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Abstract— Distributed Maximum Power Point Tracking 

(DMPPT) is a topic of much interest in improving photovoltaic 
(PV) system performance.  This study uses measured 
performance data at the module level for 542 PV systems to 
estimate lost system performance due to partial shade.  Because 
each of the monitored systems is equipped with module-level DC 
power optimizers, an estimate is made of the overall system 
shading loss and the performance improvement that the system 
has received from this use of DMPPT. The estimate of shade 
extent and performance improvement predicted by this approach 
is verified experimentally against a system that has site survey 
images, and measured production with and without module-level 
electronics.  

Summary data for this analysis across 542 systems find an 
average power loss of 8.3% due to partial shading, which would 
have increased to 13% were the systems not equipped with panel-
level optimizers.  It is estimated that on average, 36% of the 
power lost from partial shading has been recovered through use 
of module-level DC power electronics.   
 

Index Terms— DC power optimizer, distributed power 
electronics, DMPPT, partial shading, PV system performance.  
 

I. INTRODUCTION 
HE use of distributed electronics in photovoltaic (PV) 
systems provides the ability to improve performance 

under mismatched operating conditions.  Partial shading can 
lead to annual performance losses of 10%–20% or more in 
residential installations [1], due to both reduced irradiance on 
the PV modules, and mismatch loss due to irradiance 
differences throughout the system.  Module-level power 
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electronics such as microinverters or DC power optimizers 
have been shown to reduce mismatch in systems, recovering 
30%–40% of the power lost due to partial shading [1–3].  
However, the performance benefit of using distributed 
maximum power-point tracking (DMPPT) depends on the 
extent of mismatch in the PV system [4], along with details of 
the layout and topology of the system [5].  Although analyses 
of module-level electronics performance improvement have 
been conducted based on estimated or simulated PV system 
mismatch [1–6, 20-24], field verifications of these electrical 
models have been limited, or only demonstrated in small 
testbeds [25].  Often, a site visit is required to obtain 
information about the system layout and nearby shading 
obstructions through photographic imaging [7, 8]. 

Field current-voltage (IV) curves have been measured for 
aged, mismatched PV systems without any shading [9], giving 
an indication of inherent mismatch that can be expected in PV 
installations.  This inherent mismatch is due to relatively 
permanent features such as age, damage, and process 
variation.  Mismatch from partial shading can also be 
estimated over large areas by ray-tracing analyses of the built 
environment [10–12]. 

We present an additional method to estimate the mismatch 
within a system: analysis of the system’s module-level 
performance data.  Prior analyses at the utility meter level 
have estimated performance relative to expected performance 
in a large number of systems [13–15].  However, finer time-
resolution data at the module-level are required to determine 
the amount of mismatch within a PV system and the potential 
for recovery from the use of distributed power electronics. 

Rather than using specific module-level data monitoring 
equipment, the distributed electronics themselves can be used 
to report performance data, typically at 1-min time intervals 
and at the module level.  Currently, most commercially 
available DMPPT devices provide the capability of data 
reporting at the module level and report real-time performance 
to a central database.  The DC power optimizer manufacturer 
Tigo Energy operates such a database using the PV 2.0 data 
standard, with a subset available for academic research [16], 
which was used here.  

Although systems already equipped with DMPPT do not 
allow a direct comparison between performance with and 
without the use of per-panel power electronics, the reporting 
capabilities of the module-level electronics provide some 
indication of the amount of external (i.e., partial shading) and 
inherent mismatch within the PV system. 
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One caution in the use of module-level DC power 
electronics data to estimate mismatch within PV installations 
is that PV installations with installed DMPPT may not be 
representative of the wider community of residential or 
commercial systems.  For instance, DMPPT may be more 
likely to be implemented on rooftops with greater than 
average amounts of shading or tilt/azimuth variation.  
However, analysis could still be conducted for the population 
of systems that are equipped with DMPPT to determine 
whether they provide a net advantage to these systems. 

