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Abstract—Costs associated with conventional photovoltaic (PV)
installations (module manufacturing, mounts, wiring and installation labor, etc.) scale linearly with system area, and prudent design
practices for increasing the light harvesting may significantly enhance the power output per unit area and cost per watt. The use of
PV modules that have been augmented by the addition of a solar
mirror provides an opportunity to improve light harvesting of a
PV module and cost-per-watt considerations if the mirror is less
expensive than the relative increase in power. In order to harvest
greater insolation, an optimized design configuration between a
flat-panel module and mirror is necessary for a fixed (nontracked)
mirror-augmented photovoltaic (MAPV) system. A series of irradiance and energy harvest calculations were developed to screen
various MAPV design configurations. We employed optical raytracing simulations to determine irradiance nonuniformities on
the fixed MAPV system. The simulated results are compared with
outdoor experimental field trial results. Over a three-month period
of study, the fixed MAPV system produced 12% more power than
an equivalent nonaugmented panel. An adjustable angle mounting system known as “time machine” was used to estimate yearly
power production by adjusting the relative position of the MAPV
system to represent varying times of the year. Current–voltage (I–
V) curve tracing of test modules was performed during the field
trials on augmented and nonaugmented modules for comparison.
The experimental time machine result is in agreement with the
irradiance simulation, which shows a gullwing curve of annual
power output with peak production on the equinoxes and reduced
production on the solstices.
Index Terms—Low concentration, mirror augmentation, photovoltaic (PV) systems, simulation.

I. INTRODUCTION
HE large reduction of commercial photovoltaic (PV) pricing over the last few years has allowed favorable economics for multicrystalline silicon solar cells while reducing
the competitiveness of other forms of PV, including thin-film
technologies that employ concentration. Those technologies,
including III–V multijunction cells, most commonly rely on
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dual-axis trackers and high-concentration systems to aid their
cost/watt ratios. Concentrating photovoltaics (CPV) can provide benefits in the form of reduced balance-of-systems (BOS)
costs. More power can be reaped from a cell, and less relative
cost is required in the form of interconnects, inverters, racking,
and real estate for CPV in comparison with conventional PV.
We describe a system in which cost-effective solar mirrors are
utilized with conventional polycrystalline Si (pc-Si) modules to
augment the power production of these modules [1], [2]. This
system takes advantage of the favorable cost structure of both
the low cost of silicon modules as well as BOS benefits of CPV.
An example of a commercial MAPV system supplier is TenK
Solar, which provides modules paired with mirrors designed for
enhanced light capture and, thus, increased power. In this scenario, the mirrors provide a low-concentration value, and this is
referred to as mirror-augmented PV, (MAPV) [3]–[5].
Using solar mirrors to harvest more of the direct sunlight on
qualified PV modules increases the electricity produced from
a given area of PV panels [3]. Replex plastics has developed
a high performance, low-cost solar back surface mirror made
of acrylic. The acrylic mirror uses a back surface aluminum
reflector and is ideal for PV augmentation because of its low
cost, light weight, and low light scattering [2]. The back surface
solar mirror can spectrally filter ultraviolet (UV) light, which
prevents the PV panel from experiencing additional harmful UV
irradiance reflected from the mirror [6]. We have also studied the
lifetime and durability of the solar mirrors in previous studies
[7], [8]. Therefore, MAPV systems can improve the harvesting
of the fixed 1 kW/m2 solar resource, and may not include a
lifetime performance penalty due to more rapid PV module
degradation.
The MAPV system still has challenges that need to be solved.
Among these challenges is maximizing energy harvest when the
angle of insolation is constantly changing. The most straightforward solution is to place PV modules and mirrors on a solar
tracker, ensuring a near-constant incidence angle of illumination
[9]. Although a tracked MAPV system can harvest more light,
the cost is also increased greatly [10]. A fixed MAPV system
offers a low-cost solution, but introduces irradiance nonuniformity issues upon the module [2], [4]. The challenge of fixed
MAPV is in optimizing the system properly to maximize the
annual power production for a system, where the irradiance and
thermal variations are complex [5]. The cell string architecture
of a standard pc-Si PV module is not ideal for MAPV due to
the inherently nonuniform irradiance [11]. The current matching of cells in a commercial module demand that the irradiance
be uniform, but this restriction can be mitigated through the use
of submodular dc/dc microconverters to perform, for example,
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substring power conversion and maximum power point tracking
[12] for modules in landscape orientation. Hence, the goals for
fixed MAPV with pc-Si PV modules are to obtain the most uniform irradiance distribution possible while producing maximum
annual energy harvest as well.

