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Featured Application: A new photovoltaic inverter weighted efficiency formulation to be used
in the equatorial region as part of energy yield estimation for a solar photovoltaic system
installation’s return of investment.

Abstract: Photovoltaic inverter conversion efficiency is closely related to the energy yield of a
photovoltaic system. Usually, the peak efficiency (1.x) value from the inverter data sheet is used,
but it is inaccurate because the inverter rarely operates at the peak power. The weighted efficiency is
a preferable alternative as it inherently considers the power conversion characteristics of the inverter
when subjected to varying irradiance. However, since the weighted efficiency is influenced by
irradiance, its value may not be appropriate for different climatic conditions. Based on this premise,
this work investigates the non-suitability of the European weighted efficiency (g ro) for inverters
installed in the Equatorial region. It utilizes a one year data from the Equatorial irradiance profile to
recalculate the value of Nrro (NEURO_recar) and to compare it with the original ngro. Furthermore,
a new weighted efficiency formula for the Equatorial climate (pgu4) is proposed. Validation results
showed that calculated energy yield with ngoy4 closely matched the real energy yield of 3 kW system
with only 0.16% difference. It is envisaged that the usage of ngou4 instead of Muax or Neyro Will
results in a more accurate energy yield and return of investment calculations for PV systems installed
in Equatorial regions.

Keywords: PV inverter; conversion efficiency; energy yield; weighted efficiency; equatorial climate

1. Introduction

Prior to installation, the photovoltaic (PV) system provider (PVSP) performs a site survey to
determine the suitability of the location and to propose the most appropriate system design. Then,
the energy yield (Esys) prediction report will be provided to the customer. This report allows for the
return of investment (ROI) or the payback period to be calculated and correspondingly, the financial
capital can be secured [1]. One important element in the Esys calculation is PV inverter conversion
efficiency. For convenience, many PVSP use the maximum (peak) efficiency (14x) value from the
inverter datasheet to compute Esys [2,3]. However, it has to be noted that the 14y refers to the maximum
achievable conversion efficiency of the dc-ac power converter (or inverter) under the standard test
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condition (STC) (STCs: Irradiance: 1000 W/m?, Temperature: 25 °C, Air Mass: 1.5 AM). In practice,
the PV system rarely operates at STC. For example, in a region that experiences the Equatorial climate,
the STC condition is achievable only for a limited period of the day. At most times, the system is
subjected to a much lower irradiance (G). Moreover, the operating (module) temperature (T) is typically
in excess of 35 °C throughout the day [4].

Alternatively, the weighted efficiency—such as the European (ngyro) and the California Energy
Commission (1cpc) can be used for Egs computation. The weighted efficiency is based on the
consideration that, on average (time per year), the inverter does not operate at STC. Instead, it is
subjected to the continuous variation of irradiance and temperature. Since the power loss of the power
(semiconductor) switches inside the inverter is dependent on the current level at which they operate,
the efficiency value is “adjusted” in order to accommodate for the variation in the operating condition.
Furthermore, the efficiency of the inverter is affected by the fixed losses and ohmic losses. The former is
normally due to the power consumption of the controller and driver circuits, while the latter is related
to the other resistive (IR) losses. Thus, the weighted efficiency is considered to be more representative
of the real inverter performance. Despite this advantage, it is obvious that the weighted efficiency is
specific to a particular climatic region; therefore, its usage in different meteorological conditions can
lead to inaccurate Esys prediction. For example, an inverter that operates in Europe will not give the
same output if it were to be installed in the Equatorial region because the irradiance profiles between
the two are markedly different [5]. Correspondingly, if the same value of ngyro is used, the Egys,
the ROI and payback period for the latter will be wrongly calculated.

Notwithstanding this clear mismatch, it is rather surprising to discover that no work has been
undertaken to determine the suitability of ngyro for inverters installed in an Equatorial climate.
To date, most PVSP still consider 14 or ngyro as the benchmark for efficiency, despite the significant
difference in the irradiance and temperature profiles. Perhaps, during the initial growth of the PV
industry, the market share of the countries outside Europe was much lower, so providing a separate
weighed efficiency number for the inverter was not urgent. However, with the recent rapid growth of
PV installations in the Equatorial region, there is a need to have a more accurate prediction of Egys.
Thus, it is timely to carry out an investigation on this matter.

This work is carried out with two primary objectives. First is to prove the hypothesis that if a
PV system is installed in the Equatorial region, the usage of ngyrpo from the datasheet will not be
accurate. In other words, the ngjro needs to be recalculated to reflect the inverter performance under
the influence of the Equatorial irradiance profile. Second, once this fact is established, a new formula
for weighted efficiency that is suitable for the Equatorial region is to be formulated. To achieve these
goals, the first step is to gather a one year in-plane irradiance (G) dataset from a dedicated weather
station. As required by the international standards and test protocol [6-8], the G data are used as
an input to the PV array simulator (PVAS), which then feed the inverter under test. The output of
the PVAS is connected the ac grid, while the input dc power (P;.) and the output ac power (P,)
are measured at a specific level of operation. From these data, the efficiency of the ngyro for the
inverter is re-calculated and compared with the value given by the data sheet. Using the same data
set, the formula for efficiency for equatorial climate (nggu4) is derived. To validate the correctness of
NEQua, the power data from a 3 kW real system are used.