A.  Details of the Monitored Systems 
Performance data are available for 542 installations totaling 

5.2 MW of capacity in 26 different countries.  The majority of 
installations (404) are smaller installations below 10 kW.  
Only 26 installations are 25 kW or above in size (Table I). 

 
TABLE I.  DISTRIBUTION OF PV SYSTEM SIZES IN 

THE TIGO ACADEMIC DATABASE 
System size between (kW) # Systems  

0  35 2.5 
160 5 209 

10 93 15 
19 25 17 50 5 100 
4 400 

 
Each system in the database is equipped with Tigo Energy’s 

DC power optimizers, which provide module-level peak-
power tracking (MPPT) and monitoring.  These optimizers are 
high-efficiency buck DC-DC converters, which allow 
individual panels within a series string to operate at their own 
independent MPPT, reducing mismatch losses (Fig. 1).  

 

 
Fig. 1: Synchronous buck converter similar to that used in the 
Tigo MM-ES module-level converter [26] 

 
The Tigo database contains various types of system- and 

module-level information including power, voltage, and 
temperature. For this method, only module-level DC power is 
required to assess partial-shading losses for a given system.  
Throughout this analysis, it is assumed that the Tigo DC 
power optimizers are correctly peak-power tracking the PV 
module they are connected to. 

II. PERFORMANCE ANALYSIS METHOD 
To quantify the effect of partial shading on a solar array, we 

define a Shading Index as the actual energy output of an array 
over a given time period Eactual divided by the estimated 
energy of the array had there been no partial shading Eunshaded : 

 Shading Index = 
unshaded

actual
E

E
−1   (1) 

The Shading Index is a scalar indication of the extent of 
shading for various systems in the dataset.  Note that all 
systems in the dataset are already equipped with per-panel 
Tigo devices, so the Shading Index naturally accounts for any 
partial-shade performance benefit provided by DMPPT.    

Eactual can be obtained directly by integrating the modules’ 
output power over time.  Estimating the unshaded production 
of a system Eunshaded requires comparison of individual 
modules’ production relative to the system production.  The 
calculation consists of four steps:  (1) identifying and 
segregating system subgroups with different physical 
orientations, (2) identifying times when the entire array is 
most clearly unshaded, (3) applying a correction for inherent 
module mismatch using data from unshaded periods, and (4) 
computing estimated unshaded energy outputs for each 
module at each time point.  The following sections will 
explain the implementation of each step. 

A. Orientation Grouping Identification 
To account for groups of panels oriented differently in a 

single system, each module is inspected for its performance vs 
time of day. Each data point for a given module is 
superimposed on a single 24-hour timescale, and a sin2 
function is then fit to the performance data to determine the 
offset of the production peak with respect to noon (see Fig. 2):  

 Offset model = 𝑃�𝑚𝑚𝑚𝑚 sin2(𝜋𝜋 − ∆𝜋𝑚) (2) 

where 𝑃�𝑚𝑚𝑚𝑚 is the best fit amplitude of module X’s DC power 
production over all time and ∆tX is the time offset of module 
X’s peak production, in units of fractional days.  In cases 

 
Fig. 2: Example of modular grouping analysis.  A module’s power 
data are overlaid on a single day (blue) and fit with a sin2 curve (red).  
The daily peak (green) for each module is used to determine its group 
assignment with other modules. 
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where ∆tX varies from panel to panel by more than 1.5 hour, 
the panels are separated into independent groups to correctly 
identify mismatch and partial shading.  An example of this 
type of variation is shown in Fig. 3.  Only azimuth orientation 
was considered in this approach; variation in tilt was not 
investigated because tilt mismatch would not be discernable 
from partial-shading mismatch in the general case. 

B. Inherent Mismatch - Module Performance Index 
To identify inherent differences in module performance, we 

seek examples of “unshaded” time points in the data.  These 
are times of low standard deviation between panels where the 
entire array appears to either be unshaded, or uniformly 
shaded due to clouds.  Times with partial shading should 
exhibit a wider variation in module power, whereas times with 
no shading should only exhibit the (much smaller) variations 
due to such factors as module soiling and aging.  During these 
unshaded times, average inherent differences between module 
performance could be calculated.   

