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A B S T R A C T   

Numerous events may require intentional removal of one or more photovoltaic modules from a string, shortening 
the length of the string relative to others within the array, resulting in a str ing length mismatch. The impact of 
such a mismatch is not well understood either in measurable operational effects (voltage, current, power) or in 
the potential effects on long-term module health. It is impractical to solely approach this problem experimentally 
due to the size and complexity of arrays that may experience string length shortening. This work presents 
simulations, validated through limited field experiments on a two string array, providing a basis from which 
more complex arrays and scenarios may be explored. Refinement of the simulation achieves an overall error in 
IMPP for the nominal (S1) and test strings (S2) between the simulation and experimental values, through all test 
conditions, of + 0.35 ± 1.46% and − 0.36 ± 1.58% respectively. Shortening one of two strings by one module 
results in a power loss greater than the power contribution of the module alone (1.29 module equivalents); the 
impact increases through the maximum test case of a six module mismatch with a power loss equivalent to more 
than 11 modules. The impact of using string-end blocking diodes is presented with an emphasis at the array 
maximum power point and at open circuit. Implications are discussed for arrays of higher complexity.   

1. Introduction 

Solar is now less expensive than traditional forms of energy pro-
duction in many states and countries. Many nations, states, and utilities 
have set ambitious targets to install tens to hundreds of gigawatts of 
photovoltaic (PV) generation in the next five to ten years [1]. At the 
same time, utility projections regarding the levelized cost of energy 
(LCOE) must be consistent with renewable generation targets to remain 
a viable alternative in their portfolios [2]. Major sources of energy loss in 
a PV system, other than the inherent unavoidable conversion/ trans-
mission losses, consist of under-performance due to faults, prolonged PV 
system unavailability, and mismatch losses [3–5]. Mismatch conditions 
alone were reported to cause up to 20 to 25% reduction in the output of 
the PV system [6]. The mismatch can occur in the module current 
because modules are connected in a series, or in the string voltage 
because strings are connected in parallel. 

Many operational factors can force the PV array to operate under 
mismatch conditions, resulting in medium to large power losses, and 
therefore must be avoided or mitigated [7–18]. Mismatch conditions can 
occur from manufacturing tolerances, although typically less than 1% 
nowadays [19] down from 4–7% [20], or from combining modules of 

varying models, manufacturers, and technologies. In [21], a mismatch 
study of strings consisting of different technologies was conducted. The 
authors recommend against connecting different technology modules in 
the same string, however, connecting same current rating modules in 
series, and connecting same voltage rating modules in parallel is 
permitted. Discrepancies in the PV system installation such as module 
tilt angles and orientation can cause mismatch conditions. Environ-
mental conditions such as shading, soiling, snow, or temperature 
gradient [20] can also result in mismatch conditions. In [22], the impact 
of partial shading on different PV module technology arrays has been 
investigated through simulation studies. Different technology PV arrays 
showed different power losses when the mismatched PV modules are 
present in the string: thin-film technology PV array experienced 0.7% 
power losses, multi-crystalline technology PV array experienced 0.6% 
power losses, and the mono-crystalline PV array experienced 0.4% 
power losses. In [23], shading induced mismatch losses in bifacial PV 
systems and their impact on annual yields were studied and found to be 
highly dependent on factors such as row to row spacing, position within 
the string, and non-uniform albedo. Mismatch conditions can also be 
caused by non-electrical PV faults, such as non-uniform module aging, 
cell cracks, cell interconnect failures, encapsulant browning, hot spots, 
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voltage drop on the home run lines to the inverters, faults in tracker 
systems, and so on. In [24], PID impacted 17 modules of a negatively 
grounded monocrystalline silicon string in a 20 MW PV field were tested 
indoors under standard test conditions. Results revealed a 1.9% 
mismatch loss in the string caused by non-uniform degradation of the 
modules; those close to the negative terminal degraded faster compared 
to the positive terminal. Bypass diode failure-based voltage mismatch 
conditions have been reported in [25,26]. These factors can progress 
slowly over time or happen suddenly, leading to significant power los-
ses, as in the case of PV electrical faults such as line to line faults or line 
to ground faults. 

Another key operational factor that can lead to severe mismatch 
conditions is shortened strings, our focus in this publication. When 
modules are removed or go missing and a replacement module is not 
available, one practice is to bypass the removed module(s), leaving 
shortened strings [27]. Solar plant owners have a limited amount of 
extra identical modules available in storage to replace missing modules. 
Solar panel manufacturers are constantly improving their technology, 
rendering any given model obsolete within a few years; as a result, they 
are not able to provide extra identical modules. String shortening can 
happen due the annual removal and shipping of PV modules to indoor 
labs for performance testing in order to assess annual degradation rates 
in each plant, resulting in many modules missing over several weeks. 
Additionally, modules are removed from time to time for routine 
maintenance and fault diagnosis activity [28]. String shortening may 
also happen due to theft or after a natural disaster such as hail, high 
wind, flooding, lightening strikes, or fire when modules are not imme-
diately replaced due to challenges with availability, insurance, or war-
ranty claims[29]. Because the industry is experiencing rapid growth and 
increased frequency and impact of natural disasters due to climate 
change, string shortening might become more widespread, potentially 
leading to significant mismatch losses at the utility level. In smaller 
systems, such as residential and some commercial rooftop applications, 
available space may not permit uniformly equal length strings, so the 
system may have shortened strings by design. It is important to under-
stand the implications of mismatched string lengths on array 
performance. 