2. Review of PV Inverter Efficiency

2.1. Overview

Apart from the module, the inverter is the next most crucial and costly component in a PV system.
Since the life-cycle of the system is long, i.e., well over 20 years, the effective influence of inverter
efficiency has to be factored into the overall system performance. Based on references [2,3], the energy
yield, Esys can be predicted using
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Esys = Parmy'PSH‘ftemp'fmm'fdirt'ncuble'ninv (1)

In (1), Pyyray refers to the rated power of the module, PSH is the peak sun hour of irradiation, ftemp
is the losses due to temperature, f;;; is the manufacturer’s tolerance or mismatch, fz;,; is the loss which
is due to the accumulation of dirt on the panel surface, and 1y, is the efficiency of the DC cable that
is used to connect the PV panel and the DC side of the inverter. The last term in the equation, i.e.,
MNinv refers to the inverter efficiency. As a rule of thumb, an inverter which is 1% less efficient is quoted
to be 10% comparatively cheaper [9].

Figure 1 depicts the tree diagram of PV inverter efficiency classification. It has two components:
the conversion (1;,,) and the maximum power point tracking (MPPT) efficiency (napppr). The 1y is
simply the ratio of the output (ac) power to input (dc) power, and is directly related to the efficiency of
converter hardware. On the other hand, the nppr reflects the ability of the MPPT algorithm to tracks
the maximum point on the P-V characteristic curve at any instant. It is the ratio of the actual power
that is extracted from the module to the maximum theoretical power that can be achieved from the P-V
curve. The nyppr influences the power converter by adjusting its duty cycle so that it always operate
at the maximum point for a given temperature and irradiance level. The total efficiency is defined as
the multiplication of 1;,, and nyppr [10]. This work concentrates on the 7;,,, as the MPPT efficiency
has already been extensively covered elsewhere [11].

PV Inverter
l \4
Conversion MPPT
A\ 4 A\ 4
v \4 v v
Maximum Weighted Static Dynamic

Figure 1. Tree diagram of PV inverter efficiency [11].

To simplify the calculation for Egys, many PVSPs assume 1), equals 1max [2]. The 1yax, which
is usually given in the datasheet, indicates the maximum reachable efficiency achieved by the
inverter, measured using the STC. Typically, the peak power is achieved when the inverter operates at
approximately 70%-80% of its rated power. However, the irradiance does not necessary falls into the
range where the inverter is at its peak performance. Moreover, the usage of 7,4y is not realistic because
the inverter seldom operates at STC during the field operation. Consequently, the application of 1.y
results in an over-rated Esys value, causing inaccurate prediction of the ROI and the payback period.
The weighted efficiency, on the other hand, takes into account the performance of the inverter when
subjected to varying irradiance profile. Since the irradiance is directly related to the input power of
the inverter, the conversion efficiency varies according to power level at which the inverter operates.
Thus, the weighted efficiency is more representative of the inverter performance because it matches
the operational condition with the power converter characteristics.
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2.2. Formulation of Weighted Efficiency

The general approach to derive the weighted efficiency can be found in several documents,
particularly the IEC 61683 and the EN 50530 Standard [6-8]. These standards recommended that
the weighted efficiency equation to be developed in a controlled laboratory environment using the
PV array simulator. The output of the simulator emulates the output of a real PV panels, which is
connected to the inverter being tested. The simulator is fed by a one-year G profile that is averaged
as a one-day dataset. To compute the efficiency, the input and output power data (i.e., the P, and
Pj.) of the inverter need to be recorded. Another important feature is that the weighted efficiency is
computed with the assumption that the back panel temperature (T) is kept constant at 25 °C. Only G
is made variable so that the performance of the inverter can be made comparable when tested in a
different climate.

In principle, the idea of weighted efficiency is based on the irradiance-duration (G vs. time) curve.
An example of such curve is shown in Figure 2. In this case, the inverter operates at four levels of
operation. The level of operation is related to Py./Pj. rateq, Where Py, is the dc input power to the
inverter (which is proportional to G), while Py; .4 is the rated dc power of the inverter (given by the
data sheet). The choice for the number of level of operation is arbitrary. Any number can be used as
long as the Py, P4, and G data are available. However, to simplify the efficiency formula, P;./Py; rateq
are grouped into several ranges.

4/4

3/4r

2141

Irradiance level

1/4¢

Ts B3 T2 Ty
Duration

Figure 2. Example of irradiance-duration curve with four levels of operation [6-8].

The formula for the weighted efficiency, (nwT) is calculated as the sum of the product efficiency (at
each level of operation) and its corresponding weightage, as given by (2). The weightage refers to the
amount of time (T},) that the inverter operates (at a specific level of operation) divided by the sum of
irradiance level for the whole duration of the inverter operating time (Tyr), i.e., T/Twr. The efficiency
is simply the ratio of the output (P,) to input (P;.) power at a specific level of operation.

