR) Bridge and switches are used to convert the rectified output voltage and current to
sinusoidal voltage and current [27]. The use of two phases mitigates the amount of ripple seen in
the output current of the inverter.

Figure 9: Enphase micro-inverter fly-back topology [27]

3.1.3) Grid Interface
As the PV inverter injects power directly into the grid, the supplied AC sine wave has to
properly synchronize with the frequency of the grid. There are also numerous standards enforced
by NEC, IEE and the local utility to maintain safe operation of the PV inverters on the grid. Areas
such as Hawaii are experiencing the effects of high PV penetration levels on an “isolated” grid.
The combination of distributed residential systems and commercial sized PV arrays directly affect
the operation the local utility.

3.1.3.1)

Grid synchronization

The AC power output by the micro-inverters must be synchronized to the same frequency
as the utility. Poor synchronization between the PV system output and the utility affect the power
factor and harmonics output by the inverter. Several techniques have been developed to
synchronize the AC output from the PV system to the utility. The phase locked loop (PLL)
method has become an industry standard due to the algorithm’s convergence speed and steady
state noise and disturbance rejection performance [28]. The PLL is an algorithm that keeps an
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output signal in frequency as well as in phase, keeping the phase error between the output phase
and the reference phase to a minimum. As mentioned previously, the essential elements for the
synchronization is the H-bridge and the integrated microcontroller reading the grid voltage and
controlling the H-bridge.

When signing the agreement with the utility to connect a PV system to the grid, minimum
specifications need to be fulfilled. Hawaii utilities, in the document “Interconnection of distributed
generation facilities” or Rule14h, specify that grid synchronization means that at the point of
interconnection, the frequency difference shall be less than 0.2 Hz from the rated frequency, the
voltage difference shall be less than 5% of nominal voltage and the phase angle difference shall
be less than 10 degrees [29]. The phase angle difference (Φ) is the phase between the voltage
and the current and is related to the power factor shown in Equation 7.

PF =| cos φ |=

active
=
apparent

active
active 2 + reactive 2

Equation 7

Currently, most of the grid tied inverters supply power at unity power factor. The future of
the inverter will be to provide reactive power as well as active power as most loads need reactive
power that does not travel well through transmission lines. Rule 14h actually specifies that
“generating facilities (including PV grid tied inverters) shall operate at a power factor > 0.85
lagging or leading. If the current lags behind the voltage (inductive circuit), the power factor is
referred to as lagging. Conversely, if the current leads the voltage (capacitive circuit), the power
factor is referred to as leading.

Operation outside this range is acceptable provided the reactive

power of the generating facility is used to meet the reactive power needs of the customer’s
internal loads or that reactive power is otherwise provided under utility tariff and it does not
adversely impact the utility system.”

3.1.3.2)

Grid Disconnection

The institute for Electronic and Electrical Engineers (IEEE) and the National Electric
Code (NEC) has established requirements and standards that the grid-tied inverters are required
to meet. The standards have been developed to ensure the safety of the utility workers as well
as to mitigate negative impacts injected into the utility from the PV systems. As stated from
HECO’s Rule #14, “The generating facility shall set protective equipment to (1) disconnect the
generating facility within 10 cycles (~167 ms) if the frequency exceeds 60.5 Hz, (2) be capable of
time delayed disconnection of 300 seconds within the adjustable under-frequency setting set to
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57.0 Hz, and (3) disconnect the generating facility within 10 cycles I the frequency is less than
57.0 Hz.” [30].
All inverter types are required to implement an “anti-islanding” feature that disconnects
themselves from the grid if utility operation is interrupted or shutdown. In the case when the utility
shuts down and the grid-tied PV system is still in operation, that PV system is termed to be an
“island”. UL 1741 and IEEE 1547 require that inverters not create a power island to protect the
utility workers from energy injected into the grid from PV systems that are not under the control of
the utility [31]. The inverter may not interconnect and inject power until the inverter records the
proper utility voltage and frequency for a period of 5 minutes. These protections eliminate the
chance that a PV system will inject voltage or current into disconnected utility wires or switchgear
and cause a hazard to utility personnel. If an inverter remained on or came back on before the
utility was reliably reconnected, the PV system could back feed the utility transformer.

3.2)

Inverter Performance
Due to the many functions of the grid tied inverters, there are many ways to evaluate their

performance. The MPPT efficiency is important in order to collect the maximum available power
from the PV modules. The DC-to-AC inversion also needs to be optimal for all power levels.
Finally, grid synchronization can also be estimated looking at the reactive power and power
factor. Next sections will summarize each inverter function, the definition and way to evaluate
those inverter performances as well as the published performance and parameters.

3.2.1) MPPT Efficiency
Enphase specifies on the datasheet a nominal MPPT efficiency of 99.6% although there
is no description of the testing protocol to obtain this performance. The new Enphase M215
micro-inverter datasheet specifies two MPPT efficiencies: Static MPPT efficiency (weighted,
reference EN50530): 99.6% and dynamic MPPT efficiency (fast irradiation changes, reference
EN50530): 99.3%. Standardization of MPPT efficiency evaluation similar to the European
standards EN50530 is being presently discussed by the American inverter community in order to
establish meaningful comparisons between MPPT’s under both static and dynamic conditions.
The evaluation of the MPPT efficiency requires the scanning of the PV module I-V curve
in order to compare the MPP selected by the MPPT to the real MPP of the module. The
switching between the MPPT and the I-V tracer has to be fast enough to avoid change in
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operating conditions (solar radiation, temperature), or stand-by of the inverter, without creating
measurement issues due to fast switching [32]. The parameters of the MPPT efficiency are the
MPPT algorithm as well as the PV module technology and the time variation of the irradiance
[33]. Experimental results published in 2003 [34] compare the performance of the different MPPT
algorithms in outdoor operations. MPPT efficiency was evaluated at 97.8% for the P&O and
97.4% for the incremental conductance. This efficiency appears to depend on the weather
conditions showing lowest performance (96.5% for P&O for example) on partly cloudy days
corresponding to high variability of irradiance.