Dm irror =

II. SIMULATION METHODS AND TOOLS
A. One-Dimensional Geometrical Irradiance
Model Development
As a proof-of-concept model, the performance of the mirroraugmented system is calculated analytically in MATLAB by
considering only one dimension and no material features of the
reflector. The module and mirror configuration are assumed to
be infinite in length and hold translational symmetry. Additionally in this proof-of-concept model, no cloud cover or weather
is considered. Our objectives were to demonstrate the improvement in average annual power production for an MAPV module in comparison with a nonaugmented module, and to model
the design elements of the mirror, such as optimal tilt angle
and mirror throw distance. To meet these objectives, we varied
the solar position for every minute for the given installation
location based on a technical report developed by Reda and
Andreas in NREL [13]. Detailed information on the solar position relative to longitude and latitude coordinates were used
to determine the incidence angle of solar irradiance. For this
case study, we selected the latitude and longitude of Columbus,
OH, USA, because of access to experimental data for comparison, as described below. Total annual production is the timeintegrated incident power upon the module from January 1 to
December 31.
The air mass is the path length that light takes through the
atmosphere normalized to the shortest possible path length. The
air mass quantifies the reduction in the power of light as it
passes through the atmosphere and is absorbed by air and dust.
The theoretical air mass incorporates the curvature of the earth,
as given by [14]
AM =

1
cos(αsun ) + 0.50572(96.07995 − αsun )

(1)

where αsun is the solar zenith angle (or 90◦ -solar elevation angle). The intensity of the direct component of sunlight throughout each day (Idirect ) can be determined as a function of air
mass from an empirical relation [15]
0.678
).
Idirect = 1.353(0.7AM

(2)

The global irradiance (Iglobal ) normal to a module’s surface
is 1.1Idirect , due to the approximate 10% increase in irradiance from diffuse light, and represents the maximum possible
irradiance. For a module surface that is nonnormal to the solar
irradiance, (3) gives the dependence of insolation upon a rectangular surface Sm for arbitrary solar elevation angle and tilt
angle
Sm = IG (cos(θsun )sin(θm )cos(φm − φsun )
+ sin(θsun )cos(θm ))

where θsun is the solar elevation angle, φsun is the solar azimuth
angle, θm is the module or mirror tilt angle, and φm is the
azimuth angle of the module or mirror.
We calculated the mirror throw distance Dm irror using (4),
shown below, which was obtained from geometric optics

(3)

Lm irror sin(θsun − θm irror )
.
sin(θpanel − θsun + 2θm irror )

(4)

The mirror throw distance represents the relative length of the
augmentation region on a module to its total length in 1-D.
The length of the mirror Lm irror was selected considering the
module row packing density, and was set equal to the length
of the module. This length may not be optimal for the system
as will be shown in this paper. With changing solar incidence
angles, it is evident that the throw distance will result in bands of
irradiance augmentation on the module throughout most times.
By adding the light intensities of PV panel and reflective mirror,
the total amount of power generated by fixed MAPV can be
obtained.
The annual power production was calculated for mirror tilt
angles varying from 5◦ to 25◦ , in steps of 5◦ , as a function
module tilt angle. The effects of the irradiance augmentation
bands and their uniformity were explored using 3-D optical
ray-tracing modeling, as described next.
B. Three-Dimensional Irradiance Ray-Tracing
Model Development
In addition to the 1-D geometric irradiance model, we generated a full 3-D ray-tracing model of irradiance to optimize
the MAPV system design, including nonuniformity terms. The
irradiance nonuniformity is an important element in the study of
the power production efficacy and estimate power degradation
rates. PV modules that receive highly localized irradiance may
experience faster module degradation rates due to the excess
current loss as determined by string matching with less illuminated cells. Therefore, we employ ray tracing to simulate the
light distribution on solar panel as a function of time of day and
year [16].
Several ray-tracing software packages have been used in the
literature to evaluate concentrated PVs, such as FRED [17],
Apilux [18], ZEMAX [19]–[21], and TracePro.
Here we employ TracePro, developed by Lambda Research
Corporation, to generate the 3+D irradiance results described
in this paper. This software package allowed us to generate
detailed ray-trace analysis on a model without making any assumptions as to the order in which objects and surfaces will
be intersected. At each intersection, individual rays can be subject to absorption, reflection, refraction, diffraction, and scatter.
Hence, a model of specific material properties at interfaces can
be constructed in TracePro for physically relevant results using the properties of the acrylic back surface reflector mirrors.
Furthermore, TracePro can construct 3-D solid models geometrically, and it is also compatible with other computer-aided
design (CAD) programs such as SolidWorks.
Our procedure for optimizing the MAPV design involved importing models into TracePro and defining material and surface
properties, such as reflection and absorption, for the appropriate
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Fig. 1. Sketch of a TracePro 3-D model of a module and mirror system on
January 15, with a small subset of the incident solar rays in red and reflected
rays in blue.