Finding appropriately unshaded points to assess these 
inherent differences is somewhat difficult. In this work, the 
following method is employed.  Unshaded time points were 
identified by their low inter-module Coefficient of Variation 
(CV): 

 C𝑉(𝜋) = 𝜎𝑡/𝑃�𝑡 (3) 

where 𝜎𝑡 and 𝑃�𝑡 are the standard deviation and mean power 
across modules, respectively, at time t.  Early-morning and 
late-evening times were excluded from consideration, as were 
time points with abnormally low 𝑃�𝑡.  The time points with the 
lowest 1% CV were selected to represent module performance 
under equivalent (i.e., unshaded) illumination.  (This is a 
somewhat arbitrary cutoff, but was found to generally exclude 
shaded points). The power at these n points was normalized by 
the array median power 𝑃�𝑡 at time t, and averaged over all n 
time points to obtain a Performance Index (PI) for each 
module:  

 𝑃𝑃𝑚 =
1
𝑛
�

𝑃𝑚𝑚𝑚𝑚,𝑡

𝑃�𝑡

𝑛

𝑡=1

 (4) 

The Performance Index represents a module-to-module 
comparison under equivalent illumination.  Values over 1 

indicate that a given panel performs, on average, better than 
the median.  The PI of a given module is used in calculating 
its expected unshaded production, with higher-rated modules 
expected to produce more power under equivalent 
illumination.  Typical PI values were found to be between 
0.95 and 1.05, indicating less than 5% variation of module 
performance during unshaded conditions.  In a few 
installations, large PI values resulted because different-sized 
modules were used in the same series string. 

C. Estimated Unshaded Module Performance  
Estimated unshaded module performance is calculated for 

module X by multiplying the PI of module X by the 
maximum production of any module at each time step.  The 
unshaded estimate, then, is simply the output power of the 
best-performing panel, scaled to account for inherent 
mismatch.  This method assumes that at least one module at 
any given time is unshaded. 

 𝑃𝑚𝑚𝑚𝑚,𝑡,𝑢𝑛𝑢ℎ𝑎𝑚𝑎𝑚 = 𝑃𝑃𝑚 ∗ max (𝑃𝑡)  (5) 

This analysis method will not account for shading 
experienced by the entire system; it is only sensitive to 
partial-shading mismatch within the system.  This is a useful 
property in evaluating the performance benefit of DMPPT 
because DMPPT can only recover power losses attributable to 
mismatch.  The estimated unshaded production is illustrated in 
Fig. 4 which compares the production of all modules in a 
system against the theoretical unshaded production (dark black 
line). 

 
Fig. 4:  Measured power for one system for one day of operation.  
Most modules track the maximum value (black) well.  The 
Performance Index (PI) is computed from a module's average 
performance against the median during unshaded times.  Unshaded 
theoretical performance for a module is equal to the maximum DC 
power at any time, adjusted by that module’s PI. 

D.  “Diode” Mismatch Estimation 
As mentioned before, the module-level power data analyzed 

here come from systems with module-level DC power 
electronics attached.  Therefore, we have no measured 
performance data for a conventional system to compare 
against.  The module-level data can be adjusted in a 
rudimentary fashion to try to replicate the action of bypass 
diodes in a conventional system. 

In a conventional PV system, partial shade on a module can 
result in that module’s bypass diodes shorting out a portion of 
the module, zeroing out the power contribution from that sub-

 
Fig. 3: System with different orientation groups, showing some 
modules angled slightly to the east, and some slightly to the west.  
East modules peak at 11:30 AM whereas West modules peak at 2:00 
PM. Both orientations include partially shaded modules. 
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module.  This will occur if the irradiance on a particular 
module is significantly lower than on the rest of the system, 
because module currents must be matched in a conventional 
series-connected PV system. 