T=n{ T,
WT = T/ Tﬂ) )
e = Yoo
For the irradiance-duration curve shown in Figure 2,

1T 2T, 3T;3 4
TWT = oM/ + =——M2/a+ =374 + 7 N4/4 3)
Twr Twr Twr Twr

where

nwt = weighted efficiency
Twr =1T1 + 2T, + 3T5 + 4Ty
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n1/4 = is the efficiency value when P is 1/4 of Py yateq

2.3. Types of Inverter Weighted Efficiency

Currently, the most widely used weighted efficiency is the nryro. Its formulation is based
on an hourly irradiance dataset gathered from a town called Trier, Germany [12,13]. In general,
Neuro represents the inverter installed in regions that receive moderate irradiance penetration [14,15].
Its formula is given as

neuro = 0.03 - 159, + 0.06 - 11109, + 0.13 - 11209, + 0.10 - 11309, + 0.48 - 1509, + 0.20 - 7100% (4)

Since ngyro was developed before the existence of IEC 61724 and IEC 61683 Standards, it does
not conform to the maximum of a 15 min sampling interval requirement. Instead, it was based
on hourly irradiance sampling, which was manually recorded every three hours [12,13]. Recently,
several researchers revisited the computation of ngro using one second sampling time. However,
the difference in the outcome was only 0.2% and thus, the finding is not considered to be significant [13].
The nryro formula is characterized by six pre-determined levels of operation: i.e., 5%, 10%, 20%,
30%, 50%, and 100%. The ranges for Py./Pjc rateq that form the level of operation is shown in Table 1.
For each level, a group of Py./P; rateq is assigned; for instance, level 20% comprises of Py./Pgc sateq that
fall between 15% and 25%. Furthermore, the associated weightages are also shown. The heaviest
weightage of 0.48 occurs at level of operation that equals 50%. This means that for nearly half of the
operational time (T/T), the inverter is operating at approximately 50% of its rated power. On the other
extreme, the lowest weightage is 0.03, which occurs when level of operation equals 5%. This implies
that for 3% of the operational time, the inverter operates at approximately 5% of its capacity. In the
case of Ngyro, it is unclear how the weightage is determined. This most likely occurs is through trial
and error.

Table 1. The ranges for P;./Pj. ra1.q and weightage for each level of operation for ngyro-

Level of Operation (LO) (%) Range for P;./P . rated (%) Weightage (WT)

5 0-7.5 0.03
10 >7.5-15 0.06
20 >15-25 0.13
30 >25-40 0.10
50 >40-75 0.48

100 >75 0.20

The California Energy Commission weighted efficiency (1cgc) is based on one second sampling
of the irradiance data, collected from Sacramento, California [16]. It has become a popular indicator to
quantify the performance of the inverter in a region with high irradiance [13]. Similar to ngyro, it also
has six levels of operation. However, the efficiency at each level of operation assumes a different value.
Furthermore the weightage differ as follows:

ncec = 0.04 - 199, + 0.05 - g9, + 0.12 - 309, + 0.21 - 509, + 0.53 - 11759, + 0.05 - 11100% 5)

By comparing (4) and (5), it can be observed that the 1cgc is more balanced in terms of the range of
efficiency distribution that the inverter operates in. In contrast, the ngro pays more attention towards
the range under 50% of PV inverter efficiency.

Besides ncpc and neyro, there were other attempts to formulate the weighted efficiency according
to respective local climates. The Izmir Efficiency (n;zp) is based on a one minute sampling of irradiance
data of Izmir, Turkey [17]. The formulation of 1z is done using the PV array simulator at the Austrian
Institute of Technology (AIT), Vienna. The resulting equation, i.e., (6), resembles the simplified version
of ncec, but with the omission of weightages at levels of operation equal to 20% and 100%. Moreover,



Appl. Sci. 2020, 10, 201 6 of 16

the power level efficiency at 75% was changed to 70%. These similarities are no coincidence. If the
world map of Koppen-Geiger Climatic Classification System (KGCCS) shown in Figure 3 is referred to,
Izmir and Sacramento (where the data for 1crc is collected) actually share the same climatic condition.
It is labeled as “Csa”, which is characterized by a mild temperate climate as well as a dry and hot
summer [18].

Nizm = 0.04- 109 + 0.12 - 1309 + 0.21 - 1509, + 0.53 - 1170% (6)

’ Il Bl "I ..
1 —

Al Am As Aw BWh BWk BSh BSk Csa Csb Csc Cwa Cwb Cwc Cfa Cfb Cfc Dsa Dsb Dsc Dsd Dwa Dwb Dwc Dwd Dfa Db Dfc DId ET EF

First letter Second letter Third letter Data source: Terrestrial Air Temperature/Precipitation:

A: Tropical f: Fully humid T. Tundra h: Hot arid 1900-2010 Gridded Monthly Time Series (V 3.01)

B: Dry m: Monsoon F: Frost k: Cold arid Resolution: 0.5 degree latitude/longitude

C: Mild temperate s: Dry summer a: Hot summer .