objects in the model. The next step is the ray-tracing process
in which the rays are traced from a solar light source onto the
defined model. The final step is to analyze the ray-trace results to
determine the location, extent, and distribution of the resultant
illumination on the panel and mirrors.
Because of the computationally intensive 3-D model generation, we will limit the 3-D simulations presented here to the
optimal results determined by the 1-D modeling. Our initial prototype model is a mirror of the same length as a module. Fig. 1
depicts a 3-D model of the module and mirror designed in CAD
with solar rays incident upon the system.
C. Experimental Confirmation From Field-Test I–V
Curve Tracing
An outdoor test facility was constructed at Replex Plastics
(Mt. Vernon, OH, USA) for real-world data collection. Three PV
panels (Canadian Solar CSI CS-6P 200W) were coupled with
Replex back surface acrylic solar mirrors. A second row of three
nonaugmented modules was also installed to enable simultaneous side-by-side comparison between mirror-augmented and
nonaugmented modules. The mirror-augmented module was
installed at the 1-D result-optimized 55◦ tilt angle, and two
nonaugmented modules were installed at 1-D result-optimized
34◦ for a module with no mirror, and 55◦ for direct comparison
with the MAPV system. An adjustable PV module mounting
system (the ‘time machine,” as shown in Fig. 2.) was used to
experimentally probe the relative position between the sun and
the fixed MAPV system by appropriately tilting the module and
mirror angle to achieve the correct relative positioning. This
tilting of the time machine racking is allowed for an equivalent
solar zenith angle to any time throughout the calendar year. The
angles between the augmented modules and the mirrors were
fixed on the time machine. Using knowledge of the current solar
position, the time machine system was adjusted to simulate a
different sun position and a different time of year. Hence, the
integrated power output for an entire year was obtained in a
short time.
A Daystar multitracer was used to load the modules and perform periodic I–V scans. The multitracer is a self-contained
load and data acquisition device for collecting PV module

Fig. 2. Replex “time machine”: A rotating tilt module/mirror combination
that simulates different times of the year by varying the incident angle of the
solar irradiance.

performance, while also collecting data from auxiliary sources
that acquire irradiance and temperature data. I–V curves
were then normalized to standard test conditions: 25 ◦ C and
1000 W/m2 . Contact thermocouples (T-type) and a solar pyranometers (Kipp-Zonen CHP6) were obtained and calibrated for
this purpose.
Results of the simulations were compared with the measured
power produced for augmented, optimized modules, as well as
nonaugmented modules at the same site for a period of time
from January 6 to March 31.
Further the annual production measurements collected using
the time machine were compared with simulation, and used
to refine further iterations of models to optimize performance,
whose results are presented in Section III.
III. RESULTS AND DISCUSSION
A. Optimal One-Dimensional Mirror/Module Configuration
for Annual Irradiance
The 1-D model generated in MATLAB was used to estimate
the illumination pattern on a mirror-augmented module and to
optimize the mirror and module configuration for maximized
annual power output in Mount Vernon, OH, USA. We found
that the system receives maximum irradiance for a module tilt
angle = 55◦ , and mirror tilt angle = 10◦ , from the horizontal.
Additionally, the calculations indicate that the optimal tilt angle for a nonaugmented module is 35◦ . If all of the augmented
irradiance could be captured by the module, the maximum estimated annual energy harvest would increase by 12% over the
nonaugmented counterpart mounted at its optimal tilt angle.
B. Three-Dimensional Optical Analysis and Nonuniformities
A CAD model of a module and mirror was designed and
used as an initial model in TracePro. The models are oriented
so that the z-direction is along the earth’s North–South axis,
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Fig. 3. Irradiance maps across the length and width of a 60-cell Si module, as
determined by TracePro. The maps depict the augmentation strength and uniformity near noon time on an hourly basis. It was observed that the nonuniformity
created intensity bands across the module length. The mirror adjoins the module
at the top of the images.