This effect is replicated in the “Diode”’ model case (Fig. 5), 
which assumes that a module’s power production is zero 
during times that 𝑃𝑚𝑚𝑚𝑚,𝑎𝑎𝑡𝑢𝑎𝑎 is 5% below the median module 
production.  This is a gross simplification that likely over-
states shading loss. A quick justification of this 5% cutoff 
value is that in modern silicon modules, Isc values are only 5-
6% above the module’s Imp..  In systems without DMPPT, 
shading a module by an amount of more than 5% will cause 
that module’s Imp to drop below the Isc of the rest of the 
unshaded modules.  In order to preserve current continuity, the 
shaded module’s bypass diode must operate. Of course, this 
crude approximation does not account for shade covering only 
a portion of the module, and assumes that the number of 
shaded modules in a given string is small. Field results and 
additional simulations will however provide a verification of 
this approach in Section III.  

E. More Detailed “Diode” Simulation 
To assess the accuracy of the simple “Diode” estimate, 

more detailed electrical simulations were conducted for a 
subset of available systems, based on previous simulation 
work [18].  Typical PV production models use meteorological 
data (irradiance, temperature) as inputs to estimate the 
resulting system production on an hourly basis.  In our case, 
module-level power data were used as a substitute for module-
level irradiance values at each time step.  Given a spatial and 
temporal distribution of module power values, PV system 
production was estimated for different assumptions of system 
electrical configuration.  For the case of module-level 
electronics, individual module power is summed to generate 
total system DC production.  A more complicated case is for 
the use of string-level inverters, where module mismatch leads 
to a non-convex IV curve at the system level.  The maximum 
of this system-wide curve is taken at each time step, assuming 
perfect MPPT tracking accuracy of the string inverter. This is 
a more robust method than the cruder “Diode” SI 
approximation above, and provides some estimates of 
uncertainty in the main method’s approach.  

III. MODEL AND EXPERIMENTAL RESULTS  
Plots of the above implementation (e.g., Figs. 4 and 5) 

illustrate that the algorithm gives predictions that would match 
a human or intuitive approach to the data.  Times that were 
obviously shaded are correctly identified as shaded, and times 
that appeared to be unshaded are likewise appropriately 
identified.  

With the estimated energy that panels would output under 
unshaded conditions, and the actual total energy output of the 
panels, the Shading Index SI was computed for each system by 
summing the actual and theoretical unshaded production of all 
modules in the system: 

 𝑆𝑃 = 1 −
∑𝑃𝑚𝑚𝑚𝑚,𝑎𝑎𝑡𝑢𝑎𝑎

∑𝑃𝑚𝑚𝑚𝑚,𝑢𝑛𝑢ℎ𝑎𝑚𝑎𝑚
 (6) 

 
This Shading Index can be calculated for the actual 

production data, providing a value for each system equipped 
with module-level electronics.  Alternatively, the “Diode” 
simulated results can be used instead of actual production data 
to make an estimate of what the Shading Index would be were 
the system deployed without DMPPT.  The entire database of 
available systems was analyzed and the Shading Index values 
are reported in Fig. 6. 

A. Benchmarking of Shading Assessment 
Some verification of the above shade assessment method is 

possible by comparing the predicted shading index (SI) with 
on-site survey data collected on one of the systems in the 
database. This system (Fig. 7) is a residential system for which 
experimental measurements have been collected since 2011. 
The system is rated at 2.9 kW, and consists of two series 
strings of seven modules, each rated at 210 W. Additional 
detail on the system is provided in [17]. Site-survey data was 
collected using a SunEye imaging device, which estimates the 
monthly and annual irradiance reduction due to nearby shade 
obstructions.  The site survey indicated monthly shading 
values from 10% to 45%, with an annual irradiance loss of 
20% expected.  The site survey is not directly comparable to 
our performance-based Shading Index; it is sensitive to 
uniform shading across the entire system, while our 

 
Fig. 5:  Plot of actual and estimated unshaded power output for a 
single module in one system showing shaded times (when actual and 
unshaded diverge) and unshaded times (when they overlap).  “Diode” 
case assumes zero module production if the actual module-level 
production is 5% below the system median.  