The few mismatch studies reported in the literature have briefly 
investigated the impact of shortened strings on overall PV plant output 
through simulation studies. However, they did not perform experi-
mental investigation, analyze reverse current flow in the shortened 
strings, determine the impact of string-end blocking diodes on string 
output, or determine the impact of mismatch on module temperature. In 
[30], a simulation study was conducted to understand the mismatch 
losses caused by the integration of PV modules from varying manufac-
turers or models and various installation configurations. Although they 
compare mismatch losses due to missing modules with losses due to 
replacement modules of a different manufacturer or model using simu-
lations, they do not provide the experimental validation or details about 
damage mechanisms or other practical implications for PV systems 
operating under such conditions. In [31], simulation studies based on 
the one-diode model (ODM) and an IV curve fitting model have quan-
tified power losses involving combinations of unequal length strings. 
However, actual operating conditions were not taken into account. 
Beyond the need to understand operational impacts, the impact of a 
string length mismatch on the nominal and shortened strings is not fully 
studied. In [32], the authors remind us that current electrical codes and 
standards for PV systems lack detailed guidance regarding circuit 
mismatch, over or reverse current protection and unbalanced opera-
tional conditions in large PV systems because experimental work in this 
field is expensive and limited by hardware and environmental resources. 
Furthermore, they showed that fault reverse currents are determined by 
fault types, fault location, and the action of the inverter. Although some 
studies have reported on experimental reverse current flow and the 
impact of blocking diodes, it was done in connection with faults other 
than shortened strings [32,6]. 

To address the limitations of previous work, this paper performs 
shortened string mismatch analysis through both simulation and 
experiment. The objective is to understand the impact of shortened 
strings on the overall system output and reverse current flow. This work 
presents an LTSpice based mismatch simulation model and the experi-
mental validation results under various mismatch conditions. Simula-
tion and experimental studies were conducted under two cases: with 
blocking diodes and without blocking diodes. The majority of PV plants 
do not use blocking diodes. When PV modules are removed and a string 
length mismatch is created, the blocking diodes case helps to understand 
the pros and cons of integrating blocking diodes into the shortened 
strings to prevent reverse current flow. This paper is organized as fol-
lows: Section 2 presents the PV system configuration used in the simu-
lation and experimental studies; Section 3 discusses simulation and 
experimental results obtained under various mismatch conditions as 
they pertain to model creation and validation; Section 4 discusses the 
simulation and experimental results; and Section 5 presents conclusions. 

2. PV system configuration 

The photovoltaic system configuration used in the simulation and 
experimental study consists of two identical strings of twelve Jinko 
Eagle 60 polycrystalline silicon modules per string, in parallel, con-
nected to an SMA grid-tied inverter with a single utilized maximum 
power point tracker. Key manufacturer specification sheet parameters 
are provided in Table 1 [33]. 

The PV array is shown in Fig. 1 and schematically in Fig. 2. String S1 
is the reference string, which remains unchanged throughout the study. 
A portion of the modules within string S2 are electrically disconnected 
from the string to shorten its module count and create mismatch con-
ditions. Between zero and six modules are removed from S2 throughout 
the study. Strings of equal module count is termed the “nominal” con-
dition with mismatched length strings termed “1-module shortened” 
through “6-module shortened” in reference to the difference in module 
count between S1 and S2. A portion of this work is interested in 
discerning behavior differences between arrays with and without string- 
level blocking diodes both at the maximum power point and at open 
circuit, a condition which exists when the inverter is offline or discon-
nected from the AC grid. 

3. Model creation and validation 

Simulation provides an efficient means to elucidate the behavior of 
an array of equal- and unequal-length parallel strings. A simple simu-
lation framework provides sufficient detail to understand the behavior 
of arrays of varying unequal length strings under real-world field con-
ditions without requiring specific knowledge of the exact model pa-
rameters typically associated with these types of simulations. A model 
built of simple elements in a widely available software package, LTSpice 
[34], is effective in simulating the behavior of complex arrays. A 
simplified flowchart of the model optimization and simulation process is 
shown in Fig. 3. Section 3.1 introduces a simple model and procedure for 
simulation of arrays under real-world conditions. Section 3.2 describes 
field studies of a grid-connected, 6.2kW two-string test array under 

Table 1 
Jinko Eagle 60 270W polycrystalline silicon module 
STC parameters from the manufacturer specification 
sheet [33].  