3.2.2) DC/AC Conversion Efficiency
DC/AC conversion efficiency usually simply named inverter efficiency is defined as the
ratio of output power of the inverter to the input power from the PV system as shown in Equation
8. The inverter efficiency indicates the amount of DC power successfully converted to AC power
by the inverter.

ηINV =

PAC
PDC

Equation 8

Enphase’s datasheet specifies a peak efficiency of 96% for the 210W unit and 95.5% for
the 190W unit. The datasheet also identifies the CEC weighted efficiency evaluated at 0.5% lower
compared to the peak efficiency value. The CEC weighted efficiency is published by the
California Energy Commission. In contrast to peak efficiency, this value is an average efficiency
with the inverter operating at different conditions of operating DC voltage and power level that
influence the efficiency of the inverter.
The CEC test results for the 2 tested Enphase micro-inverters are presented in Figure 10.
CEC test protocol provides inverter efficiency measurements at six different power levels (10%,
20%, 30%, 50%, 75%, and 100% of ac-power rating) and three different input voltage levels
(Vmin, Vnom, Vmax). The CEC measurement procedure provides five to seven replicated
measurements at each test condition, providing good statistical rigor. The primary limitation of the
CEC procedure was that measurements were performed for a single inverter of each type; the
inverter may or may not be representative of the “typical” inverter off the production line.
For both inverters, the efficiency increases with the output power varying from 93% to
95% (M190) from 10% to 50% of the output power. The M210 is about 1% more efficient that the
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M190 unit. Both units show a slight decrease of performance at high power accentuated at lower
operating voltage. This voltage impact on the efficiency is different than usually reported
performance showing increase of the efficiency at lower voltage and for all power range.

Figure 10: CEC efficiency for different input DC voltage [35]

3.2.3) Power Factor
As already mentioned, utilities usually request the PV inverters to have a power factor
above 85% unless adapted to local load. Enphase datasheet indicate a PF > 0.95. There are
actually a lot more performance parameters related to the grid synchronization falling under the
term power quality (i.e. harmonics, voltage flicker, voltage sag and swell). But the focus of this
study is limited to reactive power and power factor.
Active power, also known as “real power” is the power that is actually used to do work by
the load. The active power is the power consumed by the resistive components in the line. From
the utility’s standpoint, the active power drawn by the load will increase and decrease depending
on the power consumption. This is what the consumer pays for per kWh (from 0.27 to 0.41
cents/kWh in Hi).

Reactive power is the AC power component required by equipment (loads or distributed
generation) with magnetic components such as capacitors, inductors or transformers to produce
magnetizing flux. Components that require reactive power are: lighting, distribution transformers,
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electrical motors, industrial heating, and welding. Reactive power is the power component that
does no useful work, flowing back and forth. Reactive power cannot be transmitted over long
distances due to transmission lines and transformers that consume the reactive power. As a
result of this phenomenon, reactive power devices need to be distributed throughout the
transmission system near loads [36]. An inverter can produce reactive power but it usually limits
this production to comply with the utility requirements. Increasing role of the grid tied inverters
already tested in Europe for example include provide reactive power to local loads.

Apparent power is the vectorial summation of the active power and reactive power
components as illustrated in Figure 11.

Power factor is the percentage of electricity that is being used to do useful work and is
defined as the absolute value of the cosine of the angle created between the AC voltage and AC
current as shown in Equation 1. The power factor of the system can also be described by the
ratio of active power to apparent power. The ratio of active power to apparent power indicates
the amount of real power consumed by the load relative to the total power consumed by the
system as displayed by the “power triangle” in Figure 11. Power factor ranges from 0 to 1 since
power factor is the ratio of the working power to the total (apparent) power used. A power factor
of 1 is referred to as unity power factor meaning 100 percent of the power is used for actual work.

PF =| cos φ |=

active
=
apparent

active
active 2 + reactive 2

Equation 9

Figure 11: Power factor triangle

Inductive loads which require inductive reactive currents are transformers, induction
motors, induction generators (wind mill generators), industrial heating, welding and high intensity
discharge (HID) lighting. The consumption of inductive reactive currents has negative effects on
utility power factor [37].
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Chapter 4:

PWW PV TEST-BED

In this section, the test-bed used in the study is described in detail. First, the layout of the
components in the system is presented, followed by the specifications of the PV modules and
auxiliaries deployed at the test-bed. The data acquisition system is then introduced, including all
measurement sensors with their calibration and accuracy. Finally, the parameters obtained from
the measurement boxes used the analyze inverter performance are discussed.

4.1)

PV Test-bed
The Pu’u Wa’a Wa’a (PWW) PV test-bed is located at PWW ranch on the Kona coast of
o

o

the Hawaii Island (Latitude: 19.77 , Longitude: -155.84 , Altitude: 686 m). The ranch is at an
elevation of 2,250 ft. above sea level. The PWW test-bed is shown in Figure 12. Also shown in
the upper right hand corner of Figure 12 is the geographical location of the test-bed on the island
of Hawaii.

Figure 12: Picture of PWW test-bed and location [38]

The PV modules are mounted using aluminum framing on raised concrete columns to
obtain the south facing 20° tilt angle. The central cabinet shown behind the modules is the main
point of interconnection between the sensors, housing the main data acquisition controller. Next
to the central cabinet is the weather station which records global solar radiation, wind direction
and speed, ambient temperature, barometric pressure, and humidity.
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Figure 13: General layout of PWW test-bed

PV modules #1 through #10 are each connected to an Enphase micro-inverter. Figure
13 displays the physical location of the first and last measurement boxes highlighted in blue.
Measurement box #1 records the AC power output from the single inverter and measurement box
#10 records the cumulative AC power output by all the inverters in the string. The general layout
of the PWW test-bed is shown in Figure 13. As a result of the power specifications of PV
modules letter a through d are tested with BZ charge controllers which are not included in this
analysis.

