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Abstract: Partial shading is widely considered to be a limiting factor in the performance of photo-
voltaic (PV) systems applied in urban environments. Modern system architectures, combined with
per module deployment of power electronics, have been used to improve performance, especially
at heterogeneous irradiance conditions, but they come with a high investment cost. In this paper,
another approach is used to evaluate the selective deployment of power optimizers (SDPO), which
can operate with a variety of string inverters and can be retrofitted in PV systems suffering from
high shading losses. A combination of modelling and outdoor field testing showed the benefits
and drawbacks of SDPOs in a variety of shading scenarios. Results suggest that there is an energy
yield increase of 1-2% on an annual basis compared to that of a reference system. The exact level of
increase depends on the shading patterns and combination scenarios used in this paper.

Keywords: BIPV; power optimizers; SDPO; partial shading

1. Introduction

Penetration of solar photovoltaic (PV) systems worldwide is forecasted to increase in
the next years [1]. More specifically, the implementation of building applied (BAPV) and
building integrated (BIPV) systems is expected to have a pivotal role in the energy transition
efforts of governments worldwide, especially in countries where land is expensive or is
used for agricultural purposes. The technical potential of PV systems installed on existing
and suitable roofs has been extensively researched by several authors, with promising
results [2—4]. In the US, building roofs can host a total of 1118 GW of PV capacity, resulting
in a potential generation of 1432 TWh annually. The latter represents approximately 39% of
total electricity sector sales. In The Netherlands, which is a densely populated country, the
roof potential reaches 892 km? of suitable PV roofs and thus can cover 98% of total Dutch
household electricity demands. It seems obvious that in order to achieve such an imperative
task, the losses of PV systems have to be kept to a minimum. In an urban environment,
roofs and terraces are often affected by shade due to the close proximity of buildings, poles,
antennas, and dormers, which introduce electrical and thermal mismatches.

Cells in PV modules are connected in series and, therefore, partially shaded cells can
be forced to support current levels exceeding their characteristic short-circuit current. As
a result, they become reverse biased and act as an external load, consuming the power
produced by other solar cells. Consequently, the output power of the module is decreased
and, when modules are connected in a series configuration (which is typical in residential
and commercial applications), the power losses are exaggerated and non-linear. The most
heavily shaded cells limit the current and power that can be extracted from the system at
the maximum power point (MPP) operating voltage. Moreover, the large power dissipation
in the shaded cells results in local overheating (resulting in a “hot spot”) [5] and can have
permanent destructive effects on the PV module.
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Nowadays, most PV modules are equipped with bypass diodes to prevent power
consumption from shaded cells and to prevent hot spots. By utilizing bypass diodes, the
higher currents of the unshaded cell strings can flow around the shaded cell string and,
hence, the panel can continue to supply power at a reduced voltage rather than provide no
power at all. Although it would be ideal to have one diode integrated for each cell [6], at
present this solution is not economically feasible. Typically, in a module with 60 mono- or
multi-crystalline silicon cells, three bypass diodes are used, one for each 20 cell-substrings.
Therefore, the use of bypass diodes comes at the expense of losing the output of the
unshaded cells that are skipped over.

Module level power electronics (MLPE) are devices that are attached to individual
modules in order to increase performance under shaded conditions by performing max-
imum power point tracking (MPPT) at the module level. Generally, these products fall
into the categories of power optimizers (PO), AC micro-inverters, or the relatively new
concept of hybrid devices that combine the key advantages of power optimizers and
micro-inverters [7].

Power optimizer and micro-inverter systems have been proven to mitigate partial
shading losses [8] when compared to a single string inverter system, but both solutions
come with an extra cost for the whole system. Finding a way to mitigate mismatch
and partial shading losses at a low cost has attracted the interest of several researchers,
e.g., [9,10]. In the above context, installing power optimizers at panels that experience
the most shading in a system (selective deployment) is a relatively new solution that has
been proposed. In Figure 1, the approach of selective deployment of PO (SDPO) can be
compared with other approaches.

DC
AC

i i |l |l | e

H----

Figure 1. The top displays a string inverter system without any module level power electronics

(MLPE), the middle displays a typical power optimizer (PO) system, with optimizers deployed
behind each individual solar panel, and the bottom displays selective deployment of a PO in the
partially shaded panel only.