Model JKM270PP-60 

Pmax 270Wp 
Vmpp 31.7V 
Impp 8.52A 
Voc 38.8V 
Isc 9.09A 
Series Fuse 15A  
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multiple sets of conditions. Field data validates the effectiveness of the 
model in predicting real-world system behavior under inverter MPP 
tracking. Finally, Section 3.3 reviews simulation and experimental 

results under open-circuit conditions. 

3.1. Photovoltaic module simulation model and parameter extraction 

String-level simulations are built from the simplest constituent 
model elements of a photovoltaic string, the module. A single diode 
model of the module, described schematically in Fig. 4, is built in the 
LTSpice software package. By default, LTSpice elements are treated as 
thermally static at 27◦C. However, to compare the simulation results 
against experimental field data, simulations must be performed at 
readily experienced operating conditions; field measurement raw data 
provides regular conditions of 50◦C and 800W/m2 for the test site. 
Although cell temperatures will differ from this average value due to 
natural environmental variation, the average value is a reasonable 
simplification to achieve the goals of this work. 

Adjustment of the PV module response to temperature requires an 
explicit understanding of the change in equivalent circuit parameters 
with temperature. Extraction of temperature- and irradiance-dependent 
parameters is performed using the technique described by Cubas [35]. 
Module manufacturer specification sheet parameters at STC conditions 

Fig. 1. The two string, grid-tied 6.2kW experiment array at the UCF FSEC test field in Cocoa, Florida.  

Fig. 2. Schematic of the two string, grid-tied 6.2kW experiment array at the UCF FSEC test field in Cocoa, Florida.  

Fig. 3. A simplified flowchart of the developed model creation, optimization, 
and simulation processes.. 
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of 1000W/m2, 25◦C, and AM1.5 spectrum, Table 1, are used to obtain 
decoupled explicit equations for the equivalent circuit parameters, Eqs. 
(1)–(5). Calculated terms for each equation are listed in Table 2. GR is 
the reference irradiance of 1000W/m2; TR is the reference temperature 
of 25◦C. 

ΔT = T − TR (1)  

Rs(T) = A+BΔT +CΔT2 +DΔT3 (2)  

Rsh(T) =
1

A + BΔT + CΔT2 + DΔT3 (3)  

I0(T) = exp(A+BΔT +CΔT2 +DΔT3) (4)  

IPV (T,G) = (A+BΔT +CΔT2 +DΔT3)
G
GR

(5)  

In addition to the temperature- and irradiance-dependent parameters 
(Rs, Rsh, I0 and IPV), the simulation model is augmented with additional 
elements to reflect actual system installation. Two fixed resistance ele-
ments (RCONN, measured sample average of 0.013Ω) add the resistive 
contribution of the module’s integrated cables and connectors to the 
module-level model, shown schematically in Fig. 4. As implemented, the 
module-level model simulates the module within reasonable agreement 
to the specification sheet NOCT values for voltage parameters, but un-
derestimates current parameters: ISC (-1.1%), VOC (+0.23%), IMPP 
(-2.9%), VMPP (-0.01%), maximum power PMAX (-2.9%), and fill factor 
FF (-2.06%), calculated from other parameters). The error in calculated 
fill factor is attributed to the underestimate of ISC and IMPP. 

3.2. 6.2kW PV plant simulation and model validation at MPP 

In order to simulate the potential impact of string mismatch in ar-
rays, it is necessary to validate that the simulation predictions for the 

maximum power point have a basis in reality. The simulation is there-
fore expanded beyond the module level to match the configuration of 
the field test array. Experiments where the length of the test string, S2, is 
shortened from the nominal length of twelve modules to a length of six 
modules provides data for conducting an analysis against the simula-
tions. 

The array-level model, Fig. 5, consists of two parallel strings of 
twelve module elements each. Home run cable and connector resistance 
is added at the end of each string (RHR) along with blocking diodes, D1 
and D2, used for the VOC portion of this study. The initial value of RHR is 
fixed at the same value as RCONN of 0.013Ω; refinement of RHR is dis-
cussed later in this section. Throughout the model, a multitude of 
resistive elements act as nominally zero- or infinite-ohm resistances and 
enable programmatic reconfiguration of the array model into specific 
configurations. Note that element C1 is included to improve simulation 
computation success by reducing the chance of the simulation hanging 
at an unsolvable state; this small 10 picofarad capacitance has a minimal 
impact on result of the simulations. With this model, one string (S1) 
remains at the nominal length of twelve modules while the test string 
(S2) is systematically shortened from twelve modules to six modules, 
both with and without string-level blocking diodes. The expectation is 
that as the strings are increasingly mismatched, the maximum power 
point of the array will decrease in voltage and current, with the most 
significant changes to VMPP. Blocking diodes prevent the shortened 
string from operating under reverse current above its VOC. In the absence 
of blocking diodes, the shortened string will experience reverse current 
between its VOC and the VOC of the mismatch array. 