Fig. 6: Analysis of the shading index SI for each of the systems in the 
Tigo academic portal database.  Median energy loss due to shading-
induced mismatch was 8.3%.  The “Diode” case models conventional 
PV system behavior and shows a median 13% shading loss, but a 
wider distribution. 
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performance-based method is only sensitive to partial shading 
mismatch.  The site survey also does not account for the 
performance benefits of DMPPT.  However, if we do choose to 
compare the site survey with the performance-based method, 
the “Diode” modeled behavior would be the closest match. 

 
Fig. 7: Photograph of the 2.8 kW, two-string PV system used to 
benchmark this method. 
 

Figure 8 shows a comparison of the site-survey data with 
the performance-based Shading Index over 9 months of 
module-level performance data that were available.  The 
overall annual Shading Index for the “Diode” case was 16%, 
compared with the 20% shading loss determined from the on- 
site shading survey. This is a slight under-prediction, again 
because the method is unable to detect total shading on a 
system, only partial shading.  The module-level SI data 
suggest even lower partial shading loss of 11% because of the 
added benefit of DMPPT in reducing mismatch. 

B. Benefits of DMPPT in Mismatched Systems  
DC performance data were monitored for the same system 

for a period of three years.  In the initial two years, the system 
was configured in a conventional manner, with two parallel 
strings of modules connected to a single string inverter input.  
For the third year, the system was equipped with Tigo module-
level DC-DC power optimizers.  Therefore, a before-and-after 
comparison can be made for the same system with and without 
DMPPT. 

 
Fig. 8: Comparison of site-survey shading-loss estimate (Red bars) 
with performance-based Shading Index (Green bars) based on 9 
months of module-level performance data. “Diode” Shading Index 
(gray) reflects the increased shading loss in a conventional system 
without DMPPT. 

To account for differences in meteorological conditions, a 
separate data collection system was deployed in addition to the 
Tigo module-level measurements, monitoring module 
temperature, plane-of-array irradiance, and DC system voltage 
and current. The DC system performance was then corrected 
for temperature and irradiance.   The performance ratio [19], 
corrected in this way, is shown in Fig. 9. On an annual basis, 
this temperature and irradiance corrected performance is 5.8% 
higher with the DMPPT than without. Many months showed a 
strong improvement in performance regardless of shade 
extent.  However, some months showed little to no production 
improvement.  Some of this monthly variation may be due to 
measurement uncertainty in temperature and irradiance, as 
well as variation in weather from year to year.   

Turning to the measured module-level performance in the 
database, this system has a DC production with DMPPT of 
1580 MWh over 9 months.  This is 5.9% greater than the 
estimated “Diode” performance of 1492 MWh, showing a 
close match with the above before-and-after measurements. 

 
Fig. 9:  Monthly Performance Ratio of a partially shaded residential 
system for three years.  Years 1 and 2 (Blue diamonds) were without 
DMPPT.  Year 3 (red squares) is with DMPPT.  PR is normalized for 
temperature and irradiance.  Green bars indicate monthly shade 
mitigation due to the DMPPT, average = 29%. 

The energy improvement from module-level electronics can 
also be stated as a fraction of the total estimated loss from 
shade, based on the site survey.  This “Shade Mitigation 
Factor” is represented by the green bars in Fig. 9.  Again, there 
is a large variation in this factor, due to both measurement 
uncertainty in the shading site survey itself, and the before-
and-after performance measurements for this system. The 
monthly shade mitigation value varies from 0% to 70%, with 
an average annual value of 29% of the expected shading loss 
recovered by DMPPT.  This measured annual shade recovery 
value is close to prior simulations for this same system, which 
predicted 35% annual shade recovery [17]. 