Power optimizer manufacturers claim that significant gains can be achieved by se-
lective deployment of PO (SDPO) in residential PV applications that experience losses
due to partial shading while keeping investment costs down compared to micro-inverters
or the full application of power optimizers. This is of paramount importance in order to
maximize energy gain for a considerable lower cost. In this paper, modeling and experi-
mental analysis are conducted to present the potential benefits of selective deployment of
power optimizers.
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2. Methodology
2.1. Field Testing of SDPO in Realistic Conditions

On the roof of the “Vertigo” building of the Technical University Eindhoven, two
identical PV systems with 35° inclination and 180° azimuth (south orientation) have been
installed. Each system consists of six Yingli Panda 265 Wp [11] panels connected in series
to a Sunny Boy 1.5 kW string inverter [12]. The panels are composed of 60 series connected
mono-crystalline n-type silicon solar cells. Every sub-string of 20 cells is assigned to one
bypass diode connected anti-parallel across the cells. The field test setup can be seen in
Figure 2. In one of the PV systems, buck-type power optimizers were installed in two
consecutive panels (panel 1 and panel 2). The panels’ numbering was set from right to
left for all systems. The system located at the right in the front is a conventional string
inverter system and was used as a reference system during the field test. The global
horizontal and the in-plane irradiance at the field-test site were measured with two ISO
standard pyranometers, while module and ambient temperature were measured with
T-type thermocouples. The DC and AC electrical parameters of each PV system were
monitored through a WT1800 high performance power analyzer from Yokogawa Japan
with +0.1% basic power accuracy [13]. The irradiance, the temperature, and the electrical
parameters were synchronized and stored with a MW100 data acquisition system from
Yokogawa Japan at one-minute resolution.

Figure 2. Drone picture of the two PV systems used for field testing (left side) and a shading element between two panels

(right side).

To evaluate the selective deployment of power optimizers, the performance of the
two different systems was compared under the same shading conditions. Two identical
poles with 146 cm height and 12.3 cm diameter were used as a shading object during the
field test. The poles were placed at the exact same position between panel 1 and panel 2
(Figure 2) for all four systems to provide equal shading among the different setups.

2.2. Yield Simulation Model

A yield simulation model, which was developed in previous work [14], has been
adapted to accommodate the selective deployment of power optimizers. The complete PV
performance (python-based) model for this research is comprised of six different models
integrated into one: A 3D SketchUp model, a shading model, an effective irradiance model,
a temperature model, a current and voltage (I-V) model, and a system loss model. A
flowchart of the complete modelling procedure for the yield simulations can be seen in
Figure 3. The evaluation of the selective deployment of POs is based on the simulation
results for a set of different shading scenarios during a typical meteorological year (TMY)
in Eindhoven, The Netherlands. A field test of a reference and SDPO system was utilized
to fine tune the simulation model.
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Figure 3. Flowchart of the simulation model.

2.3. Shading Scenarios

The most recent results from a housing research study (which is conducted every three
years by the Dutch government) show that row (terraced) and detached houses are the
dominant types of housing in the residential building stock [15], comprising more that 65%
of the total stock (42.4% and 23% respectively). Therefore, in this research, these two types
were selected in order to build representative models for the residential PV systems in The
Netherlands.

SketchUp representations of the two systems have been constructed and can be seen
in Figure 4, Aside from providing the opportunity to determine the location of the edge
points of all objects of interest in 3D space, this software can produce very accurate designs,
reinforcing the quality of the shading analysis.
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Figure 4. Representation of the two house scenarios in SketchUp, detached house on the (left side) and row house on the

(right side).

Partial shading conditions on roof mounted PV system can be caused by several
different objects and conditions, such as chimneys, exhaust pipes (poles), trees, nearby
buildings, bird droppings, soiling, etc. For this research, four types of shading objects
were selected for the modeling process: chimneys, exhaust pipes, dormers and the shading
caused by a nearby building. These are the most common types met in the Dutch residential
environment. Moreover, only the shadows from opaque objects were considered for this
study. To evaluate the performance of the power optimizers under aggressive shading
scenarios, the dimensions for the different shading objects were selected to be above the
average of the typical constructions that are met in the Dutch-built environment.