the x-direction is along the East–West axis, and the y-direction
is normal to the surface of the earth. The PV module and the
mirror are positioned at the optimal tilt angles according to the
results from the 1-D simulation.
In Fig. 3, we show the TracePro-generated incident irradiance upon the PV module at various times on March 15. These
simulated results quantify the extent of time-dependent mirror
augmentation nonuniformity. Nonuniformities arise from the
variation in material properties, i.e., the contribution to absorption and scattering in the acrylic mirror and the insolation angle.
The nonuniformity of augmentation can be positively affected
by increasing the mirror length beyond what was simulated
here. Naively, the data suggest that an increase in mirror length
of a factor of 3 would uniformly illuminate the module with
augmented irradiance.
From 10 AM to 3 PM, nonuniformity caused by mirror augmentation occurs at a corner of module adjacent to the mirror.
This nonuniformity is due to the modeled length of the mirror
being equal to the length of the module, causing a nonaugmented
shadow in the corner closest to the sun, unless the solar position
is at its zenith. This edge effect was observed throughout the day
except at solar noon when the sun is azimuthally aligned with
the MAPV system. We simulated the same irradiance conditions
using a mirror of length 3× the module length to verify that the
edge effects were related to the shortness of the mirror, as shown
in Fig. 4. Furthermore, it is observed that the irradiance maps
are symmetric about noon from 10 AM to 3 PM because of the
similar elevation angles of the sun.
As evidenced by the 2-D irradiance uniformity plots of Fig. 3,
the peak irradiance augmentation reaches nearly 1600 W/m2 in
a band that matches one complete substring; one-third of the
module has uniform high irradiance, while the other two-thirds
have uniformity at reduced irradiance. Because of the series
connection of the cells in a module, the cells must be current

Fig. 4. Edge effects in the irradiance uniformity distribution are eliminated
with a mirror that is 3× longer than the module. This proof-of-concept model
was not constructed but suggests that the MAPV modules at the ends of the row
should be coupled with mirrors that protrude from the length of the module.

matched. That is, the smallest photoinduced current from any
cell will determine the string current, and the excess photoinduced current of the high-insolation cells is lost as heat. The
current matching precludes the harvesting of all incident power
because the module is current limited by the least augmented region. High insolation at high nonuniformity is thus to be avoided
because of potential damage from hot spots on cells. This module manufacturer’s of silicon modules will subset the module
into three substrings with bypass diodes in parallel with the
substrings, which become forward biased when there is a current discrepancy between substrings.
In addition to the flat mirror, concave mirrors and convex
mirrors were modeled. The preliminary hypothesis was that
convex mirrors would distribute the reflected light over a cylindrical area. This distribution would cause less light to intercept the module, but may uniformly illuminate the module area
so that the risk of forward biasing a bypass diode is reduced
and thus provide more power. A corollary to that hypothesis
is that the concave mirror should focus the light and greatly
enhance nonuniformity. The module and mirror tilt angles are
55◦ and 0◦ , respectively, for nonflat mirrors, where the mirror
tilt angle is defined as the angle to horizontal of a line tangent
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Fig. 5. Simulated peak irradiance upon a module on the 15th day of each
month across a calendar year as a function of mirror tilt. The module tilt angle
was fixed at 55◦ , where the optimum value was determined by the 1-D modeling.
The curves indicate a “gullwing” shape, where the irradiance is minimum during
the summer months.