To compare with the measured shade mitigation factor of 
29% for this system, our estimated performance analysis 
method can be used to compute the same value.  This requires 
a comparison between the annual system energy production 
using the three metrics we have developed: actual measured 
energy using DMPPT, estimated unshaded production, and 
estimated production for the “Diode” case.  The Shade 
Mitigation Factor is calculated as follows: 

1 2 3 4 5 6 7 8 9 10 11 12
0

10

20

30

40

50

Month

Lo
ss

 d
ue

 to
 s

ha
di

ng
 (%

)

Shading loss by Month

Site survey

Module-level SI
'Diode' SI

0%

20%

40%

60%

80%

100%

Te
m

pe
ra

tu
re

 c
or

re
ct

ed
 P

R 

Month of year 
1      2     3    4     5     6    7      8     9    10   11  12 

Initial results PR 

Tigo DC-DC PR 

Shade mitigation factor 



6 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

 𝑆𝑆𝑆 =
∑𝑃𝑎𝑎𝑡𝑢𝑎𝑎 − ∑𝑃𝐷𝐷𝑚𝑚𝑎
∑𝑃𝑢𝑛𝑢ℎ𝑎𝑚𝑎𝑚 −∑𝑃𝐷𝐷𝑚𝑚𝑎

 (7) 

By applying the above calculation to measured module-level 
data and estimated “Diode” and “Unshaded” production from 
this system we find an annual SMF value of 32%.  This is 
close to both the experimental value (29%) and prior 
simulation values (35%). 

The same process is applied to each system in the database 
with at least four months of production data, resulting in a 
calculation of 472 Shade Mitigation values. A contour plot is 
shown in Fig. 10, indicating a median system SMF value of 
36%. Shade Mitigation values were found as high as 60% for 
systems with apparent tilt mismatch, or persistent shading 
even at noontime. 

 
Fig. 10:  Shade Mitigation Factor for all systems in the Tigo database.  
Median SMF value: 36%. Datapoint (red): validated system showing 
SMF of 29% - 32%.  (Blue): Detailed simulation of ‘Diode’ 
performance for five additional systems showing difference between 
simulated and ‘Diode’ case. 

 

C. “Diode” Estimation Validated with Detailed Simulation  
Figure 10 includes multiple validated systems where the 

“Diode” performance is simulated in detail, as described in 
II.E.  The uncertainty error bars indicate the difference 
between simplified method and detailed simulation.   
Although the “Unshaded” response is still approximated from 
module-level performance rather than measured from a site 
survey, the more-accurate diode simulation provides greater 
certainty in a system’s calculated Shade Mitigation Factor.  
For the five systems validated in this way, SMF values 
differed from the original method by less than 8% in all but 
one instance.  This suggests that the method is relatively 
accurate in a majority of instances. 

IV. CONCLUSION  
A database of module-level PV performance was analyzed 

to extract details of mismatch from external sources such as 
partial shading.  A method to estimate the unshaded power of 
each system, and therefore, the expected power loss from 
partial shading was developed and benchmarked for a system 
with available site-survey data.  Some difference exists 
between the two shading-loss estimates, partly due to 
differences in what each is measuring.   

The performance benefit of DMPPT was investigated for a 
system before and after it was equipped with Tigo module-
level electronics.  An annual performance increase of 5.8% 
was measured following installation of the module-level 
electronics, which translates to a recovery of around 30% of 
the shading losses in the system.  This is comparable to prior 
estimates of performance benefit in residential systems, and 
verified in this paper by further simulations using module-
level performance data. 

Analysis of all systems in the database indicated a median 
shading loss of SI = 8.3% due to partial shading, which 
increases to 13% for the “Diode” case.  A median Shade 
Mitigation Factor of 36% was calculated for all systems and 
was validated by additional simulations of five separate 
installations.   

The cost effectiveness of distributed maximum power-point 
tracking depends on the specifics of the installation and the 
marginal cost of the distributed electronics.  The performance 
improvements shown above provide a technical basis for 
system owners and installers to properly assess the advantages 
of this type of DMPPT product. 
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