For the scope of the research, seven different shading scenarios were simulated for
each system:

e Reference scenario: No shading objects present. This scenario was built due to the
need for control comparisons.

e  Exhaust pipes (or pole) scenario: Only exhaust pipes were present for the roof of each
system (two for the detached case, six for the row house case).

e  Chimneys scenario: Only chimneys were present as shading objects (two for the
detached case, one for the row house case).

e  Dormer scenario: The shading effect of the dormer was examined (one for the detached
case, three for the row house case).

e  Nearby buildings (or building) scenario: Shading was caused only by the apartment
blocks present in each system (two for the detached case, one for the row house case).

e  Heavy (or all) shading scenario: The effect of all the different types of shading objects
at the same time for each case was explored.

e  Medium shading scenario: Selected shading objects were present on each system. For
the detached house case, one building, one dormer, one pipe, and one chimney were
used, while for the terraced house case, one dormer, three pipes, and one chimney
were used.

3. Results
3.1. SDPO Operation

SDPOs are usually DC-DC buck converters. The principle of operation is to reduce
the voltage of the panel and “match” the module output current with the string current.
In this way, the total string current is not affected by modules operated under partially
shaded conditions. The SDPO can operate with a variety of inverters and is not bonded
with specific inverter technologies and brands. This makes the use of SDPO perfectly suited
for the retrofit market. Each SDPO has its own maximum power point tracker (MPPT),
which does not interfere with the MPPT of the string inverter. When no partial shading or
other mismatch is present, the SDPO simply conducts and, hence, avoids high efficiency
losses due to conversion. In this way, the overall efficiency of the SDPO is kept at very
high levels. Another point of attention is the fact that manufacturers of SDPO suggest that
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the shade optimization function of various inverter brands (Optitrac, Shadow mode, etc.)
should be deactivated in case their inverter is combined with SDPOs.

Figure 5 shows the operation of a SDPO in real time in comparison to a string inverter
system, which is not optimized. The yellow dotted line denotes the input voltage (actual
Vmpp of the panel as detected by the SDPO), the red line denotes the output voltage, and
the black line denotes the voltage on the same panel (under the same pole shading) at the
reference system. The shade from the pole is at panel 2 early in the morning and moves
gradually to panel 1 at around noon. When the panel is not shaded, no conversion occurs
at the DC-DC converter and a conduction state is achieved. While without shade the
voltage of the reference and optimized module are very similar, when partial shading
occurs, the string inverter of the reference system is able to bypass groups of solar cells,
thus limiting the voltage output. The input voltage of the SDPO due to partial shading is
very high, indicating operation on a local maximum power point. In the output, a large
voltage reduction can be seen, which is comparable with the reference module’s voltage.

Voltage - Panel 1 (20/4/2019) Voltage - Panel 2(20/4/2019)
Reference vs SDPO o Reference vs SOPO
— Ref SDPOin  —— SDPO out —— Ref SDPOin  —— SDPO out
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Figure 5. Voltage input and output of the optimized module versus the reference module, which is connected in a string of

six modules.

Current (A)

_SDPO vs Ref current (20/4/2019)

In Figure 6, the current of the SDPO and the reference system can be seen. The output
current for the two systems is almost identical, while a delay in detecting the MPP for the
reference system can be seen (sharp dips in the left hand plot). Significant DC yield gains
(+4.2%) are observed for the system with POs when the shade from the pole falls on the
panels with SDPOs installed.
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Figure 6. Current and DC power curves of optimized and non-optimized modules during a sunny day under partial

shading from a pole.
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While there is a small improvement in terms of power throughout the day for the
optimized panels, the opposite is true when partial shading is present on panels for which
the power is not optimized by SDPOs. Therefore, it is critical at the design phase of the PV
system to identify the potentially shaded panels beforehand and optimize accordingly. In
Figure 7, the output of the reference and SDPO optimized system can be seen. As long as

the un-optimized panel 3 is partially shaded, the output power of the reference system is
higher than that of the SDPO system.

DC power output (10/4/2019)

Reference vs SDPO
1400

1200 Shade panel 3 Shade panels 2+3 Shade panel 2'\’\»//\/—/
| | —~TN

1000

800

Power (W)

600

200 | ;

i
_ Refer:ence —— SDPO

07:46
08:16
08:46
09:16
09:46
10:16
10:46
11:16
11:46

Time (min)

Figure 7. Comparison of the output of the systems when pole shading moves gradually from a panel
without SDPO to a panel with SDPO.

