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A B S T R A C T

Ballasted photovoltaic (PV) systems, in comparison to roof-anchored systems, are gaining notable popularity on 
commercial flat roofs due to the benefits they provide in evading roof penetration and the associated insulation 
issues. However, the accurate estimation of the aerodynamic uplift forces and their consequent effects on system 
responses presents a new design challenge. Moreover, possible dynamic effects, characterized by wind induced 
vibrations, are not accounted for in the design of PV systems in ASCE 7–22, potentially rendering the code design 
coefficients unconservative. Additionally, the available literature is based on roof anchored PV systems, while 
experiments in the literature utilizing ballasted PV systems which have distinct behavior and dynamic properties 
are very limited. The current study aims for a better evaluation of the behavior of ballasted PV systems and the 
mitigation efficiency of wind deflectors under simulated extreme wind events. To fill this knowledge gap, a 2 x 2 
full-scale ballasted PV array model, equipped with wind deflectors and located on a model flat roofed structure 
was tested at the Wall of Wind (WOW) Experimental Facility (EF). The experimental campaign consisted of 
aerodynamic and dynamic tests, which permits pressure measurements on the panels under high Reynolds 
number flow, realistically influenced by the vibrations of the deflectors, as well as capturing of array’s dynamic 
characteristics. The results show that wind deflectors effectively reduce both net area-averaged and point 
pressure coefficients, particularly under cornering wind directions. While the top surface pressures remained 
unchanged with the addition of deflectors, the bottom surface pressures experienced a substantial decrease, and 
the power spectral densities of pressure fluctuations were significantly reduced. Wind deflectors also proved to 
be efficient in reducing the correlation of instantaneous aerodynamic pressures occurring at different points, 
reducing the area-averaged peak pressures on the panels and, consequently, reducing net uplift on the entire 
array. Moreover, the aerodynamic loads were amplified by up to 30% due to dynamic effects caused by the wind 
induced vibration of the panels. Finally, from the failure assessment tests, a cascading failure mode was observed 
where the supports are consequently lifted before the entire system is flipped.

1. Introduction

The adverse environmental impact of carbon footprint resulting from 
the use of fossil fuels for energy production has shifted the general en
ergy sector’s orientation towards more sustainable alternatives such as 

wind and solar energy. As a result, solar arrays are becoming an 
increasingly common appurtenance on the roofs of residential, com
mercial, and industrial buildings. In 2022 only, solar power accounted 
for 50% of all the new electricity-generating capacity in the United 
States, the largest share in the industry’s history (U.S. Solar Market 
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Insight). Ground-mounted systems and low-profile arrays on flat roofs, 
often found on warehouse-type buildings, constitute a significant sector 
in the solar photovoltaic (PV) market (Schellenberg et al., 2013). The 
advancements in PV technology have led to the decrease in PV module 
costs over the past few years which emphasized the growing significance 
of reducing expenses related to solar support structures, attachments, 
and ballast weight. This reduction is now crucial for enhancing the 
economic feasibility of solar projects (Feldman et al., 2012). Ballasted 
mounting systems have been experiencing a surge in popularity on the 
roofs of large warehouses and commercial buildings as they efficiently 
utilize previously unused real estate and offer a non-intrusive solution 
that eliminates the need for roof penetration. Additionally, ballasted 
systems offer the advantage of rapid installation and easy removal, 
facilitating maintenance and inspection tasks (Kern).

Wind flow over sharp corners of structures leads to the formation of 
conical vortices and suction bubbles. This results in high suction pres
sures which translate into strong uplift forces on the roof and its ap
purtenances, including PV systems (Stathopoulos et al., 2014), 
(Stathopoulos et al., 2012), (Naeiji et al., 2017). Post hurricane obser
vations show that PV installations endure staggering losses during the 
strong wind of hurricanes. Extensive failures were documented in 
rooftop and ground-mounted systems after Hurricane Irma, Maria, and 
Dorian in 2017 and 2019 (Burgess et al., 2018), (Stone et al., 2020). The 
challenging aspect of designing solar support structures is the unpre
dictable nature of the uplift, the deciding criteria for ballast re
quirements. The uplift is caused by aerodynamic forces, and further 
amplified by the dynamic response of PV panels subjected to 
wind-induced vibrations (Moravej et al., 2015), (Naeiji et al., 1868), 
(Estephan et al., 2022).