4.2)

PV Module and Micro-inverter Specifications
The PV modules were selected by contacting numerous Hawaii PV installers to obtain

the most popular PV modules installed in Hawaii. The specifications of the different types of PV
modules connected to the micro-inverters deployed at the PWW test-bed are displayed in Table
1. Table 1 specifies the four types of PV module technologies that are connected to Enphase
micro-inverters: mono crystalline, poly crystalline, amorphous and a combination of amorphous
and monocrystalline technologies. For the scope of this thesis, the Sanyo, Suntech, BP Solar,
Solarworld, and Unisolar PV modules are considered, as they are the PV modules coupled with
Enphase micro-inverters. As shown in Figure 13, the measurement box #1 circled in red records
the DC power output from two Unisolar amorphous silicon PV modules. The Unisolar modules
are connected in series to raise the power to 136 W. Measurement box #10 records the
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collective output from the accumulated power from the Sanyo, Suntech, BP Solar, Solarworld and
Unisolar PV modules which have a rated power of 1.74 kW.
Table 1: PWW PV module and micro-inverter specifications [Appendix ]

Manufacturer

Sanyo

Suntech

Product

Power

Number

(W)

HIT210NKHA5
STP 175S24/Ab-1

Efficiency
(specs @

Solar Cell VMPP V (specs

STC*)

Power

Type

@ STC*)

Conditioning

210

16.7%

a/m-Si

41.3

Enphase M210

175

14.6%

m-Si

35.2

Enphase M190

BP Solar

BP175B

175

13.9%

p-Si

35.8

Enphase M190

Solarworld

SW175-P

175

13.4%

m-Si

35.8

Enphase M190

136

6.1%

a-Si

215

17.3%

m-Si

39.8

205

13.8%

p-Si

26.6

Unisolar

SunPower

Kyocera

PVL-68
2 in series
SPR-215WHT
KD205GXLPU
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(2x16.5)

Enphase M190
BZ Charge
Controller
BZ Charge
Controller

Each of the modules #1 through #10 are coupled with an individual Enphase microinverter to convert the DC power output by the PV module into AC power. The AC power is then
interfaced with the grid. Two types of Enphase inverters were available at the time of the test-bed
design. The inverter model indicated in Table 1 was selected according to the rated power and
MPP voltage range of the module it was coupled with.

The first inverter in the string is oversized having an output rating of 190 W when the
input power is rated at 136 W. Therefore only 71% of the inverter’s rated output is utilized. The
cumulative rated output of the inverter string is 1.94 kW which is slightly greater than the
cumulative rated PV input of 1.74 kW.

4.3)

Data Acquisition System
The data acquisition system deployed at the PWW test-bed used to collect all

environmental and performance data are now presented. After reviewing the general overview of
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the DAS, the measurements used for analysis are specified. The final section describes the
calibration and accuracy of the measurements. The following sections entail the work I
contributed. I designed, built, calibrated and tested the measurement boxes deployed at the testbed.

4.3.1) Overview
Each module is monitored by a measurement box that collects DC voltage, current and
temperature every second. One solar radiation sensor is located near each pair of modules as
shown in Figure 13. For the scope of this project, two measurement boxes were selected to
measure AC power from the inverter string. Measurement box #1 records data from a single
inverter while measurement box #10 records the data from the collective micro-inverter string as
shown previously in Figure 13. The AC measurement boxes record active and reactive power.
All the monitoring equipment is contained in weatherproof boxes that are located beneath each
module. Table 2 provides the specifications for the mentioned sensors.
Table 2: Measurement device accuracies
Measurement Technology

PV Voltage

PV Current

Solar Radiation

Temperature

AC Power

Manufacturer

Range

Metal resistance

Divider

25ppm/oC

Shunt

ADTEK # EC-

0-10A ~ 0-

resistance

UA- SHT

60mV

Silicon-cell

Apogee # SP-

Pyranometer

110

Omega # SA1RTD

AC Watt/VAR

ADTEK #

transducer

CW/CQ

Global
Accuracy

ADTEK # SC-VA used as

Voltage

RTD sensor

Conversion

0-60V ~ 0-10V

isolation:

± 0.5%

0-10V ~ 0-10V
ADTEK # SC-VA used as
isolation/amplification:

± 0.55%

0-60mV ~ 0-10V

0.3- 1.1 µm
0-1100W.m-2 ~

Not Required

± 5.1%

0-220mV
ADTEK # SD-T
-73ºC to 260ºC

programmable:

0-300W ~ 0-

Current transformer 5:5

10V

Ratio (x3)

± 0.45%

0-100oC ~ 0-10 V

0-2kW ~ 0-10V

Current transformer 10:5

± 2.7%

Ratio (x3)

Figure 14 shows an overview of the DAS including one tested module, micro-inverter,
measurement box, and main controller. The box is wired to analog input modules connected to
the controller located in the central cabinet. The controller is a cRIO NI-9224 controller from
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National Instruments programmed with LabVIEW software to scan all inputs every 25
milliseconds, then averaging the data to provide one value per second. The one second
recorded data for the day was then saved to a daily file on the controller’s 4 GB of nonvolatile
memory. The recorded data is then transferred from the cRIO controller to the data base located
on the University of Hawaii at Manoa campus every week for storage, analysis and visualization.