An example simulation with blocking diodes is shown in Fig. 6 for the 
condition of a 3-module mismatch between S1 and S2. The upper portion 
of the figure indicates the nominal array IV curve (solid yellow; for 
reference), the individual string IV curves for the nominal (solid black, 
S1) and shortened (dashed blue, S2) strings, and the mismatch array IV 
curve (dashed red). Maximum power points for each IV curve are indi-
cated. The VMPP of the array decreases due to the mismatch (yellow 
diamond to red dot). Given the mismatch array maximum power point, 
the nominal string is expected to operate at a higher current than the 
shortened string. This is shown in the lower portion of the figure; the 
expected operating point of each string is indicated. 

A simulation without blocking diodes is shown in Fig. 7 for the 
condition of a 3-module mismatch between S1 and S2. The scale is the 
same as that of Fig. 6. The upper portion of the figure also indicates the 
nominal array IV curve (solid yellow; for reference), the individual 
string IV curves for the nominal (solid black, S1) and shortened (dashed 
blue, S2) strings, and the mismatch array IV curve (dashed red). 
Maximum power points for each IV curve are indicated. Similar to the 
simulation with blocking diodes, the VMPP of the array decreases due to 
the mismatch (yellow diamond to red dot) and is of a comparable value. 
Given the mismatch array maximum power point, the nominal string is 
also expected to operate at a higher current than the shortened string. 

Initial comparisons of the nominal array-level simulation, where 
both strings are of nominal length, against nominal experimental data, 
shows differences that are not additive of the differences seen at the 

Fig. 4. (a) Single diode equivalent circuit, and (b) LTSpice model of the Jinko Eagle 60 270W polycrystalline silicon module.  

Table 2 
Decoupled explicit equation terms for equivalent circuit parameters.  

Parameter Term Value 

Rs A 0.25190297  
B − 0.00136633689770084  
C 9.07057495906687E-07  
D − 1.01318992738693E-09 

Rsh A 0.00271753  
B − 4.80138188416594E-05  
C 6.95196392972283E-09  
D − 1.2298554099918E-11 

I0 A − 20.6851569221229  
B 0.0769524637863597  
C − 0.000256325726524487  
D 7.29114480609597E-07 

IPV A 9.0962226194945  
B − 0.0001436980956205  
C 6.34358452572244E-07  
D − 5.00770373088239E-10  
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Fig. 5. LTSpice model of the two string, grid-tied 6.2kW experiment array at the UCF FSEC test field in Cocoa, Florida.  

Fig. 6. Simulation of a 3-module mismatch with blocking diodes. a) the upper portion indicates the nominal array IV curve (solid yellow; for reference), the in-
dividual string IV curves for the nominal (solid black, S1) and shortened (dashed blue, S2) strings, and the mismatch array IV curve (dashed red). Maximum power 
points for each IV curve are indicated. b) the lower portion indicates the expected operating point of each string given the mismatch array maximum power point. 
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module level simulation. Using rough values for the additional array- 
level elements, the nominal array simulation over estimates the array 
Voc by 3.9%; based on the module simulation, an over prediction of 
2.76% is expected. Vmpp of the array is overestimated by the simulation 
by 8.2%; -0.12% is expected. Current parameters show similar non- 
additive errors which are partially explained by the simulation’s error 
in predicting the key voltage parameters of the array. Impp is under-
estimated by 1.2%. Several possibilities exist for the source of the error 
between simulation and experiment, including: 1) incorrect values for 
model parameters, 2) sensor error in the measurements of experimental 
data, specifically in string voltage, string current, or incident plane-of- 
array irradiance, or 3) an unanticipated issue in extending module 
element simulations to an array level. 

Investigating the first potential source of error, a primary difference 
between the module model and the array model is the inclusion of ca-

bling and string-end elements: blocking diodes, and home run cable and 
connector resistance. Removal of the blocking diodes from the simula-
tion results in a minimal change for all mismatch conditions at the 
maximum power point, nominal through the six-module mismatch. The 
diode elements do not impact the simulation maximum power point 
results. However, alteration of the home run resistance parameter, RHR, 
yields a substantial change in the simulation’s maximum power point 
results. It is necessary to evaluate how a change in the RHR parameter 
impacts the maximum power point simulation results across all 
mismatch conditions, and how experimental results compare to the 
simulations. The 6.2kW experimental PV array in the field was recon-
figured over multiple weeks to obtain maximum power point (VMPP,IMPP) 
and irradiance data corresponding to each of the desired mismatch 
cases. Operating point values were obtained by filtering the raw mea-
surement data for stable sky and desired operating conditions of 800W/ 

Fig. 7. Simulation of a 3-module mismatch without blocking diodes. a) the upper portion indicates the nominal array IV curve (solid yellow; for reference), the 
individual string IV curves for the nominal (solid black, S1) and shortened (dashed blue, S2) strings, and the mismatch array IV curve (dashed red). Maximum power 
points for each IV curve are indicated. b) the lower portion indicates the expected operating point of each string given the mismatch array maximum power point. 