Previous studies have addressed the topic of wind loading on solar 
panels using wind tunnel testing (Stathopoulos et al., 2014), (Naeiji 
et al., 2017), (Abiola-Ogedengbe et al., 2015), Computational Fluid 
Dynamics (CFD) analysis (Aly and Clarke, 2023), (Mignone et al., 2021), 
or a combination of both (Choi et al., 2021). However, most of the wind 
tunnel experiments utilized small-scale rigid models, while full-scale 
system-level testing of ballasted PV systems remains mostly unex
plored. Conducting large-scale wind tunnel testing of low-rise buildings 
and their associated appurtenances provides the advantage of a more 
accurate replication of the structural geometric details and achievement 
of a closer alignment in Reynolds number (Re) with the real-world 
prototype than is currently possible with the use of smaller scale 
models (Naeiji et al., 1868), (Alawode et al., 2023; Tolera et al., 2022; 
Estephan et al., 2021; Matus, 2018; Azzi et al., 2020a). Thus, large-scale 
physical tests allow for a more realistic simulation of the wind flows and 
a better assessment of their effects on structures. This comes with its own 
limitations such as using limited size appurtenances and underlying 
structures, and the deficit of low frequency turbulence when compared 
to the atmospheric boundary layer.

After performing large scale testing on solar panels mounted on 
residential roofs, Naeiji et al. (2017) concluded that peak force co
efficients are dependent on the roof type and tilt angle, with the latter 
being the most critical parameter. Kopp et al. (2012) performed wind 
tunnel testing on a 1:30 scale model featuring a 12-row array with 12 
modules in each row. The research findings indicated that for low tilt 
angles, pressure equalization primarily dictates the net wind loading, 
whereas for higher tilt angles, the loading is governed by array gener
ated turbulence. Moreover, the findings of Kopp et al. (Kopp, 2014) 
revealed that the wind loads on pressure equalizing arrays with low tilt 
angles are not affected by the row spacing and chord length. Banks 
(2013) performed wind tunnel tests on tilted PV panels placed on a flat 
roofed low-rise building and concluded that the uplift forces are 
controlled by corner vortices generated by the wind flow.

One aspect of wind tunnel testing of solar panels which was over
looked in past studies is the wind induced vibrations of the panels. The 
topic was not addressed due to ASCE 7 criteria which indicates that 
dynamic effects on structures with a natural frequency exceeding 1 Hz 

can be ignored. However, recent testing on full-scale PV systems proved 
that systems with higher natural frequencies (~12 Hz) that the 1 Hz 
criterion may experience significant wind induced vibrations. Moravej 
et al. (2015) compared the results of full scale and small-scale wind 
tunnel tests of PV panels; significant discrepancy between the results of 
the two tests was noticed due to dynamic effects on the full-scale panel. 
This research effort was expanded by Estephan et al. (2022), where a 
new experimental-numerical methodology was developed to analyti
cally compensate for wind induced dynamic effects using the dynamic 
properties of the structure (natural frequency and damping ratio) as 
inputs.

To reduce wind effects on roofs and rooftop appurtenances, various 
mitigation strategies such as parapets, vortex suppression devices, and 
wind deflectors have been previously developed and tested by several 
researchers. Stathopoulos and Baskaran (1987) and Suaris and Irwin 
(2010) concluded that the use of parapets is generally beneficial in 
reducing roof pressures. Surry and Lin (1995) showed that the use ge
ometry modifications such as porous and sawtooth parapets, semi
cylindrical projections, and rooftop radial splitters was efficient in 
reducing roof corner suctions. Cochran and English (1997) revealed that 
porous screens across roof corners reduced local and area-averaged 
uplift loads on the roof. Azzi et al. conducted wind tunnel tests on a 
large-scale building model and showed that the use of perforated para
pets on the roof resulted in a 40% reduction in the peak area-averaged 
suction pressures (Azzi et al., 2020b). On the other hand, parapets 
were shown to be not as effective in reducing wind loads on 
roof-mounted PV arrays (Browne et al., 2013). In this regard, mitigation 
devices on PV arrays, such as the application of wind deflectors, are 
currently in use by solar panel racking manufacturers (Enstall, Mibet 
Energy, Sic Solar, Unirac). Wind deflectors are employed to mitigate the 
uplift forces on ballasted PV systems (Kudav et al., 2012), thereby 
reducing the ballast requirement, which can impose additional weight 
on the roof. Geurts and Van Bentum (Geurts et al., 2014) found that 
wind deflectors installed on the high sides, or elevated edges, of tilted PV 
systems resulted in up to 50% reduction in the uplift forces, especially on 
windward and center panels. Banks (2013) noted that the use of wind 
deflectors or fairings to protect the high sides of the panels had varied 
results, but almost always decreased uplift forces on panels under strong 
vortices originating from a building corner. The aforementioned studies 
focused on small-scale roof-anchored PV arrays and did not consider 
ballasted systems, which have distinct dynamic properties due to the 
lack of a mechanical connection to the roof substrate. Additionally, their 
failure modes involve sliding and overturning.