Temp
Figure 14: Accuracies of Measurement Devices

4.3.2) Measurements Box
Each measurement box contains a current shunt to measure PV module current and a
voltage divider circuit to obtain PV voltage. The current shunt is sized to the maximum current
specified by the PV module datasheet. The current shunt is shown in the Figure 15a. The
maximum voltage across the current shunt is 50 mV. The voltage divider circuit shown in Figure
15b measures the DC voltage output by the PV module. The resistors are selected to obtain 10
V across the 10.7 kΩ resistor. Voltage outputs from the current and voltage measurement
circuits are interfaced to a voltage amplifier/isolator which ensures safe and reliable interfacing to
the data acquisition system.
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Figure 15: Current shunt circuit (a) and voltage divider circuit (b)

The AC Power transducer monitors the three-phase, four-wire AC lines that interconnect
each microinverter in the system. AC measurements recorded from the test-bed are recorded at
the first and last inverter of the micro-inverter string to obtain performance values which describe
one inverter and the sum of the inverter output. Data from measurement box #14 will be used to
analyze the performance of a single micro-inverter. The measurements from the string of microinverters provide the collective output from the ten inverters in the string.
An AC power transducer is located at the output of the first inverter and the last inverter
of the inverter string. The output from the last inverter is the point of interconnection with the grid.
The wiring schematic of the AC Watt/VAR transducer is illustrated in Figure 16. Current
transformers are located at each phase of the system, which are labeled R, S, and T, which
correspond to line 1, line 2, and line 3, respectively. To safely monitor AC current, current
transformers are required at each line to isolate the AC current. The nominal AC current output
specified by the single inverter is 920 mA, therefore, a 5:5 current transformer is employed. The
total current output by the string of inverters is 9.36 A. The measurement box monitoring the
inverter string utilizes 10:5 current transformers to reduce the current within the specified input
range of the power transducer, which is 5 A. The power transducer outputs a voltage ranging
from 0 to 5V for the active and reactive power of the system.
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Figure 16: AC Watt/VAR power transducer schematic

The photograph in Figure 17 shows one of the assembled measurement boxes.
Commercial off the shelf measurement devices were used. Shown are the AC current
transformers, voltage isolators, power transducer and current shunt. Connections are made at a
terminal block and interfaced with a 9 pair cable. The 9 shielded, twisted-pair cable carries the
signals output by the sensors to the controller in the central cabinet.

AC Current
Transformers
Temperature
Converter
Voltage
Amplifier &
Isolator

AC 3-phase,
4-wire
Power
Transducer

Current
Shunt

Figure 17: Measurement box

Sensors are placed in the location of the measurements boxes to capture data regarding
the ambient environmental conditions. An Apogee solar cell pyranometer is placed in the same
plane of array on the PV module to obtain the same incident intensity of solar radiation from the
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sun. The solar cell pyranometer was selected to measure solar radiation for its similar response
to the silicon based PV modules. An RTD temperature sensor is glued to the back of each PV
module to record module temperature.

4.3.3) Calibration and Accuracy
The DC electrical measurements and temperature sensors were calibrated before
commissioning of the test-bed. The voltage divider circuit shown in Figure 15a was calibrated
with a power supply set to constant current mode, recording the voltage across the output for a
range of voltage levels. The data was obtained from a digital multi-meter (DMM). The current
shunt shown in Figure 15b was calibrated with a power supply set to constant voltage mode while
the current drawn by a load bank was varied through the range of each shunt, 5 A and 10 A. The
current through the shunt was also monitored by the DMM which was placed in series with the
line connected to the load bank. The RTD temperature sensors were calibrated using a thermo
bath obtaining voltage output from 0 °C through 100 °C.

All accuracies of the components from the sensor to the controller are displayed in Table
2 in the global accuracy column. For worst case scenario accuracy values, all accuracies in the
line of measurement are summed. The accuracy of the devices used for recording the DC and
AC values from the system described are locate above in Table 2.

The resistors used in the PV voltage measurements have an accuracy of +/- 0.2% with
an accuracy of +/- 0.2% for the device used to amplify the voltage recorded from the resistors.
Therefore, the cumulative accuracy of the voltage measurement is +/- 0.5%. Similarly, the
current measurement has an accuracy of +/- 0.25% for the shunt and +/- 0.2% for the conversion
accuracy. The power transducer unit has a specified full scale accuracy of +/- 2.7 %. The
installed power transducers are rated at 4 kW for the string of inverters and 300 W for the single
inverter measurement. Values recorded lower than the accuracy of the device (108 W for the
string and 8 W for single inverter) should be considered as potentially inaccurate.

The accuracy of the devices used for recording the DC and AC values from the system
described are located above in Table 2. The power transducer unit has a specified device
accuracy of 2% full scale. The full scale accuracy of the device is applied to the data collected.
Recorded values lower than the accuracy of the device will be removed from the data set to avoid
calculating unrealistic results due to inaccurate measurements. The power transducers installed
in measurement boxes #5 and #14 is rated at 4 kW and 300 W, respectively. Both power
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transducers have a full scale accuracy of +/- 2.7 %. The accuracy of the data recorded by the
transducers rated for 300 W and 2 kW are shown in Equation 10 and Equation 11:

+ / − (300W * 2.7%) = (+ / −)8W

Equation 10

+ / − (4,000W * 2.7%) = (+ / −)108W

Equation 11

4.4)

Measurements and parameters used in data analysis
A schematic representation of the parameters recorded from the measurement boxes for

one inverter and the inverter string are illustrated in Figure 18. The calculations used to obtain
the main parameters of the inverters (efficiency and power factor) are also included.
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Active
Power (W)

Reactive
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=
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DC _ Power
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Inverter
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Figure 18: Schematic diagram of recorded parameters
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The power factor is a power quality parameter that measures the utilization of power.
The definition of power factor is the ratio of the active power, PAC, to the apparent power, S.
Apparent power is total power of the AC system, taking into account reactive power, Q. The
equation for power factor taking into account reactive power is expressed by:

PF =| cos φ |=

PAC
=
S

PAC
PAC 2 + Q 2

Equation 12

Inverter Efficiency is defined as the ratio of AC active power output by the inverter to the
input DC power of the inverter. Inverter efficiency measures how well the inverter converts the
input DC power to AC power. As mentioned earlier, factors affecting inverter efficiency are
maximum power point tracking, DC-to-AC conversion, and AC grid synchronization. The
equation used to determine inverter efficiency is shown in Equation 13.