D: Snow w: Dry winter b: Warm summer Website: http:/hanschen.org/koppen

E: Polar W: Desert c: Cool summer Ref: Chen, D. and H. W. Chen, 2013: Using the Koppen classification
S: Steppe d: Cold summer to quantify climate variation and change: An example for 1901-2010.

Environmental Development, 6, 69-79, 10.1016/j.envdev.2013.03.007

Figure 3. World map of the Koppen-Geiger climate classification system [18].

The first localized weighted inverter efficiency from India is the Chennai Efficiency (ncye) [19].
Chennai is a city located in the Southeast of India. Under the KGCCS, the climate is marked as “Aw:
tropical, with dry winter”. The ncyg was based on the data gathered in 2010-2013 of a working 155
kW PV system. However, these procedures did not comply with the IEC 61683 [6-8], in which the
efficiency must be derived using the PV array simulator that is fed by the local irradiance profile at a
fixed temperature of 25 °C. In this case, both of the irradiance and temperature varies. Furthermore,
the irradiance was measured horizontally (not in-plane), which did not comply with IEC 61724 [20,21].
The developed equation for ncyr is

ncre = 0.03 - 110% + 0.08 - 7209 + 0.22 - 11409, + 0.21 - 16594, + 0.24 - 1809, + 0.17 - 1959, + 0.05 - n100%  (7)

Another Indian weighted efficiency is the Kanpur Efficiency (ngan) [22]. As the name suggests,
the ngan is derived using the irradiance collected at the Indian Institute of Technology, Kanpur,
in Northern India. Under the KGCCS, the climate is marked as “Cwa: mild temperate, with a dry
winter and hot summer”. Unfortunately, as with the case of the Chennai efficiency, the ngay is not
derived using the PV simulator as required by IEC 61683. As a replacement, the real data of a 40 kW
PV system is used. Moreover, it is not based on a yearly data as suggested by reference [20] and
reference [21]. Instead the irradiance data is a sample of two sunny days (23 January 2014 and 17



Appl. Sci. 2020, 10, 201 7 of 16

February 2014) is used. Hence, it is not surprising that one of the significant features of gy is the
large weightage (0.84) given for level of operation of 100% (0.84), i.e.,

nkan = 0.01- 7159, + 0.01 - 1199, + 0.03 - 1209, + 0.03 - 11302, + 0.08 - 1509, + 0.84 - 171002 8)

In conclusion, it can be deduced that of among existing weighted efficiencies, only the ncgc and
nizm were formed according to the required standards [6-8,20,21]. However, the 1;z)s can be deemed
as being redundant since both 1;z)s and 1¢cgc actually represent the same climatic profile. Even though
this profile is shared by many countries situated in the Mediterranean, the 1¢crc is not popular, except
in North America. Despite the inadequacies of g ;ro (with regards to the compliance of standards) it
is still the most common standard in the rest of the world. This is mainly due to similarities in the
voltage and frequency settings, which favor the nryro. Furthermore, ngyro was introduced much
earlier than other weighted efficiency formula, and has remained as the standard bearer ever since.

3. Methods

As shown in the KGCCS map, the Equatorial climate, i.e., “Af: tropical, fully humid” is shared by
more than 20 countries across three continents. This climate is characterized by a relatively constant
temperature, high precipitation (rain), and high cloud presence throughout the year [23]. Furthermore,
there is no clear trend of four distinct seasons, as is commonly experienced by temperate countries.
It is therefore reasonable to assume that the true performance of PV inverters operating in temperate
countries can be different from others installed outside them. Based on this hypothesis, the first
objective of this work is to prove that ngyro is unsuitable for inverters installed in the Equatorial
climate. Once this fact is established, the second objective is formulated, namely a new weighted
efficiency formula for the Equatorial climate. To achieve these objectives, the following activities
are carried out: (1) collecting one year (Equatorial climate) irradiance data from weather stations,
(2) running an inverter with a PV array simulator using the collected data, (3) measuring the input
and output power, (4) re-calculating the ngro of the inverter, (5) formulating the weighted efficiency
formula for the Equatorial climate (nggua), and (6) validating ngoua using data from a practical PV
system. For convenience, this methodology is summarized as a flowchart shown in Figure 4.

( Start )

A 4

Collect Gi from

weather station
v
Run inverter Formulate
with PVAS Neoua
v v
Measure Pdc Validate Igoua
and Pac of with real
inverter system
<
<
v A 4
Calculate ( End
rllil\l{()

Figure 4. Flowchart of the methodology.
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3.1. The Weather Station