This study presents results from wind tunnel testing on a full-scale 
commercial ballasted PV array mounted on a model flat roof, exam
ining its performance before and after equipping it with wind deflectors. 
Most, if not all, of the previous well-accepted small-scale PV research 
have identified limitations in their wind tunnel studies and recom
mended the execution of field or full-scale laboratory studies to answer 
questions related to scale, inadequate Reynolds number simulation, and 
wind-induced dynamic effects. The originality of this full-scale study 
pertains to two fundamental knowledge advancements as it (1) allows 
the evaluation of aerodynamic pressures as the wind flow is altered by 
the vibrations of the wind deflectors (especially, at sufficiently high 
wind speed(s)), and (2) accurately captures the wind induced dynamic 
effects on the system under real-world conditions, including the vibra
tions of the panel glass and wind deflectors, and their effects on the 
behavior of the system under high wind speeds. Thus, this research 
represents both the flow conditions on and the structural responses of 
ballasted PV arrays in the field. These realistic effects are often not 
simulated in small-scale tests previously reported in the literature. The 
yielded results bridge the gap between small-scale tests and real-world 
applications, advancing the understanding of the performance of bal
lasted PV arrays under real-world extreme winds. The subsequent sec
tions describe the experimental testing procedure, discuss the obtained 
results, and provide recommendations for enhancing the resiliency of 
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ballasted PV systems.

2. Methodology

2.1. Model and instrumentation

The study was carried out at the Wall of Wind (WOW) Experimental 
Facility (EF) at Florida International University (FIU). The Wall of Wind 
is an open jet, large scale testing facility which utilizes 12 1.8 m (6 ft) 
diameter fans to generate atmospheric boundary layer (ABL) wind 
speeds reaching up to 70 m/s (156 mph) (Gan Chowdhury et al., 2017). 
Despite the WOW’s large test section, the full-scale nature of this study 
limited the examination to just one corner of a typical ballasted PV array 
on the roof of a large warehouse or commercial building [see Fig. 1].

The primary factor influencing the tilt angle of solar arrays is opti
mizing electricity generation. Depending on the installation location’s 
latitude, steeper tilt angles may provide improved energy production 
efficiency. However, they also increase the array generated turbulence 
(Kopp et al., 2012) and consequently the wind-induced uplift on the 
array. A survey of products from leading racking manufacturers revealed 
that most ballasted solar installations are designed with tilt angles that 
range from 5 to 10◦. These common practices are based on maintaining a 
balance between optimizing electricity generation while limiting the 
wind uplift on the array. Additionally, the industry standard inter-panel 
gap ranges from 1.9 cm (0.75”) to 2.5 cm (1″) and is essential for 
effective pressure equalization across the system to reduce the net wind 
loading. The tilt angle of the used PV array is 10◦, the spacing between 
the panels is 1.9 cm (0.75″), and the spacing between the rows is 0.29 m 
(0.95 ft). The ballasted PV array was placed on a flat roofed building 
model that was constructed on site in WOW by a certified contractor 
with dimensions of 4.9 m W × 5.8 m L × 1.7 m H (16 ft × 19 ft × 5.6 ft). 
Prior to installing the PV system, a 3.35m × 3.35m (11 ft × 11 ft) area at 
the center of the roof was covered with Thermoplastic Olefin (TPO) 
membrane, which is a common type of commercial flat roof covering, to 
simulate the realistic interaction between the panels and the roof sur
face. The building model and array dimensions are illustrated in Fig. 2. 
The ballasted PV system consists of two rows of two PV modules each. 
The ballasted racking system has four clamps that hold the PV module at 
the upper and lower edges and rests on four supports per module. Each 
support consists of a base which rests on two rubber pads to prevent 
sliding and roof abrasion. Each module within the system is equipped 
with a wind deflector; the deflectors consist of pliable metal sheets 
perforated in the middle and fitted to the back of the system [see Fig. 3]. 
Furthermore, the system features steel rails to add stiffness and inter
connect the system; the rails also form a tray to allow for ballasting. 
Different ballast configurations were tested under different wind speeds: 
Configuration A refers to using one ballast per panel, B for two ballasts, 
C for three ballasts, and D for four ballasts. Each ballast consisted of a 

nominally 10.16 cm × 20.32 cm × 40.64 cm (4” × 8” × 16″) concrete 
block that weighs 14.8 Kg (32.6 lbs) [see Fig. 4].