Fig. 8. Error between the simulation and experiment is minimized by adjusting the array-level RHR resistance. Indicated at (a), the maximum power point current 
error is minimized at 1.4Ω. 
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m2 and 50◦C. Comparing the simulation value and experimentally 
determined value for each of the seven mismatch conditions yields a set 
of errors: a positive error indicating that the simulation overestimates 
the parameter, or a negative error indicating that the simulation un-
derestimates the parameter. An ideal situation is one where the error is 
equivalent across all test conditions. This would indicate that the 
remaining error is systematic and may be accounted for by traditional 
measurement error in the experimental data. 

Iterating through a range of values for the model parameter, it is 
possible to find a value for which the spread across the test conditions is 
minimized. Simulations were repeated for RHR values in the 0-5Ω range 
and resulting maximum power point parameter values were compared 
with experimental data. Shown in Fig. 8, a change in this resistance has a 
substantial impact on the simulation results. A minimum range is 
identified at a value of 1.4Ω. Indicated in the figure at (a), the S2 error is 
reduced to a range of 1.36%. Correspondingly, the S1 error is reduced to 
1.27%. It is worth emphasizing that these are ranges incorporating the 
nominal and all mismatch conditions. The VMPP value does not achieve a 
minimum at this same value of resistance, but at 1.4Ω has a range of 
5.26% across the seven conditions. Fig. 9(A) compares the maximum 
power point simulation results (open triangles) to experimentally 
determined values (solid diamonds) at 800W/m2 and 50◦C for each of 
the seven test conditions. As shown in Fig. 9(B) the error in VMPP moves 
from a positive value (overestimate) to a negative value (underestimate) 
as the condition moves from nominal through the six module mismatch 
with an average overestimate of + 2.11 ± 6.54% (3σ). IMPP for the 
nominal string (S1) and test string (S2) show an underestimate of the 
current through all test conditions at − 3.88 ± 1.38% (3σ) and 
− 4.62 ± 1.52% (3σ) respectively. By adjusting model parameter RHR, 
the model can simulate a variety of mismatch conditions and achieve a 
consistent error from the experimental data set, an error which may be 
correctable. 

The second potential source of error - sensor error in the measure-
ments of experimental data, specifically in string voltage, string current, 
or incident plane-of-array irradiance - may be investigated now that a 
consistent underestimate of the IMPP values is established. Sensor error 
may impact the error in multiple ways. For instance, current measure-
ment devices may be out of calibration. In the case of the test array, two 
DC power meters are utilized, one for each string. The consistent error 
between the strings indicates that either the meters are uniformly out of 
calibration or the source of error may be in the irradiance measurement, 
a value which is used for filtering. If the irradiance sensor reads low by 
2.59%, the average error in IMPP for S1 and S2 and a value which is 
within reason for a photodiode pyranometer, then the actual irradiance 

may be 820.7W/m2 and not the expected 800W/m2. As a result, the 
measured current will be high by approximately 2.59% because current 
is fundamentally proportional to incident irradiance. In reality, there is 
likely a combination of meter and pyranometer errors contributing to 
the difference between simulation and experimental results. Because 
both ultimately impact the reported current, they may be pooled into a 
single correction factor of 0.9741 to the measured current which, when 
applied, results in a corrected version of Fig. 9: Fig. 10. After correction, 
IMPP for the nominal string (S1) and test string (S2) show a reduced error 
between the simulation and experimental values through all test con-
ditions at + 0.35 ± 1.46% (3σ) and − 0.36 ± 1.58% (3σ) respectively. 
Given the relatively low error between the corrected model and the 
experimental data, the model may be expanded to predict the impact on 
arrays of larger size and complexity as discussed in Section 4. 

3.3. 6.2 kW PV plant simulation and model validation at VOC 

Commercial sites often parallel two or more strings at the input of 
each combiner. Often the series fuse located within the combiner is sized 
for the combined series fuse current of the paralleled strings to reduce 
the cost of fuses. For example, two strings that individually require a 
maximum 15A series fuse may be paralleled and protected as a group 
with a single 30A fuse. This poses a potential problem when strings are 
mismatched due to the removal of modules from any one or more strings 
within the array. Under normal conditions, and as detailed in Section 
3.2, at the maximum power point all strings are contributing to the 
generation of the array. However, when the inverter is powered off for 
maintenance or due to a failure, the array is left in an open circuit 
condition with each string attempting to sit at VOC. When a mismatch in 
the string length exists, neither the nominal length strings nor the 
shortened string are able to achieve the ideal condition of no current 
flow; a portion of the array has a net positive current flow and another 
portion has a net negative (reverse) current flow. This section explores 
simulation and experimental results both with and without blocking 
diodes when the array is maintained at open circuit; in all cases the two 
paralleled strings remain electrically connected at the inverter but the 
inverter is disconnected from the grid in standby mode. 