to the mirror where it meets the module. TracePro confirmed
these hypotheses for mirrors with various radii of curvature.
For example, a concave mirror of radius of curvature equal to
250 cm increased irradiance up to 40 000 W/m2 upon a band in
the augmented region, which is not useful for an MAPV system.
This nonuniformity cannot be solved even if we increase the radius of curvature to 2250 cm (nearly flat). Convex mirrors were
found to be too close to the module and did not aid in uniformity
unless the radius of curvature again approached infinity or flat
mirrors. Hence, for uniformity and performance reasons, the flat
mirror was selected for further study.
We investigated the effects of mirror tilt angle irradiance uniformity through a series of simulations to observe the irradiance
distribution and determine the average irradiance by using TracePro. In these simulations, the module tilt angle was fixed at
55◦ , and the solar elevation and azimuth angles of noon on the
15th day of each month were selected as monthly representative
samples to observe the irradiance distribution.
The 15th day of each month was picked to represent the typical power output of the month and provide a yearly variation;
Fig. 5 is a plot of the peak irradiance of that day upon a MAPV
module tilted 55◦ as a function of mirror tilt angle from −5◦ to
35◦ in steps of 5◦ . The results shown in Fig. 5 show a gullwing
curve, i.e., the shape of the curve tends toward low values in the
middle, during the summer months. This shape can be explained
by studying the data and exploring the ray-tracing model output. During times of high solar elevation angles, the incident
rays specularly reflected from the mirror do not intersect the
module because of its tilt angle. Fig. 6 shows the ray-tracing
model during summer months and depicts the reflected rays
from the mirror missing the MAPV module, essentially leading
to nonaugmented performance during the summer months. The
data simulated for various mirror tilt angles indicate that the
gullwing shape can be mitigated by tuning the mirror angles
throughout different parts of the year so that the typical monthly
output can be kept near maximum values. However, for costeffective installations that require a fixed MAPV system, Fig. 7
shows the sum of the peak irradiances on the 15th day of each
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Fig. 6. Explanation of the gullwing shape is provided by TracePro simulation
is shown here. Specular reflection rays from the mirror during the summer
months of high solar elevation angle do not intercept the PV module at all. This
sketch of a TracePro model is taken from June 15 and shows a small subset of
incident light rays in red and reflected rays in blue.

Fig. 7. Plot of the integrated results of Fig 5, showing the total annual irradiance as a function of mirror tilt for a module at 55◦ . The optimum mirror tilt
angle for maximum annual production is 20◦ , even considering the significant
“gullwing” shape of the time-dependent curve, as shown in Fig 5.

month versus mirror tilt angle, showing that the optimum mirror
tilt angle is equal to 20◦ for maximum annual power production.
C. Results From Field-Testing
Fig. 8 includes three tiles plotting the measured I–V and P–V
curves of a mirror-augmented and nonaugmented module, as
well as the corresponding simulated PV module irradiance profile. The modules are mounted at 55◦ , and the mirror mounted
at 0◦ . The maximum power output on the fixed MAPV panel is
224 W compared with 199 W of the nonaugmented panel. Although the mirror augmented Isc is about 45% greater than
the nonaugmented panel, the maximum power point is only
13% greater due to large irradiance nonuniformity, as evidenced
by the bypass diodes becoming forward biased during the I–V
sweep. The bottom tile of Fig. 8 shows three distinct irradiance
bands upon the module: high augmentation near the mirror,
moderate augmentation in the middle of the module, and low
augmentation on the far edge from the mirror. These bands align
well with the substring routing of a typical 60-cell module and
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Fig. 9. Time machine measurements of maximum power point of a 200-W
60-cell pc-Si module confirms the gullwing shape of the simulation output for
a module at 55◦ and mirror at 0◦ .

Fig. 8. Comparisons between MAPV and non-MAPV from ray-trace result
and field-test site.