To further investigate the performance benefits or losses of the systems, the shading
was moved to the un-optimized panels of the SDPO system. In Figure 8, the reference
system is gaining around 9% more energy than the SDPO system. While this is counterin-
tuitive, it can be concluded that when un-optimized panels suffer from partial shading, the
effect is detrimental to the total system output.

1200 DC power output systems (30/7/2019)
— Reference — SDPO 8.63% DC powel for
PO system
1200 I

1000 \

800

600

Power (W)

400

200

10:02
10:32
11:02
11:32
12:02
12:32
13:02
13:32
14:02
14:32
15:02
15:32
16:02
16:32

Figure 8. Power comparison of SDPO and reference system when the SDPO system is partially
shaded on the un-optimized panels.

3.2. Efficiency Analysis of SDPO

The efficiency of the operating SDPOs was measured directly in the input and output,
thus providing accurate data without cable and connection losses (see Figure 9). The

European 7gy and Californian 5cgc efficiency were calculated based on the empirical
weight factors [16].
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Figure 9. Efficiency curve and calculated gy and #cgc for the SDPO under test.
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The SDPOs under test were rated at 300 W, but the panels that they were connected
at were 265 W at STC. Therefore, some data are not available for 100% nominal output
efficiency and have been calculated with the maximum values that were measured during
the outdoor test. The 77gy and #cgc are around 96.5%, but there is a large variation for the
low and middle range of the power output. The reason for this efficiency variation can be
seen in Figure 10, where the efficiency curve of Figure 9 has been subdivided using color

coding according to the normalized input current of the SDPO.

Efficiency curve SDPO

Input current dependence

=)
=

lin / Istring

=
=

0.2 0.4 0.6 0.8
Input power / Maximum input

Figure 10. Efficiency dependence of SDPO on input current.
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Three groups of current variation have been investigated in Table 1. When the current
of the optimized panel matches the string current, the efficiency is relatively high, peaking
at 98% and the #gy is 97%. When the panel is lightly shaded and the input current is 90%
below the string current, the optimizer starts to adjust it, which leads to gy being lower,
around 95%. Further reducing the input current below 50% of the string current leads to a
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further drop of gy down to 93%. These data were further analyzed and fitted to quadratic
curves to acquire mathematical expressions that can be used in the simulation model.

Table 1. SDPO efficiency calculations for different Iin/Istring.

Data effso, effio, effago, effsgo, effsgo, eff100% HEU NcEC
All data 94.64% 96.86% 97.43% 97.21% 96.63% 95.57% 96.51% 96.56%
Tin > Lytring 94.62%  9688%  97.69% 97.74% 97.31% 95.71% 96.98%  97.24%
Iin < 0.9 * Lstring 93.54% 95.25% 94.67% 95.28% 95.39% 95.88% 95.32% 95.22%
in < 0.5 - Lygring 92.14%  92.54%  93.30% 93.45% 93.27% 93.27% 9321%  93.23%

3.3. System Performance

The overall performances of the systems were examined for a period of 5 months
and were divided into shaded (pole shading) and unshaded periods. For the performance
evaluation, the performance ratio [17] was calculated daily for the two systems, taking into
account parts of the day that external shading was unevenly affecting the systems.

In the selected period, the PO system outperformed the reference system by 1%, i.e.,
the average PR of the 5-month period was 1.5% larger for the PO system (see Table 2).
When only the shaded period is considered, the SDPO system outperforms the reference
system by around 2.5%. However, the reference system still outperforms the SDPO system
when no shading is present. In Figure 11, the daily PR can be seen for all periods, while in
Table 2, the PR and energy yield can be seen for the DC and AC sides.

Table 2. PR and AC yield for shade, unshaded and mixed period.