Referencing Figs. 6 and 7 for the condition of a 3-module mismatch 
between S1 and S2, a significant difference is notable at open circuit. 
With blocking diodes, the shortened string is prevented from operating 
under a reverse current condition. The diodes allow the array to achieve 
the VOC of the most significant string, in this case S1. Above approxi-
mately 320V, S2 generates no current and the array behaves as if 
composed of a single string. Conversely, without blocking diodes, above 

Fig. 9. Simulation and experimental maximum power point parameters at 800W/m2 and 50◦C for each of the seven test conditions presented in (A) engineering 
units, and (B) as the percent error from the experimental data.. 
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the VOC of S2, S1 forces current through S2 and creates an unprotected 
current loop. As the voltage rises towards the VOC of the mismatch array, 
the current increases until the current in the shortened string is equal 
and opposite to the current generated by S1 at VOC. 

The first set of tests monitors the array and string behavior while the 
inverter is operating and connected to the electrical grid. This simulates 
normal operating conditions with a functional inverter and an array 
with mismatched string lengths. The second experiment simulates a 
maintenance condition where the inverter is manually disconnected 
from the grid, has failed, or is otherwise not managing the connected 
array during elevated irradiance conditions. The test array inverter is 
disconnected from the electrical grid for these experiments and is not 
influencing array operation; DC meters record the string voltage and 
current of the parallel connected strings. Experiments without blocking 
diodes are limited to the 1- through 3-module shortened conditions to 
limit the risk of excessive reverse current. 

Simulations are run at irradiance levels between 5 and 1000W/m2 to 
predict the behavior in S1 and S2 through the nominal and six mismatch 
conditions. The nominal case simulations predict that, throughout the 
full range of irradiance, the strings remain balanced with no current 
flow. However, as S2 is shortened, the equilibrium point between the 
two strings decreases in voltage and therefore enables current flow be-
tween the nominal length string and the shortened string. As the level of 
mismatch increases, the maximum current flow at any given irradiance 
increases. 

In the first test scenario, the inverter manages the mismatch array as 
normal. The transition between VOC and maximum power point tracking 
both at sunrise and sunset across multiple days is of primary interest. 
The array is reconfigured for each mismatch condition and string-level 
metering (voltage, current) and photodiode pyranometer irradiance 
data is collected. Just above 0W/m2, the array sits at the VOC of the 

mismatch array with small positive and negative currents in S1 and S2 
respectively. As irradiance increases, the array tends to deliver enough 
current to the inverter to enable maximum power point tracking above 
30W/m2, at which point the array operates near the expected VMPP of 
the mismatch array. While tracking the maximum power point, the array 
operates the same as if there are blocking diodes present. Approaching 
sunset, the inverter tends to cease maximum power point tracking below 
about 20W/m2 at which point the array again transitions to the VOC of 
the mismatch array with small positive and negative currents in S1 and 
S2. In this scenario, reverse current is a concern only below approxi-
mately 30W/m2 when the mismatch array sits at VOC. 

In the second scenario, the inverter is disabled so the mismatch array 
achieves equilibrium at the open circuit voltage. Data was collected for 
the 1-module mismatch condition between 0 and 1000W/m2 and for the 
2- and 3-module mismatch conditions up to a maximum irradiance of 
325 and 450W/m2 respectively. For all three test conditions, measured 
currents in S2 are of opposite sign and approximately equal magnitude of 
the corresponding current generated by S1. As the mismatch increases 
from one to three modules, the current level at a given irradiance in-
creases. Fig. 11 incorporates both simulation and experimental results 
for the described scenarios. The simulation tends to underestimate the 
level of current generated by S1 and therefore the corresponding level of 
reverse current consumed in S2. For instance, at 325W/m2, current is 
underestimated in both strings for the three test conditions, 1-module 
through 3-module respectively: S1 (-18.3%, -9.3%, and -8.0%) and S2 
(-13.0%, -6.0%, and -5.1%). The error between the simulation and the 
experimental data decreases as the array mismatch increases. Although 
not without error, the trends predicted by the simulations are seen in the 
experimental data which allows these simulations to be used to model 
higher complexity arrays with the understanding that if the reverse 
current in the simulation exceeds the manufacturer stated current limits 

Fig. 10. Simulation and experimental maximum power point parameters at 800W/m2 and 50◦C for each of the seven test conditions, corrected for current and 
irradiance measurement error by applying a correction factor of 0.9741 to the S1 and S2 IMPP experimental data set. Results are presented in (A) engineering units, 
and (B) as the percent error from the experimental data.. 