The meteorological data of interest data are collected from a dedicated weather station located at
the Universiti Teknikal Malaysia Melaka, Malaysia (GPS coordinate of 2°12°0” N, 102°15’0” E) [4,24].
The photographs of the set-up are shown in Figure 5. The location can be considered as a typical
reference for the Equatorial region. The collected data are the horizontal or global irradiance (Gy), tilted
(in-plane) irradiance (G;), ambient temperature (T,;), and module temperature (T;). To measure Gy,
and G;, two CMP11 secondary standard pyranometers are used. Furthermore, the HMP 155 ambient
temperature sensor and the fast response thermocouple type E are utilized to measure T, and T,
respectively. The specifications of the measurement devices and sensors are in compliance to the IEC
61724 [20]. These sensors are connected to the electronic data acquisition system. The data are sampled,
logged at every one second interval, and stored in a dedicated server. The latter is equipped with a
redundant array of independent disks (RAID) system to preserve the continuity of the saved data in the
case of hard disk drive failure. From the one second base sampling, the data is processed (averaged) to
obtain the 1 min, 5 min, hourly, daily, and monthly data size. For the purpose of producing a weighted
efficiency equation, only the tilted irradiance profile is needed. The temperature information is not
used because the weighted efficiency formulation PV array simulator requires the module temperature
to be fixed, i.e., st 25 °C.

(a) (b)

Figure 5. The photographs of hardware used in data collection: (a) the CMP11 pyranometer; (b) data
acquisition for weather sensors.

Figure 6 shows the in-plane irradiance (G;) profile, logged by the weather station on 9 April
2014 [4]. The data is sampled in one second. The profile characterizes a typical day of Equatorial
weather: clear sky early in the morning until midday before shifting to a cloudy sky later in the day.
However, to produce a one year daily average, a one minute average sampling time is suggested by
the IEC 61724 [20], as well as by the Australian PV System Monitoring Guideline (2013) [21]. Based
on these recommendations, the one second sampled data (taken from 1 January 2014 to 31 December
2014) is averaged to one minute. In this paper this dataset is known as the “Equatorial data”.

3.2. The PV Array Simulator

In order to have consistent formulation of inverter efficiency, the measurements must be conducted
in a laboratory environment, where the irradiance and temperature can be controlled reliably. It is
difficult to achieve these conditions using the physical PV array (in the field) due to the meteorological
uncertainties (particularly temperature variation). Thus, the PV array simulator (PVAS) from Austrian
Institute of Technology (AIT) was used to emulate the PV modules of specific types [9,24]. Unlike the
normal simulator (which is switched mode power supply), the PVAS is built using a linear high-voltage
Metal Oxide Semiconductor Field Effect Transistor (MOSFET). As a result, the effect of switching
frequency ripple on the dc output is minimized. The measured irradiance data (G; from the weather
station) was used as an input to the PVAS. Using these values, a unique I-V characteristic curve was
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generated. Then using a script generator, a continuous profile of output power (based on the I-V curve)
was produced at the output of the PVAS. Note that to compute the weighted efficiency, the temperature
was set to be constant at 25 °C.

1200

S
o

g

Irradiance (W/m?)
NOB O
8 8 8

et

Figure 6. Example of one second sampled in-plane irradiance daily data in 2014 [4].

Figure 7 depicts the overall block diagram used to measure the efficiency of the inverter, while
Figure 8 shows the photograph of the actual laboratory test set-up. The G; data from the weather
station was converted into a specific format that is readable using the PVAS. Since the data is obtained
from crystalline modules, the same technology was set in the PVAS parameters setting. Furthermore,
the critical inverter specifications, i.e., Voc, Isc, Vinpp, and Iy, were also specified [7]. The output of the
PVAS was connected to the tested inverter and the latter was tied to the grid. To avoid measurement
uncertainties (due to the voltage and frequency fluctuation), the grid was emulated using an ac power
source, connected to a resistive load. The ratio between the module power and the dc side power of
the inverter was set to 1:1. This ratio is recommended by references [25,26]. The electrical properties of
the inverter, namely the input dc (Vpc, Ipc) and output ac (Ve and I,c), were logged using a PM 6000
power analyzer. From these quantities, the P;. and P, were computed, respectively. Four inverters
with different technologies and ratings were tested. Their specifications are described in Table 2.

PWinS

Artificial grid

1
1 -
DC/DOC CeC T AL power
Gt converter ! e RERLITE A
RAFET I
__________________ H
IFve P F
L 4
Rarsistive
Operational Vaoltage & cumment Load Bank

TS ST 47 T 1- l'ﬂﬂillﬂ'-‘ﬂ?l'-‘ﬂu
for the PVAS [dara logging)

e el aras Rl mvEasured o ata

Irradignce (&)
Temperature (T)
P array specifications

Softwane:
- Seript Gonerator (containg PV model)
- PVAS Contral soltes ars

Figure 7. Block diagram of the PV inverter test.
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Grid-tie inverter AC power source
' 11
L]

11kW variable
resistive load bank

PVAS

PVAS control PC

Figure 8. Actual PV inverter test set-up.

Table 2. The electrical properties of the tested PV inverters.