DC Power AC Power
Reference SDPO PO Effect Reference SDPO PO Effect
All data Yielig ((12/;)\711) 5889%.2218 59906..5046 1.50% 58546.5557 58654.6191 1.36%
With shade YieIl)dR ((Z%h) 389%%6 4808§.6016 2.53% 38717'?858 38837.?;(;14 2.42%
No shade YieIE ((Z%h) 1985é.73,62 19555%9090 —0.70% 1970;668 19707.9058 —090%

Pole shading

100

75

Daily AC performance ratio
Clean time data
No shade Pole shading No shade Pole shading
[ _e-Reference  --a-SDPO | :

No data
No data

70

Figure 11. Daily PR of the systems for 6 months.
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Power (W)

3.4. Model Validation with Field Test Results

The simulation model, which is explained in detail in previous work [14], was tuned
with field test specific power electronic specifications and efficiencies. Moreover, some data
was excluded due to uncontrolled shade casting unevenly on the systems (mainly during
morning and evening hours). In Figure 12, the measured and simulated power can be seen
for a sunny day. Note that the “clean time” taken into account is between 9:42 and 17:40.
The deviation between simulated and measured energy throughout the day is 3%.

Model validation
Reference without pole 15/05/2019
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Simutated
1400 4
e
~ A
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.J‘ i .
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1200 | S !k o) H
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60O ’
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' VN
“\
\.
// \
200 4
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I Y
0 — v v ’ v - v . ~ SN |
06200 08:00 10:00 12:00 14:00 16:00 18:00 20200 22:00

Time
Figure 12. Simulated and measured power output for a sunny day.

In Figure 13, the measured and simulated power can be seen for a mixed day of clouds
and sun. The deviation in this case is very small, at around 0.2%.

Model validation

o~ Reference without pole 12/05/2019

T

iy
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Figure 13. Simulated and measured power output for a mixed day of clouds and sun.
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In Figure 14, a set of days is investigated based on the clearness index [18]. The
clearness index (Kt) is defined as the ratio of the measured global horizontal irradiance
at the test site and the extra-terrestrial irradiance just outside the earth’s atmosphere
(defined as the solar constant 1367 W/m?2). Days with a clearness index below 0.3 are
considered overcast weather days, while days with a clearness index between 0.3 and 0.6
are considered mixed weather days of cloud coverage and sun. For days with a clearness
index above 0.6, the weather is classified as sunny.

Model deviation vs clearness index

Reference

Model deviation (%)
IS ) o

|
(e)}

co
o
[N

SDPO

0.3 0.4 0.5 0.6 0.7 0.8
Clearness index

Figure 14. Deviation of simulated and measured energy yield with the clearness index.

A clear correlation between the weather conditions and the model deviation can
be deduced from Figure 14. The yield model systematically underestimates the power
output on cloudy days (low clearness index) and higher yields for sunny days (clearness
index >0.6) are predicted well, while yield values very close to the measured ones can
be seen for partly cloudy days. This is probably caused by the irradiance separation
model (Reindl2) [19], which calculates the diffuse and direct parts of the irradiance. These
irradiance separation models are derived through empirical correlations and are partially
valid for certain atmospheric conditions [20]. The higher yields on sunny days could
indicate degradation of the solar modules. The panels are from 2013, having operated
for 6 or more years outdoors, and should be expected to have suffered a degradation of
around 2—4% from their initial power [21]. During partly sunny days, the model behavior
counterbalances the effect, leading to a very good approximation of the daily energy yield.
Opverall, previous research on comparing various yield models has shown acceptable errors
and fairly accurate results [22] from predictive yield assessment.

4. Simulation Results for Shading Scenarios

The main focus of this part of the study is to assess the benefits and drawbacks of
SDPO in the Dutch-built environment. The typical meteorological year (TMY) irradiation
is taken from Meteonorm [23] for Eindhoven. An optimized and non-optimized system of
the same size is utilized for detached and row house scenarios.

In Figure 15, the AC-specific yield of the systems is presented in unshaded and shaded
scenarios. A variety of obstruction elements present in the built environment are shown
together, with variations for different system orientations. Dormers and neighboring
buildings seem to create by far the most influential shadow patterns, causing the highest
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annual losses of 4-6% and 3-7%, respectively. When evaluating the medium and heavy
shading scenario, the losses increase further, up to 7-15% depending on the orientation
and building type.
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Figure 15. Specific yield and losses compared to unshaded scenarios for the reference system, for two azimuth directions

(South, West).