Fig. 11. Simulation and experimental data of the 6.2kW two-string array without blocking diodes at VOC. Gray curves indicate simulation predictions. Colored points 
indicate measured data from the test array: blue for 1-module shortened, red for 2-module shortened, and green for 3-module shortened conditions.. 
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within a module, it is probable that the predicted currents will be seen in 
the field. 

4. Discussion 

4.1. Mismatch analysis under MPPT conditions 

Of primary concern to operators of photovoltaic plants is continual 
operation at the maximum power point, to the maximum extent 
possible. Removal of strings or sub-arrays because of required mainte-
nance, annual inspection of modules, or repairs may result in a reduced 
potential output from the system. To limit the impact, some operators 
will shorten one or more strings within an array when a module needs to 
be removed; the inverter thus finds a new maximum power point for the 
mismatched array until the string lengths are returned to normal. 

Simulations initially underestimated IMPP and overestimated VMPP 
when compared to experimental measured values. Investigation of po-
tential sources of error leads to a empirical method for refining the value 
of the additional model resistive element RHR, and an adjustment to the 
measured current to correct for a potential miscalibration of the 
photodiode pyranometer. As a result, the overall error in IMPP for the 
nominal string (S1) and test string (S2) between the simulation and 
experimental values, through all test conditions, reduces to +

0.35 ± 1.46% (3σ) and − 0.36 ± 1.58% (3σ) respectively. 
Comparisons between PMAX and VMPP for the nominal and test con-

ditions is shown in Table 3. Removal of a single module from S2 results 
in a drop in PMAX of 260.8W, a power reduction equivalent to 129% of 
the rated NOCT power of the module, or 1.29 equivalent modules. The 
reduction in PMAX of the array exceeds the contribution of the removed 
module. As the mismatch increases, the maximum power point power 
reduction increases non-linearly with the level of mismatch. Similarly, 
the reduction in VMPP increases as the level of mismatch increases. With 
a 1-module mismatch, VMPP of the array drops by 18.6V. A 2-module 
mismatch reduces VMPP by 44V, or 22V per module. The most extreme 
simulation indicates a VMPP reduction of 163.8V, or 27.3V per module. 
The presence or absence of string-end blocking diodes does not impact 
the simulations at the maximum power point to any significant degree; 
this is supported by the experimental data, which shows no discernible 
difference in measurements for the 1- through 3-module mismatch 
conditions with and without blocking diodes, Fig. 12. 

The authors expect that strings of shorter or longer lengths than the 
one studied (12-module strings), higher complexity arrays, and those 
with substantially more paralleled strings may experience a different 
reduction in PMAX beyond the summed power of the removed modules. 
Multiple mismatched strings within the same array or sub-array may be 
impacted differently than predicted with the simple test case presented 
in this work. It is worth noting that a significant mismatch also has the 
potential to move the maximum power point to a voltage below the 
operating range of the inverter or, in extreme cases, may shift the global 
maximum power point. Future modeling efforts to explore more 

complex scenarios is anticipated. 

4.2. Mismatch analysis under VOC conditions 

The presented work is limited to a two string mismatch array. 
However, the trends displayed through simulation and supported by 
experiment expose potential design concerns for larger systems which 
may, at times, operate with shortened strings for maintenance or other 
purposes. These larger arrays are not usually designed with or operate 
with string-end blocking diodes. 

Under operation at the maximum power point, the shortened strings 
will impact the operating point of the array and reduce the potential 
power output of the system as discussed in the preceding section; this is a 
concern from a power production standpoint. When in a standby con-
dition, such as low-irradiance times near sunrise and sunset, the inverter 
will not control the array and therefore the mismatched array will 
maintain a self-regulating open circuit condition wherein the current 
will flow from the nominal length strings through the shortened strings 
such that the overall current balance between the strings is maintained. 
Similarly, an open circuit condition exists when the inverter is taken 
offline for maintenance, typically during daylight hours. This is the more 
extreme of the two discussed open circuit conditions because the po-
tential reverse current through the shortened string is a function of the 
incident irradiance and number of paralleled strings. 

VOC experiments were restricted up to a 3-module mismatch. Simu-
lations underestimated the level of current flow through both the 
nominal and shortened strings. Even so, extrapolation of the mismatch 
conditions to 1000W/m2 at 50◦C suggests that even in the smallest of 
mismatched string arrays (two strings), the reverse current may exceed 
three amperes for a 1-module shortened string mismatch up to 
approximately seven amperes for a 3-module shortened string 
mismatch. It is unclear, however, if reverse currents in practice will 
exceed the manufacturer specified reverse current limit or, in the 
absence of a stated reverse current limit, the series fuse rating. 