Parameter Unit SB700LF SB3000 HF K4200TL K7900TL
Low High
Inverter Technology Frequency Frequency Transformerless  Transformerless
Transformer  Transformer
Rated dc power (Pac_rated) W 780 3150 4200 7900
Rated dc voltage \% 250 700 800 800
MPPT voltage range \% 119-200 210-560 350-600 350-600
Rated input current A 7.0 15.0 11.5 19.7
Rated ac power 4 700 3000 4000 6650
Nominal ac voltage \% 230 220-240 22-240 220-240
Frequency Hz 50 50H 50H 50
Maximum efficiency (Mmax) % 93.0 96.3 96.5 96.7
Euro efficiency (ngyro) % 92.0 95.4 95.9 96.2

4. Discussion

4.1. Recalculated Euro Efficiency from Measured Equatorial Data

To determine whether ngro is suitable for an inverter installed in the Equatorial region, its value
was recalculated using the irradiance profile of the region. The one year irradiance profile from the
weather station was loaded into the PVAS and the output was used to drive the inverter. The module
temperature (T,) was held constant at 25 °C. By measuring the output power (P,.) and input power
(Pgc), the efficiency of the inverter (1eqss) was obtained. For the SB3000HF inverter, since the number
of logged data that it produced was 593 (this is not necessarily the same for all inverters), the number
of Pyc/Pyc_rateq values and level of operation are the same. Correspondingly,

1Ty T> 3T 593T593
TWT = 7—11/593 + = 112/593 + ———13/593 t -+ - + ———1]593/593. ©)
Twr Twr Twr Twr

To emulate the original ngyrp equation, the Py./Pj. ra10q Values were grouped into six levels of
operation. Thus, the 593 logged data were grouped into six ranges [13]. Taking the SB3000HF inverter
as an example, these boundaries for the Py./Pj; sateq are summarized in Table 2. The six level of
operation were 5%, 10%, 20%, 30%, 50%, and 100%. Note that, the 5% level has Py./P . ;teq tanged from
0 to 7.5%; the 10% level has a Py./P . rateq ranged from 7.5 to 15% and so on. These ranges were adopted
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to be consistent with the original ngro formula. Similarly, the weightage for each corresponding level
was adopted from the g ro. They were 0.03, 0.06, 0.13, 0.10, 0.48, and 0.20, respectively. Furthermore,
for every level of operation, an average conversion efficiency (1iess_ave) was computed. It was the
average measured efficiency of each logged data in that particular range. The weighted efficiency was
the sum of multiplication of the 1yeqs_sve and weightage, as shown in Table 3. Hence, the general form
of weighted efficiency for the six level of operation can be written as

1T 2T, 3T3 6T¢
TWT = 711 /6 + o126 + =376 + - - - + 7166, (10)
Twrt Twr Twr

Twr

The NEURO recat Was the recalculated 1g;ro when the inverter was operated under the Equatorial
condition. Since the (same) ngro weightage was used for g RO recat cOMputation, a certain amount
of difference to the former was expected. From Table 4, it can be seen that the 1RO recsr Was lower
(between 0.27% and 2.06%), depending on the inverter technology and size. This observation suggests
that if an inverter with a ngyro datasheet was operated in the Equatorial climate, its energy yield
would be lower than the computed value (using ngro). The difference was inevitable because the
weightage remains constant, while the irradiance profile has changed significantly. Thus, it was proven
that usage of a nry;ro Equatorial climate is unsuitable and there is a need to derive a new weighted
efficiency that reflects the meteorological condition of this region.

Table 3. The nEyRO_recar Values for the four different inverters (G = G; and Ty, = 25 °C).

Puc/Pyc rated SB700LF SB3000HF K4200TL K7900TL
Lo R?:/I)ge WT ¢) Nmeas_ave WT x Nmeas_ave WT x Nmeas_ave WT x Nmeas_ave WT x
° (%) Nmeas_ave (%) Nmeas_ave (%) Nmeas_ave (%) Nmeas_ave

5 0-7.5 0.03 62.88 1.88 81.83 2.45 85.41 2.56 86.56 2.59
10 >7.5-15 0.06 84.69 5.08 92.45 5.54 90.69 5.44 94.52 5.67
20 >15-25 0.13 89.50 11.6 94.84 12.32 95.23 12.37 95.32 12.39
30 >25-40 0.10 91.48 9.14 95.80 9.58 95.30 9.53 95.24 9.52
50 >40-75 0.48 91.65 439 95.97 46.06 95.12 45.65 94.92 45.56
100 >75 0.20 91.01 18.2 95.77 19.15 94.94 18.98 94.67 18.93
TEURO_recal 89.94 95.13 94.56 94.68

Table 4. Differences between ngyjro from the datasheet and ngyro recal-

Efficiency Type SB700LF  SB3000HF K4200TL K7900TL

neuro (%) 92.00 95.40 95.90 96.20
NEURO. recal (70) 89.94 95.13 94.56 94.68
Difference (ppt) 2.06 0.27 1.34 1.52

4.2. Methodology for Determination of Equatorial Efficiency

It is clear that to determine a correct value of weighted efficiency for the Equatorial region, it is
necessary to modify the weightage for each level of operation. If the original value of weightage (from
Neuro) is used, it will result in a different value. This is shown by the discrepancies between 1r;ro
and NEyRO_recal in Table 4. Thus, to formulate the Equatorial efficiency (npgua), a new set of weightage
needed to be determined. However, to maintain consistency with ngro, six levels of operation with
similar P;./Pg; rateq range (as shown in Table 1) were used.