TABLE I
TABLE OF VALUES TAKEN FROM FIG. 8
Substring
1
2
3

Irradiance (W/m2 )

Predicted Is c (A)

Measured Is c (A)

1550 (120)
1070 (130)
980 (30)

12.4
8.6
7.9

11.3
9.0
8.3

The irradiance shown is the mean value from the simulation over the substring
listed with the standard deviation of irradiance in parentheses. The predicted
Is c is calculated from the Is c of the nonaugmented module and the measured
POA irradiance upon the nonaugmented module. The measured Is c is the
y-intercept taken from a linear fit to the substring’s relative low-voltage range
in the I–V curve.

account for the two bypass diodes become forward biased for the
two substrings nonadjacent to the mirror. The estimated irradiance in the plane of array (POA) for the nonaugmented module is
950 W/m2 , which we assume is uniform over the module, and
yields a short-circuit current of 7.67 A. Table I shows the average
irradiance value and standard deviation taken from the simulation over each substring area. From these irradiances and the
estimated plane of array irradiance of 950 W/m2 , we estimated
the model prediction of Isc given the measured Isc of the nonaugmented module. The results are in good agreement with the relative error among the substrings +10% (overprediction) for the

highest augmented substring and about −5% (underprediction)
for the other two substrings. We attribute the overprediction to
the high deviation, as well as observed increased shunt losses
in the augmented curve compared with the nonaugmented curve.
These data suggest that the ray-tracing analysis is accurate at
a specific point in time and demonstrate the potential to significantly enhance the instantaneous power produced by mirror
augmentation.
In addition to the I–V snapshot, power production data were
recorded for a three-month period from January 6th to March
31 to demonstrate the model accuracy and power production
enhancement over a longer period of time. Over this time-limited
period of study, the MAPV system produced 8% more power
than an equivalent nonaugmented module tilt at 55◦ and boosted
10% more power than the module tilt at 35◦ .
Computer ray tracing and the outdoor time machine measurements were used to estimate the yearly power production.
The angle of the time machine was set to closely approximate
the 15th day during a sunny day with high insolation, and the
maximum power point of the MAPV module was recorded.
The experimentally determined curve also showed a minimum
during the simulated summertime, which is consistent with the
gullwing shape. Fig. 9 shows the collected data from the time
machine with the MAPV system and comparison with simulated results for the minimum MAPV irradiance calculated for
mirror mounted at 0◦ . The minimum irradiance was selected
for a direct comparison with the experimental data based upon
the assumption that the minimum current generated in a cell
determines the string current.
IV. DISCUSSION
The shape of the gullwing curve that is predicted by raytracing simulation using TracePro is a good match to the experimentally determined curve using the time machine. However,
note that the summertime minimum is related to the observation
that the mirror is not augmenting the module during high solar
zenith angles, as indicated in Fig. 6, but the predicted curve
is significantly below the nameplate power of 200 W, which
was provided by the manufacturer at standard test conditions.
This difference is caused by the optical losses from the module pitched at nonoptimal tilt angle during the nonaugmented
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summer months, including increased reflectance and decreased
vector component of the direct irradiance.
Because the optimal annual production for a mirror and module combination set the module at tilt angle of 55◦ , whereas
typically a nonaugmented system would be placed a tilt angle equal to the latitude or less. Estimates of performance with
two tilt angles 55◦ and 40◦ , which is the latitude in Columbus,
OH, indicate an expected maximum power loss of 13% during the month of June into a module outputting. These factors
would reduce the expected nonaugmented output to approximately 169 W, which is less than the experimental value and
greater than the simulated prediction. Further, examination of
the values shown in Table I also indicate that the average irradiance value even for a nonaugmented substring of the module
tends to underpredict the measured value by approximately 5%,
which ultimately accounts for the low-predicted values during
the summer months. However, the experimental minimum value
is about 10 W greater than the estimated nonaugmented value at
55◦ . These measurements indicate that there is some augmentation of the module due to the nonspecular component of light
reflected from the mirror. These data also indicate the sensitivity of the results to irradiance and indicate that the ascribing
a module current to the minimum cellular irradiance may not
accurately model a real PV module and that the mean value over
the substring area is a better measure for predictive quality.
The simulations predict higher gullwing curve peaks in Spring
and Autumn than the measured values in the time machine,
which may be attributed to scatter from high cloud cover that