η INV =

PAC
;
PDC

Equation 13

The power factors and efficiencies are presented in the next chapter to evaluate the
performance of the micro-inverters using the equations above. The 1 second data used to obtain
these parameters will provide accurate real-time values throughout the day. The accuracies
mentioned above are accounted for when plotting the data.
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CHAPTER 5:

DATA ANALYSIS

The first part of this chapter summarizes the data collected at the PWW test site. Results
from the analysis of this data are then presented.

5.1)

Sensor Data
Two days were selected to be analyzed from the 18 months of data collected to allow

comparison between a day with little cloud cover and a day with high amounts of cloud cover.
The solar irradiance for each day was plotted to produce the general trend of the solar availability
throughout the day. The individual solar radiation for each day was plotted along with a solar
irradiance value that was calculated by integrating the solar radiation with respect to the time.
September 16, 2011 was selected as the sunny day which correlates to the day with the highest
solar irradiation and the least amount of visible variation. October 1, 2010 was selected as the
cloudy day, correlating to a day with a low solar irradiation value and a moderate amount of
variation.

5.1.1) Solar Radiation, DC Power, and AC Power
Figure 19 displays the solar radiation, DC power, and AC power for the single inverter
and the string of ten inverters. Both the DC power output by the PV modules and the AC power
output by the micro-inverters were normalized to the rated output of the micro-inverters specified
by the manufacturer. The rated output of the single micro-inverter is 190 W and the total rated
output for the string of ten inverters is 1.94 kW. Figure 19a shows the recorded data for a sunny
day while, Figure 19b shows the data for a cloudy day. The solar radiation is shown in red for
both days. The DC power for one inverter and the inverter string is shown in green and blue,
respectively. The AC power from one inverter and the inverter string is shown in magenta
(purple) and black, respectively. The DC power and AC power for one inverter are normalized to
the rated output of 190 W. The DC power and AC power for the inverter string are normalized to
cumulative inverter capacity of 1.94 kW.

The solar radiation for the sunny day in Figure 19a exhibits a distinctive parabolic curve
2

throughout the day, peaking at about 1 kW/m at noon. The cloudy day in Figure 19b displays
2

high variation displaying solar radiation values below 500 W/m for most of the day. The solar
radiation for both days show increased scattering throughout the entire day in comparison to the
trend of the DC and AC power. The increased variation is due to the accuracy of the solar cell
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pyranometer. DC power and AC power are highly correlated to the input solar radiation as all the
data displays spikes throughout the day in both days.
The recorded DC power is the maximum power value of the PV modules from the microinverter’s MPPT algorithm. The DC power is greater than the AC power for both days, indicating
the efficiency loss from the micro-inverters’ DC/AC conversion efficiencies. The DC power and
AC power from one inverter and inverter string do not reach unity output for the sunny day shown
in Figure 19a.

The AC power does not reach unity due to the oversized inverters mentioned previously in
Chapter 4. Theoretically, the inverter can only output 71% of its rated output. The recorded DC
power from the single PV module for the sunny day peaks at 60% of the rated output. Similarly,
the inverter string is rated at 1.94 kW while the PV input has a cumulative rated output of 1.74
kW, making 90% of the inverter string’s capability available. The peak power output of the
cumulative PV output for the sunny day is 90%.

Figure 19: Solar radiation, DC power and AC power for (a) sunny day and (b) cloudy day

Data between 6:00 AM and 8:00 AM are presented in Figure 20 to visualize the DC
power, AC power and solar radiation when the sun is rising and the PV system is turning on. The
increased levels of scattering shown in the solar radiation in comparison with the power
measurements are due to difference in accuracies between the sensors.
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Figure 20 displays the solar radiation, DC power and AC power from 6:15 AM to 8:00 AM
for the cloudy day. Distinct pulses of active power for both the single inverter and the inverter
2

string are visible between 6:15 AM and 7:30 AM when solar radiation is less than 100 W/m . The
pulses of active power indicate the charging and discharging of the onboard capacitors which are
trying to provide adequate output power levels. The burst mode operation observed at low levels
of solar radiation will affect the calculations of performance parameters carried out later on in the
analysis. The AC power is identical to the DC power once the solar radiation is greater than 100
2

W/m .

Figure 20: Exploded view of normalized solar radiation, DC power and AC power for the
cloudy day

5.1.2) Reactive Power
The reactive power for each day from the 18 months of collected data was plotted to
observe the general trends of the reactive power relative to the input solar radiation. For all days
recorded, the reactive power has idle values of 10 VAR and 100 VAR for the single inverter and
the inverter string, respectively, at times of no solar radiation. Throughout the day, the reactive
power increases and decreases with solar radiation, indicating that the reactive power output is
dependent on the input solar radiation throughout each day. It is also noted that the recorded
VAR for the inverter string is ten times the recorded VAR from the single inverter, which implies
that each micro-inverter outputs about 10 VAR of reactive power.
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The reactive power along side the solar radiation recorded for the sunny and cloudy days
are displayed in Figure 21. For the case of the sunny day in Figure 21 (a and c) there is an
instantaneous drop of reactive power at 10:00 AM on the sunny day which does not directly
correlate with the variations in solar radiation for that day. In order to determine if there is any
correlation between the variation of solar radiation and the drop of reactive power, the reactive
power and solar radiation recorded for the “sunny” days were reviewed. It was found that there
are instantaneous increases and decreases of reactive power that do not correlate with the
variation from the solar radiation. It was also concluded that the instantaneous drops or reactive
power do not occur for one specific level of solar radiation. The drops of reactive power happen
at various, inconsistent solar radiation levels. Therefore, it can be assumed that the occurrence
at 10:00 AM is due to grid activity transferring reactive power from the micro-inverters.

For the case of the cloudy day in Figure 21 (b and d), the reactive power is directly
related to the solar radiation. The relationship between the solar radiation and reactive power
recorded for the cloudy day is indicative that the reactive power is correlated to the input solar
radiation but exhibit noise and variations that are not related to the solar radiation input.
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Figure 21: Reactive power and normalized solar radiation for sunny and cloudy days

5.2)

Measurement Correlation
The DC power and AC power have been shown to vary with the input solar radiation.