In Figure 16, the losses per system and building type can be seen for a South orientation.
The SDPO system seems to operate with lower losses in most scenarios; however, in
some scenarios the SDPO system operates with higher losses than the reference system.
This occurs due to the fact that the efficiency losses of the SDPOs are dominant during
homogeneous shading of the whole system. The variation of optimized panels is different
per shade type, starting from two to eight panels. The irradiance losses on the system
surface reveal the disproportional losses that occur. For example, an exhaust pipe causes
around 0.1% in irradiance losses on the PV system surface on an annual level, but it causes
at least 10-12 times more energy loss and is considered the most detrimental shade pattern
in these terms. The row house scenario experienced higher losses due to the geometry of
the house and the fact that, in row houses, not only is the dormer around the owners system
affected, but the neighboring dormers and obstructions also affect system performance.
The irradiance losses are even higher in the row house scenario, and mitigation of the
SDPOs mostly affects heavy shading scenarios and dormers.

The effects in terms of annual yield losses of SDPO on a system without any shading
occurring are presented in Figure 17. A linear dependence of the annual yield losses and
the number of SDPOs deployed can be concluded. Moreover, the losses are higher for the
row house due to the fact that the PV system rated capacity is smaller than that of the
detached house. The losses are associated with the operating efficiency of the SDPOs. It is
important to deploy SDPOs only for panels that are affected by shade.
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Figure 16. Annual irradiance and AC energy losses per building and system type, for a South
orientation. The top displays a detached house and the bottom a row house as defined in the shading
scenario Section 2.3.
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Figure 17. AC yield losses related to SDPO conversion losses in shade-free operation.
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5. Discussion

The potential for SDPOs to make up for the yield losses caused by partial shading
was investigated in this research. The results obtained from the outdoor field test and
the TMY simulations showed limited yield gains in comparison to typical string inverter
architecture, and even demonstrated negative gains in some scenarios.

The shading pattern created on the PV system is the most crucial factor regarding its
potential for selective deployment. It is determined from the specific nature (dimensions)
of the shading objects, their position in respect to the PV system and the incident solar
angle, which is relative to the orientation and the location of the PV system. In the case
of homogeneous shading on high number of panels of a PV system, like in the case of
the “building” scenario, induced losses cannot be mitigated by the use of POs on selected
panels, regardless of the position of the shading object, the geographical location, or the
system’s orientation. Similarly, when yield losses due to shading caused on a PV system
are relatively low (a “pole” scenario for the detached house case and a “chimney” scenario
for the row house case), selective deployment can lead to lower yields along a TMY than
for a single string inverter system. On the other hand, when specific panels are highly
affected by shading, as in the case of the “dormer” scenario, the use of power optimizers
can be an attractive solution.

One of the key disadvantages of selective deployment of SDPOs is that since the global
MPP tracking function of the string inverter is disabled, the reference system performs
better when shade affects panels without SDPOs installed. Although the former was
verified by the TMY simulations, the results from several different cases examined show
that higher yield gains are possible on a PV system by installing POs in fewer panels. There
is a trade-off between losses due to local MPP tracking and the gains achieved by avoiding
the efficiency losses that can be caused by installing more power optimizers on the system.

6. Conclusions

A model developed for partial shading response of c-Si modules and systems was
adapted to accommodate SDPOs. The model was verified with 6 months of real field test
data of a reference (non-optimized) system versus that of another system, which included
two SDPOs on the partially shade-affected modules. Identical shading patterns were
applied on the two systems, resulting in a slight yield benefit from the optimized system.

During operation, SDPOs adjust the module current output to match the string current
of the modules. As a result, the module’s voltage is reduced. The operating efficiency of the
optimizers is relatively high, but it depends on the current output of the module and, thus,
the adjustment that the optimizer has to perform. In the conduction state, the optimizer
operates at peak efficiency (around 98%), while, when current adjustment is needed, the
efficiency drops to 93-95%, depending on the current output of the module. Simulations
show that there is a limited energy yield gain on certain shading scenarios, which depend
on the shade pattern. A dormer inflicts the highest losses on the system level as a separate
shading pattern and is more influential in the row house scenario. Combinations of the
shading patterns for the medium and high shading scenarios show a yield benefit of 1-2%
for the detached scenario and the row house scenario, respectively.

Overall, SDPOs could be beneficial but should be examined case by case and system
by system. A further financial feasibility study should be performed, comparing the energy
gains with the investment required for SDPOs.
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