Recall that the weightage is T,,/Twt, where T}, is the duration at which the inverter operates
at a certain irradiance level and Twr is the entire duration of the inverter operating time. Figure 9
illustrates the irradiance-duration curve produced by the SB3000HF inverter constructed from the
one year Equatorial irradiance data from the weather station [6-8]. Based on the gathered data, the
Pic/Pic_rated Values were grouped into six level of operations. The duration for each level is denoted by
Ty, Ty, ..., Te. For example, for T5 the level of operation is 50%. The amount of time in which the
inverter operates in this condition (over the entire duration) is 43%. Thus, the weightage for this level
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is 0.43. Similar evaluations can be made for other levels of operation: the weightage for every level of
operation can be written as 0.9, 0.8, 0.9, 0.13, 0.43, and 0.18.

18

100

Irradiance level (%)
¥
[an]

Duration (%)

Figure 9. The irradiance-duration curve produced by the SB3000HF inverter.

The other important variables of the weighted efficiency are the P, and Py, measurements.
They have to be measured at every value of P;./Pj. rat0q. For every level of operation, the Py./P . sated
was confined within a certain range, as shown in Table 5. Thus the efficiency calculations within
this range have to be averaged—similar to the ones performed for ngyro recssr The summation
of the multiplication between e ae and weightage results in the weighted efficiency of the
inverter. The final values of nggua for SB3000HF, SB700LF, K4200TL, and K7900TL are shown in
Tables 5-8, respectively.

Table 5. Weighted efficiency for the SB3000HF inverter when G = Gi and T = 25 °C with
individual weightage.

Level(zg ?([‘))/eo;‘atlon pdc/II{’z?_iet;f(%) Weightage (WT) () eas_ave (%) WT X meas_ave

5 0-7.5 0.09 81.83 7.3647
10 >7.5-15 0.08 92.45 7.3960
20 >15-25 0.09 94.84 8.5356
30 >25-40 0.13 95.80 12.4540
50 >40-75 0.43 95.97 41.2671
100 >75 0.18 95.77 17.2386

EQUA (O/o) 94.256

Table 6. Weighted efficiency for the SB700LF inverter when G = Gi and T = 25 °C with
individual weightage.

Level(zg ?gz;atlon Pdc/ll{’zigr:t;f(%) Weightage (WT) () eas_ave (%) WT X Nmeas_ave
5 0-7.5 0.08 62.88 5.0304
10 >7.5-15 0.09 84.69 7.6221
20 >15-25 0.10 89.50 8.9500
30 >25-40 0.15 91.48 13.7220
50 >40-75 0.47 91.65 43.0755
100 >75 0.11 91.01 10.0111

neoua (%) 88.4111
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Table 7. Weighted efficiency for the K4200TL inverter when G = Gi and T = 25 °C with

individual weightage.

Level( sz ():)gz;*atlon Pdcll;jigr:t;f(%) Weightage (WT) () eas_ave (%) WT X meas_ave

5 0-7.5 0.07 85.41 5.9787
10 >7.5-15 0.17 90.69 15.4173
20 >15-25 0.06 95.23 5.7138
30 >25-40 0.10 95.30 9.5300
50 >40-75 0.43 95.12 40.9016
100 >75 0.17 94.94 16.1398

NEQUA (%) 93.6812

Table 8. Weighted efficiency for K7900TL inverter when G = Gi and T = 25 °C with individual weightage.

Level( zg?gz;ahon Pyc /I;JZZI_%;e:f(O/O) Weightage (WT) () Nineas_ave (%) WT X Wimeas_ave

5 0-7.5 0.11 86.56 9.5216

10 >7.5-15 0.11 94.52 10.3972

20 >15-25 0.07 95.32 6.6724

30 >25-40 0.12 95.24 11.4288

50 >40-75 0.43 94.92 40.8156

100 >75 0.16 94.67 15.1472

TEQUA (O/o) 93.9828

Since the analysis was conducted for four inverters (with different technology), a generalized
relationship for g4 needs to be determined. Because the weightage for each inverter shows very

small variations compared to the other ones, it is sufficient to take a simple average of the individual
weightage for every inverter at every level of operation. As shown in Table 9, the average weightage
was 0.0875, 0.1125, 0.0800, 0.1250, 0.4400, and 0.1550, respectively. To simplify the formula, the numbers
were rounded to two decimal places. Thus, the suggested Equatorial Efficiency (npgu4) formula can

be written as

Nequa = 0.09 X 1159, + 0.11 X 109, + 0.08 X 11299, + 0.13 X 309, + 0.44 X 11500, + 0.15 X 71000 (11)

Table 9. Determination of general ngg4 weightage.