An expansion of the simulations discussed in Section 3 provides an 
initial view into the stated concern. By expanding the total number of 
paralleled strings and maintaining a single shortened string, the simu-
lated array expands from two total strings to 24. Three mismatch con-
ditions were simulated and consisted of a 1-, 3-, and 5-module shortened 
mismatch string. Fig. 13 describes the simulated reverse currents in the 
shortened string. A mismatch string shortened by a single module will 
experience a reverse current that approaches 5A. The simulations are 
not extensive enough to determine if the reverse current is asymptotic at 
a certain current or if this will continue to increase as the number of 
paralleled strings increases. Increasing the level of mismatch in the 
shortened string increases the reverse current: a 3-module shortened 
string approaches the series fuse rating threshold of 15A with eight 
paralleled strings; a 5-module shortened string exceeds 15A with three 
paralleled strings. Defining which array configurations could exceed 
reverse current limits will be explored in future work. 

4.3. Additional considerations 

Although not discussed in the present work, the authors acknowl-
edge that there are expected thermal impacts to the nominal and 
shortened strings within a mismatch array that should manifest as 
changes to operating temperature, both at the cell level and at the 
module level. Infrared imaging should reveal these changes at a 
macroscopic level, but a more detailed theoretical analysis is necessary. 

5. Conclusions 

The present work utilizes a simple modeling and validation tech-
nique to explore the impacts of mismatched strings on the performance 
of a photovoltaic array. The present study has investigated and quanti-
fied shortened string mismatch losses for 12-module strings; mismatch 

Table 3 
Simulation conditions and predicted maximum power point operation at 800W/ 
m2 and 50◦C for the two string, grid-tied 6.2kW experiment array at the UCF 
FSEC test field in Cocoa, Florida. The right column is the power reduction from 
the nominal array condition at PMAX in units of equivalent modules at NOCT 
(202W).  

Condition IMPP VMPP PMPP PMAX Reduction  
(A) (V) (W) (Equivalent Modules) 

Nominal 13.52 333.2 4504.4 0 
1-Module Shortened 13.49 314.6 4243.6 1.29 
2-Module Shortened 13.44 289.2 3886.2 3.06 
3-Module Shortened 13.41 260.1 3486.8 5.04 
4-Module Shortened 13.37 230.0 3076.1 7.07 
5-Module Shortened 13.33 199.7 2662.9 9.12 
6-Module Shortened 13.27 169.4 2248.6 11.17  
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losses in shorter or longer strings may differ from the present study and 
warrants further investigation. Simulations are refined and supported 
with experimental data for the nominal condition of equal-length strings 
as well as for unequal-length strings shortened by one to six modules, 
both with and without the use of string-end blocking diodes. Modeling of 
PV systems are valuable tools to study mismatch qualitatively. However, 
proper tuning of the model is necessary to reduce the model error when 
modeling a specific PV system. The technique used to refine the simu-
lations and match experimental behavior may be applied to other 
modules and array configurations. 

Operation at the array maximum power point is discussed with the 
noted impact of a reduction in VMPP and PMAX, which increases non- 
linearly with an increasing level of mismatch. Resulting power loss is 
greater than the power contribution of the removed modules alone. For 
example, a string shortened by one module results in a 1.29 module 
equivalent power loss, and shortening by six modules results in an 11.17 
module equivalent power loss. Simulation and experimental studies 
both proved that blocking diodes prevent power losses due to string 
length mismatch under these conditions and that operation at VMPP is 
not substantially impacted by the presence or absence of blocking 
diodes. 

Under open circuit conditions, such as low-irradiance conditions or 
when the inverter is in standby, the shortened string is placed in reverse 
current to a level that balances with the current generation from the 
nominal length parallel strings. Concerns are raised about the potential 
for the level of reverse current to exceed the rating of the modules. Based 
on the presented work, PV arrays at VOC can tolerate at most one missing 
module per string without exceeding the series fuse rating due to over 
current because the reverse current will likely never be larger than about 

5 amperes no matter the number of strings in parallel. However, that 
may be enough to create severe hotspots and damage a module, thus 
leading to more significant mismatch conditions and potentially higher 
reverse currents. 
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Fig. 12. Measured S2 currents at maximum power point for the 1- through 3-module shortened string conditions as a function of incident irradiance. Blue dots 
represent the condition with diodes and red dots are without diodes. 

Fig. 13. Simulation of multi-string arrays consisting of up to 24 total strings with a single shortened mismatch string. Colored points indicate simulation results for 
the mismatch string reverse current: blue for 1-module shortened, red for 3-module shortened, and green for 5-module shortened conditions. The red shaded area 
indicates the area of concern for exceeding the series fuse rating of the modules used in this work. 

R.M. Smith et al.                                                                                                                                                                                                                                



Energy Conversion and Management 250 (2021) 114891

11

References 

[1] International Energy Agency, Renewables 2020, 2021. https://www.iea.org/ 
reports/renewables-2020. 

[2] U.S. Energy Information Administration, Levelized costs of new generation 
resources in the annual energy outlook 2021, 2021. https://www.eia.gov/ 
outlooks/aeo/. 
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