increases the relative amount of diffuse light even if the pyranometer is recording global horizontal irradiance. Thus, the
clear-sky approximation of the simulations may not be adequate; however, the results are informative.
As we can see in Fig. 5, it is possible with a monthly rotation
of the tilt angle of the system to eliminate the gullwing shape
and have a near constant augmentation throughout the year if the
effects of cloud cover are neglected. This system would require a
single-axis tracker that adjusts tilt angle on a monthly timescale
and would be simpler than many tracker designs for CPV. Longer
mirrors would reduce the irradiance nonuniformity during the
gullwing peaks during Spring and Autumn but still have no
effect in summertime, effectively increasing the amplitude of the
annual gullwing at the expense of the MAPV packing density.
It is difficult to estimate the effects of cloud cover and weather
on the system performance. Clearly, cloudy and low-light conditions have an adverse effect on power output, but relative to the
augmentation, it is not clear what other role the weather might
play. In northern climates, winters tend to have low insolation,
but the prevailing cloud cover is uniform and allows a modest
amount of diffuse light to impact the Earth’s surface. The diffuse light would not be expected to be reflected and augment
the irradiance upon the module. However, the 55◦ tilt angle is
advantageous during the winter months due to the low solar
zenith over the typical latitude tilt angle, and a calculation using
PVWatts indicated that this increase in power is about 4% in
December.
It is also hypothetically detrimental to the lifetime performance of the module to have a high irradiance of 1600 W/m2
incident upon the module for long periods of time or have high
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degrees of irradiance nonuniformity on the module. One expects
that the nonuniformity causes hotspots and that the increased irradiance speeds the photolytic degradation of encapsulant materials in the module. However, the mirrors are constructed as back
surface reflectors on acrylic, which absorbs the UV portion of
the spectrum and does not reflect it upon the module. Therefore,
the damage-inducing region of the spectrum is not augmented,
and next-generation substring microconverters will be able to
convert power and track maximum power for each substring
at very high efficiency minimizing nonuniformity losses and
hotspots.
Ultimately, the increased current may have an adverse effect
on lifetime performance of the module and these experiments are
underway. Recently, Peshek et al. [22] analyzed nine months of
data collected on mirror-augmented modules mounted on twoaxis trackers and characterized by complete I–V curves collected
at 10 min intervals during that time period. During this period,
no degradation in a measure of the series resistance was found
for one module, and no detectable loss in fill factor was found
within uncertainty. These studies persist and the analytics are
ongoing.
V. CONCLUSION
We described a potential MAPV system that takes advantage
of low pc-Si module costs and the BOS cost enhancements of
a CPV system. In this study, an optimized design configuration is used to analyze the performance of a fixed (nontracked)
MAPV system. Our simulations showed the nonuniformities in
irradiance that arise from these mirrors and found optimal tilt
angles for annual power production of 55◦ for the module and
20◦ for the coupled mirror. These simulations were compared
with field-collected performance data on an MAPV system and
nonaugmented module at the same site in Columbus, OH, USA.
The optical analysis and experimental I–V data both show that
the MAPV system has higher power output compared with a
nonaugmented PV system. The experimental illumination patterns match ray-trace predictions well and validate the optical
accuracy of our model. However, the power production from
field-test is lower than predicted by the simulated results due
to the nonuniformity of irradiance and forward biasing of the
bypass diodes. The first prototype of fixed MAPV shows 12%
boost over standard PV. Furthermore, a “gullwing” curve was
found in the estimated power of fixed MAPV system over the
course of a calendar year due to the large change in solar elevation angle. The irradiance uniformity and power output were
affected by mirror tilt angle, and therefore, with the addition of
a single-axis tracker to adjust mirror tilt throughout the year,
the uniformity and power output in summer can be greatly enhanced, reducing the power variation of the gullwing curve.
Additionally, power conditioning using a substring dc/dc microconverter can be installed in lieu of bypass diodes to enhance the
power output of the module and more closely approach of the
simulated results. These results have been simplified to exclude
the effects of weather, which can have strong impact on performance, particularly on regions, such as Columbus, OH, that
are in northern climates. For these climates where the winter
insolation may be less than half of the peak summer insolation,
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fixed MAPV systems may provide great benefit to flattening the
energy harvest of PVs.
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