This section explores the relationship between the parameters. The solar radiation as a function
of DC power is plotted in order to visualize the relationship between the solar resource and the
power output by the PV modules (DC input to micro-inverters). Then the AC power output from
the microinverter is plotted as a function of the input DC power to show the effects of the
inverter’s DC/AC conversion topology on the output power.
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5.2.1) Solar Radiation and DC Power
Figure 22 displays the solar radiation as a function of DC power. As previously
mentioned, the recorded DC power is the maximum power extracted from the micro-inverter’s
MPPT algorithm. The DC power is normalized to the rated output of the PV module for this
section since PV module performance is the focus. The rated output of the Unisolar PV module
connected to the single micro-inverter is 136 W and the rated output of the PV string (Sanyo,
Suntech, BP Solar, Solarworld and Unisolar PV modules) is 1.74 kW. Normalizing the DC power
2

and presenting the solar radiation in kW/m allows for the comparison of two different sized
parameters. The DC power increases linearly with the solar radiation for both the single inverter
and the inverter string.

For the case of the sunny day, scattering is displayed throughout the entire operation of
the PV module due to the accuracy of the solar cell pyranometer as mentioned previously.
Another significant observation made from the sunny day is the occurrence of increased
2

scattering at solar radiation levels less than 200 W/m . The scattering for both measurements
suggest the presence of passing clouds (shade) in the morning causing the pyranometer and PV
modules to record sunlight at different times.

The scattering at low levels of solar radiation due to passing clouds is not present in the
cloudy day as a result of overcast conditions. Less scattering is displayed for operation up to 700
2

2

W/m . High levels of scattering are shown for solar radiation greater than 700 W/m . The high
scattering is due to the instantaneous spikes of solar radiation in the middle of the cloudy day.
Diffuse solar radiation produces solar radiation and DC power greater than unity.
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Figure 22: Normalized DC Power vs. Normalized Solar Radiation

5.2.2) DC Power and AC Power
Figure 23 displays the relationship between the normalized AC power as a function of
normalized DC power with respect to the rated inverter output on the selected days for one
inverter and ten inverters. This shows a definitive linear relationship between the two
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parameters. The slope of the curve indicates inverter efficiency. The perfectly linear relationship
between the DC power and AC power indicates that the DC to AC conversion does not create
any variation on the output power. At 25% power for the single micro-inverter, small levels of
scattering occur. The scattering at that level is hypothesized to be the result of the inverter’s
DC/AC conversion topology.
The effect of the micro-inverters MPPT would be mentioned in the SR vs DC power
section prior to this. We are not able to address the effect of the MPPT from the inverter because
advanced algorithms would need to be implemented into the data acquisition system which would
scan the instantaneous I-V curve and measure the power output for that instant which would
induce further inaccuracies of the measurements.
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Figure 23: AC power vs. DC power for the single

5.2.3) Summary
The measurements associated with inverter performance for two days have been
presented. Solar radiation, DC power, and AC power are characterized. The scattering of solar
radiation due to sensor accuracy was displayed in comparing the solar radiation with the DC
power. It was shown that the AC power varies in comparison to DC power due to the micro-
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inverter’s burst mode technology at low levels of solar radiation. The operation of burst mode
from increased distributed micro-inverters may cause voltage flicker to local load in a micro-grid
condition [40].

5.3)

Inverter Performance throughout the Day
This section analyzes the micro-inverter performance throughout the selected days.

Analysis of inverter performance is accomplished by calculating the inverter efficiency and power
factor output using the equations presented in Chapter 4. The inverter efficiency throughout the
day is introduced first, followed by the power factor output by the micro-inverters.

5.3.1) Inverter Efficiency
The efficiency of one inverter, the inverter string and the solar radiation for the sunny and
cloudy days are shown in Figure 24. All efficiencies stabilize when solar radiation is greater than
2

about 100 W/m . The efficiency from the single inverter is greater than the inverter string for both
days. The single inverter also exhibits less scattering in comparison with the inverter string.
Efficiency values greater than 100% are displayed in Figure 20 when solar radiation is less than
2

100 W/m as a result of the micro-inverter’s burst mode that pulses the AC active power at time of
low input DC power. The AC active power is pulsed above and below the input DC power until
enough input power is available to stabilize the AC power production.

Burst mode

Burst mode

Figure 24: Inverter efficiency and normalized solar radiation vs. time for sunny day (a) and
cloudy day (b)
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Average efficiency values shown in Figure 24 were calculated averaging the efficiency
recorded during times of peak solar radiation, between 10:00 AM to 2:00 PM. On the sunny day,
the inverter efficiency is stable throughout the majority of the day, maintaining 95% efficiency for
the single inverter and 93% efficiency for the inverter string. The average efficiency of one
inverter and the inverter string were 94% and 93%, respectively, for the cloudy day. The inverter
string stabilizes at peak efficiency earlier than the single inverter for both days. The peak
efficiency of the inverter string, however, is less than the peak efficiency of the single inverter.
The decrease of overall efficiency is presented mathematically.
Efficiency of one inverter, # i, i=1 to 10:

ρ1inv ,i =

Pac,i

Equation 14

Pdc,i

Efficiency of 10 inverters:

ρ10inv ,i =

If ρ1inv,i

ρ10inv ,i =

∑10
i =1 Pac,i
∑10
i =1 Pdc,i

=

∑10
i =1 ρ1inv ,i × Pdc,i
∑10
i =1Pdc,i

Equation 15

is identical for all inverters, we would obtain:

∑10
i =1 Pdc,i × ρ1inv ,i = ρ
1inv ,i
∑10
i =1 Pdc,i

Equation 16

Where:
•

: DC power produced by PV module # i, i=1 to 10

•

: AC power produced by single inverter # i, i=1 to 10

•

: Efficiency of single inverter # i, i=1 to 10

•

: Efficiency of the chain of 10 inverters

From the equations above, the 10 inverter string would have the same efficiency as the one
inverter if all 10 inverters had the exact same efficiency. This confirms that all the inverters don’t
have the same efficiency.
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The efficiency recorded from the single inverter displays less scattering compared to the
efficiency from the inverter string in both days. Figure 25 displays the data recorded around noon
showing the efficiency value as well as its deviation. Standard deviation indicates the level of
variation between the actual values and the average of the values from a data set. Low values of
standard deviation correlate to tightly grouped data, while the converse correlates to data with
high levels of scattering. The equation for standard deviation (s) is shown in Equation 17.

s=

1 n
2
∑ (xi − x )
n i =1

Equation 17

Where x is the average value from the data set as shown in Equation 18.

x=

1
n

n

∑ xi

Equation 18

i =1

The standard deviation of the efficiency from the inverter string on the sunny day in
Figure 25a has a standard deviation of 0.23 compared to the single inverter which has a standard
deviation of 0.04. Figure 25b displays the efficiencies recorded from the cloudy day which have
standard deviation of 0.72 for the single inverter and 0.63 for the inverter string. The deviation of
the inverter string is greater than the single inverter for both days due to accumulation of the
various micro-inverter efficiencies which, in turn, increases the standard deviation. As mentioned
previously, all the micro-inverters do not have the same output as a result of the PV modules’
spatial distribution.
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Figure 25: Inverter efficiency vs. time for sunny day (a) and cloudy day (b) from 12:00 PM
to 1:00 PM

The data recorded for the sunny day in Figure 25a removes the possibility of scattering
due to variations in solar radiation. Another conclusion that can be made from the data is that the
standard deviation recorded for the single inverter is the accuracy of the measurement devices
used to measure the DC and AC power which is calculated to be 3.2% from Table 2. The
accumulation of the measurement accuracies (13.2%) for the inverter string does not coincide
with the standard deviation for the inverter string in Figure 25 which is 23%.

5.3.2) Inverter Power Factor
The power factor recorded for the single inverter and inverter string along with the solar
radiation on the sunny and cloudy days are displayed in Figure 26. The typical trend of the power
factor rises to unity in the morning, maintaining unity throughout the day and drops back to zero in
the evening. Unity power factor throughout the times of available solar radiation indicate that the
levels of reactive power are significantly lower than the associated active power. If large variation
of solar radiation occurs midday, the power factor is affected. High levels of noise (0.06 [-] for the
single inverter and 0.09 [-] for the inverter string) from the power transducer are recorded during
times of no solar radiation. When active power equals zero, power factor should equal zero. This
conclusion is made revisiting Equation 9
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On the sunny day, the single inverter stabilizes at unity power factor from 10 AM to 3 PM.
After 3 PM, the power factor varies about 0.2 units with the solar radiation until about 4:45 PM
when clouds completely cover the modules. The inverter string is able to reach unity power factor
for a longer period of time compared to the single inverter. Average power factor values from
Figure 26 were calculated by averaging the values of power factor throughout the day greater
than the noise levels of 0.06 for the single inverter and 0.09 for the inverter string. The average
power factor recorded for the sunny day was 0.87 for one inverter and 0.88 for the inverter string.
On the cloudy day, average power factor values of 0.76 for one inverter and 0.77 for the string of
inverters.

Figure 26: Power factor and normalized solar radiation vs. time for sunny day (a) and
cloudy day (b)

On both days, the power factor output by the inverter string is slightly higher than the
power factor recorded from the single inverter. The output power factor from both measurements
show drops of power factor correlated to the times when the solar radiation drops to less than 200
2

W/m . During the times of increased variation from solar radiation, the power factor from the
inverter string does not vary as much as the single inverter. A drop in solar radiation drops the
power factor from one inverter to 0.5 while the power factor from the inverter string only drops to
0.65. The slightly improved power factor from the inverter string could be a result of better
performance from the addition of inverters or due to the dispersion of PV modules.
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5.3.3) Summary
From the previous figures, the efficiency and power factor are directly correlated with the
input DC power. In addition, it was observed that the inverter string increases the operation time
at the stabilized peak efficiency and power factor in comparison with the single inverter. It was
also found that the inverter string produced lower peak efficiency than the single inverter during
times of peak solar radiation. The decrease of efficiency could be due to the dispersion of PV
modules at the test-bed. An event occurring at one PV module may not be consistent with the
status of the rest of the system, decreasing the overall efficiency of the string. It was also shown
that the power factor is slightly increased for the inverter string, reaching unity earlier in the day
than the single inverter. Additional instrumentation would be required to determine if those
differences are a result of micro-inverter performance or if the differences are a result of the
coupled PV module’s performance (PV technology). The DC power input to the micro-inverters
will be used in the following chapter to analyze inverter performance since it is the direct input to
the micro-inverter.

5.4)

Influence of DC Input Power on Inverter Performance
As mentioned earlier, the data recorded for the solar radiation contains higher levels of

scattering in comparison with the DC power input to the micro-inverter. The DC power is the
electrical input to the micro-inverter. Therefore, the inverter performance is plotted as a function
of DC power to determine the influence of the input DC power on the system. First, the inverter
efficiency as a function of DC power shows how the DC power affects the inverter’s efficiency.
Then, the power factor as a function of DC power will determine the implication of the input power
on the AC power output by the inverters.

5.4.1) Inverter Efficiency as a Function of DC Power
Figure 27 shows the inverter efficiency as a function of the DC power input to the single
inverter and inverter string relative to the inverter output power. The efficiency of the inverters
increases with the input DC power reaching and stabilizing at 95% for the single inverter and 93%
for the chain of 10 inverters for input power higher than 30% of the inverter power. It is shown
from Figure 27 that the inverters exhibit similar efficiencies on both days. The inverter string on
the sunny day displays increased operation at peak efficiency when compared with the cloudy
day. The cloudy day displays momentary operation greater than 100% of the rated DC input due
increased levels of diffuse solar radiation. The recorded data has high levels of scattering for DC
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power less than 10% of the rated inverter output. The high scattering at low levels of DC power is
a result of the inverter burst-mode displacing the active power trying to maintain power as
mentioned in section 5.1.1.