Level of Operation Individual Weightage Averaged Suggested
(LO) (%) SB700LF  SB3000HF K4200TL  K7900TL  Weightage  Weightage

5 0.08 0.09 0.07 0.11 0.0875 0.09

10 0.09 0.08 0.17 0.11 0.1125 0.11

20 0.10 0.09 0.06 0.07 0.0800 0.08

30 0.15 0.13 0.10 0.12 0.1250 0.13

50 0.47 0.43 0.43 0.43 0.4400 0.44

100 0.11 0.18 0.17 0.16 0.1550 0.15

With the adoption of the new ngg1a, Table 10 shows the summary of the difference in the weighted
efficiency for the four inverters. As can be observed, in all cases, the nggu4 is less than the ngyro from
the datasheet. The nggua is also lower than the recalculated 1gyro, i-€., NEURO_recar- The differences are

in the range from 0.5% to 3.99%. These findings imply that if ngyro is used to compute the Egys, it will
lead to incorrectly high energy production estimation.
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Table 10. Differences between 1gyro from datasheet, recalculated ngyro, and suggested nggua.

Efficiency Type SB700LF  SB3000HF K4200TL  K7900TL
Datasheet ngro (%) 92.00 95.40 95.90 96.20
Recalculated 89.94 95.13 94.56 94.68

TEURO_recal (0/0)
Suggested neoua (%) 88.01 94.17 93.76 94.16

4.3. Results Validation

It is difficult to validate the accuracy of the ngo;4 formula using the power data obtained from
a real PV system. This is because in the Equatorial region, the temperature rarely remains at 25 °C
throughout the day. Such a condition only occurs early in the morning when the irradiance is very
low, i.e., less than 100 W/m?2. However, during that time, the inverter is either in sleep mode or in grid
synchronization mode. One practical approach is to validate the npoua (which is formulated at 25 °C)
by comparing the measured energy yield (Esys_mess) of a real system to the calculated energy yield
(Esys_calc)- The latter is calculated using

Esys = Purruy'PSH‘ftemp'fmm'fdirt‘ncable‘ﬂinv (12)

To determine Esys_cales the number of days is set at 365, Py at 3 kW, PSH is fixed according to
the designated month or year, fiemp at 98%, fum at 95%, fyir+ at 97%, and 11¢4pje at 98%. These made the
accumulation of errors set at 0.8. These values are widely used and have been verified by reference [2].
While these variables remain fixed, the 7;,, is varied using either the value .y, NEURO OF NEQUA-
This is to compare the computed energy yield when using three types of weighted efficiency formulas.
By taking the absolute difference between Esys_meas and Esys_calc, 1-e.,

Esys_diff = Esys_meus - Esys_culc|- (13)

The weighted efficiency which results in E;s g being the closest value to zero can be considered
to be the most appropriate setting for the Equatorial region. The real PV system is a 3 kW roof-top
grid-connected system with a 1:1 (PV module: inverter) sizing ratio. The array comprises of twelve
255 W monocrystalline modules, facing South at 10° tilt angle. The strings from the panels are
connected to a SB3000HF inverter. As suggested in references [2,3], the Esys calculation is only valid
when the data is logged for one year. Figure 10 shows the energy produced, logged throughout the year
2014. The total Esys_peas for the year is 4141.7 kWh. The computed values Esys_calc USING Nmax, TEURO,
and negua are shown in Table 11. The Egys g are 99.10, 59.47, and 6.63 kWh, respectively. Clearly,
the computation using negua results Egys g is nearest to zero. Thus, it can be concluded that negua is
the best option to represent the inverter efficiency for the Equatorial region.

2014 E (3 = 4141.740 kWh)

sys_meas

500.000
400.000

=
=
]
>
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=
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Figure 10. Energy produced from a real 3 kW PV system in 2014.
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Table 11. Validation results of Esys with different types of PV inverter efficiencies.

Year 2014 Real Esys_meas = 4141.74 kWh

Calculated Difference Difference
Efficiency Type Efficiency Value (%) 4 f
yyp y Esysfculc (kWh) Esysfdiﬁc (kWh) Esysfdiﬁc (ppdH
Nmax 96.3 4240.84 99.10 2.39
NEURO 95.4 4201.21 59.47 1.44
NEQUA 94.2 4148.37 6.63 0.16

5. Conclusions

In this paper, experimental work was done on four inverters with different sizes and technologies
to investigate the suitability of the application of ngro in the Equatorial climate due to the overrated
nature of fyey. PVAS simulation results using a recalculated ngyro of the four inverters under an
Equatorial irradiance profile showed nonconformance to the ngro, as stated in each of the inverters’
datasheets. This is expected since that PV inverter’s weighted efficiency is influenced by irradiance
and different climatic region will have its own irradiance profile. Hence, rgua was developed to
better represent the actual weighted efficiency of PV inverter in the equatorial region. This finding was
further validated when its Egys cqc was compared with Esys meqs Of a real grid-connected PV system.
The comparison shows that Egys_cic with npqua instead of ngyro Or fmex matched the real system
Esys_meas more closely. Thus, it is hoped that the use of g4 instead of the current practice of 7y in
the Esys calculation will better indicate the expected output from a PV system installed and therefore
will accurately specify the correct ROI period for the system owner.
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