Figure 27: Inverter efficiency vs. normalized DC power for sunny day (a) and cloudy day
(b)

Figure 28 displays the efficiency as a function of DC power for low levels of DC power.
Both days display increased scattering of the inverter efficiency for DC power less than 5% rated
inverter power. The scattering of efficiency above 100% is due to the displacement of the AC
power relative to the DC power during burst-mode operation. The efficiency of the inverter string
stabilizes after DC power is greater than 10% for both days. The single inverter stabilizes once
DC power is greater than 15% with a discontinuity of efficiency at 25% DC power. The same
discontinuity at 25% occurs on the cloudy day with increased variation at the occurrence. The
discontinuity can be attributed to the inverter’s topology attempting to maintain high efficiency
levels at low input power.
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Figure 28: Inverter efficiency vs. normalized DC power at low levels of DC power for sunny
day (a) and cloudy day (b)

5.4.2) Power Factor as a Function of DC Power
Figure 29 displays the power factor versus the inverter input power for the sunny and
cloudy days. As expected, the power factor increases with the input power, reaching unity when
the PV power is greater than 60-70% of the inverter power. The recorded power factor values do
not display high levels of scattering for DC power less than 30% of the rated inverter value. The
tighter grouping of data implies that the power factor of the inverter is directly proportional to the
input power. There is little visible difference between the data recorded for the sunny and cloudy
days in Figure 29. The similar results in Figure 29 imply that the power factor output by the
inverter is consistent regardless of the variability introduced by the input solar radiation.
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Figure 29: Inverter power factor vs. normalized DC power for sunny day (a) and cloudy day
(b)

5.4.3) Summary
The inverter efficiency and power factor output by the micro-inverters increase with the
input power. Efficiency of the inverters depends on the connected PV module causing lower
peak efficiency for the string of inverters when compared with the single inverter. The power
factor’s peak output by the single inverter and inverter string are similar. The accumulation of
inverters reduces the sensitivity of the inverter efficiency to the solar radiation’s variability as a
result of the spatial dispersion of the PV modules. The impact of the weather conditions will be
visible on the daily average efficiency and power factor with lower performance on cloudy days.
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CHAPTER 6:

CONCLUSIONS AND FUTURE WORK

The main objective of this thesis is to analyze the performance of the micro-inverters
deployed at the PWW test-bed on the Big Island of Hawaii. The conclusions made are aimed at
providing more information regarding the performance of the Enphase micro-inverters.
Measurement boxes were fabricated and calibrated to record the outputs from the PV modules
and the micro-inverters in parallel with the solar radiation incident on the modules. The 18
months of daily data recorded at a frequency of 1 Hz have been collected from measurement
boxes. The solar radiation, DC power output by the PV modules, and AC active and reactive
power output by the micro-inverters were presented for two distinctly different conditions, one
sunny and one cloudy day. The inverter efficiency and power factor are then calculated from
these measurements. For the scope of this thesis, the performances of one inverter and the
summation of the inverters (inverter string) are presented.
Several observations are made about the recorded measurements. The output AC
2

power from the Enphase micro-inverters pulsates at low levels of solar radiation (<100 W/m )
which is attributed to their proprietary “burst-mode” algorithm. Additional research is required to
determine if the micro-inverter’s burst mode causes AC voltage flicker at the local load as
suggested in prior simulation models [40]. It is also observed that the micro-inverters produce
reactive power, correlating to about 10 VAR per micro-inverter. The reactive power follows the
trend of the solar radiation but is also dependent on the grid’s activity.
It is shown that the inverters filter out part of the variation associated with the input solar
radiation due to the capacitors are located at the input of the inverter. Further experimentation is
required due to the accuracy of the solar cell pyranometer that was used to record the solar
radiation.

The accumulation of inverters produce a stabilized efficiency of around 93% which is less
than that output by the single inverter which was 95%. An explanation for the decrease of
efficiency was mathematically presented in Equation 14-Equation 16. The equations verify that
each inverter in the string has a different efficiency due to the spatial dispersion of the PV
modules. Therefore the efficiency values for the inverter string experience increased scattering,
decreasing the overall efficiency. The inverter string was also found to reach its peak stabilized
efficiency earlier than the single inverter.

On the other hand, the addition of inverters allows the inverters to reach unity power
factor earlier than the single inverter and increase the amount of operation time at unity power
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factor. As the inverter efficiency reduces while adding micro-inverters into the PV system, there
might be a trade-off when a string inverter would be more efficient than an accumulation of microinverters.

The micro-inverter performance is shown to be dependent on the input DC power by
plotting the DC power as a function of inverter efficiency. The results shown for the sunny and
cloudy day suggest that the single inverter and inverter string perform consistently through
various environmental conditions. Figure 27 clearly shows the peak operation of the single microinverter at 95% while the inverter string peaks at about 93%, for both days.
The implementation of a measurement box at each micro-inverter in the system will
provide the required data to determine if the PV module technology has an effect on the inverter’s
performance. The data from each micro-inverter will also aid in the determination of each microinverter’s contribution to the accumulated performance of the system. Another update to the
system would be to convert the analog data transmission to digital transmission. Converting to
digital data transmission would decrease the noise introduced from transmitting data long
distances, providing more accurate data points.
In order to observe the impacts on the AC power quality from increased distributed gridtied PV systems, a study could be conducted placing a power quality meter at the low voltage
side of a transformer at a substation in a location where the PV penetration limit has been
exceeded. To compare data, another location where there is a transformer substation of a similar
size, but with little to no PV penetration in that area could be used for comparison. Power quality
parameters such as harmonics, flicker, voltage sag and swell, and power factor would be used to
compare the performance of the two sites.
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