To conduct the aerodynamic rigid model testing, a set of four dummy 
panels that replicate the shape of the real PV panels were fabricated 
from plexiglass and plywood. These dummy panels were then instru
mented with a total of 376 pressure taps, evenly distributed with 47 taps 
on the upper surface and 47 taps on the lower surface of each panel and 
secured to the racking system [see Fig. 5 (a)]. Pressure taps consisted of 
polyurethane tubes connected to a ZOC33/DSM4000 Scanivalve data 
acquisition system that collected pressure data for a 60-s duration and at 
a 520 HZ sampling frequency. In this study, the integral length scale of 
longitudinal turbulence was calculated to be 0.3 m. With a mean wind 
speed of 21.6 m/s used in the aerodynamic tests, the corresponding 
integral time scale is 0.014 s. The 60-s duration of the test is thus suf
ficient as per the ASCE 49 standard for wind tunnel experiments, which 
requires a minimum of five hundred longitudinal timescales to achieve 
stable pressure statistics (Wind tunnel testing for buildings, 2012). The 
collected data were then corrected using a tubing transfer function to 
account for the distortions created by the tubing length (Irwin et al., 
1979). In addition, a total of five accelerometers placed at the bottom 
surface’s center of each panel and on the NE support [see Fig. 5 (b)], 
were used to measure the system’s wind-induced accelerations and 
consequently identify the dynamic properties (e.g., natural frequency 
and total damping ratio).

Fig. 1. Full-scale PV array in the WOW EF test section.

Fig. 2. Model configuration and dimensions.
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2.2. Wind flow simulation and testing protocol

The aerodynamic testing was conducted at a mean wind speed Um =

22 m/s (49 mph) at the mean roof height h = 1.82 m (6 ft) under open 
terrain conditions with a roughness length Z0 = 0.07 m (0.23 ft), 

classified as exposure C according to ASCE 7–22 (American Society of 
Civil Engineers). The tests were conducted in two phases for ballast 
Configuration C with and without the presence of wind deflectors. 
Specifically, the first phase was conducted for wind directions of 
0◦–180◦ at 10◦ increments, as well as 45◦ and 135◦, whereas the second 

Fig. 3. PV panels (a) before and (b) after the addition of wind deflectors.

Fig. 4. PV ballast configuration.

Fig. 5. Instrumentation layout: (a) pressure taps, and (b) accelerometers.
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phase consisted of wind directions from 0◦ to 90◦ at 10◦ increments, as 
well as 45◦. Priority was given to testing most wind directions for the 
scenario with the wind deflectors as such deflectors are installed for 
majority of the ballasted PV applications in the real world. In addition to 
aerodynamic testing, a series of dynamic tests were conducted on the 
ballasted PV system. Similar to the aerodynamic tests, the first phase 
included wind directions of 0◦–180◦ at 10◦ increments, as well 45◦ and 
135◦, for three mean wind speeds of 23.25 m/s (52 mph), 26.80 m/s (60 
mph), and 30.4 m/s (68 mph), at the mean roof height h. The second 
phase consisted of testing the system without the wind deflectors at wind 
directions 0◦ and 45◦.

High-speed failure assessment tests in dry and wet conditions were 
conducted at wind speeds starting from 18 m/s (40 mph) and increased 
by 3.6 m/s (8 mph) increments for all ballast configurations until the 
system’s failure was observed. In addition, the performance of the bal
lasted PV system under wind-driven rain conditions was evaluated to 
understand the effect of a moist TPO membrane on the sliding wind 
speed of the system. The wind-driven rain capability of WOW EF fea
tures a full-scale raindrop size and hurricane-like simulated rain con
centration. The raindrop size and rain concentration were validated 
against a model by Tokay et al. (2013), which uses three real hurricanes 
to match rain characteristics (Alawode et al., 2023), (Vutukuru et al., 
2020).

Finally, to simulate the sliding resistance of a typical large rooftop 
ballasted array, and to investigate the uplift failure mode, the high-speed 
failure assessment test was conducted after mechanically fastening the 
leeward edge of the system to the roof to prevent sliding. For this specific 
case, the maximum capacity of 8 ballasts was used for NW, NE, and SE 
panels, while 4 ballasts were used for the SW panel, and the test was 
conducted for the most critical wind direction of 45◦. The testing pro
tocol is summarized in Table 1.

It is essential to ensure that the simulated flow conditions in the 
WOW match those of the atmospheric boundary layer. Turbulent Flow 
Instruments probes were used to measure free stream wind speeds at the 
center of the turntable for a 1-min duration. Fig. 6 (a) shows the mean 
wind speed and turbulence intensity profiles based on free-stream wind 
flow measurements, compared with those generated using ESDU item 
85020 (ESDU (Engineering Sciences Data Unit), 2001) with a roughness 
length z0 = 0.07 m.

It is to be noted that the tests were conducted in a partial turbulence 
simulation (PTS), hence the turbulence intensity and the integral length 
scale at the mean roof height of the model are smaller than those 

corresponding to the real-world Atmospheric Boundary Layer (ABL) 
representing the full turbulence spectrum. This mismatch is often 
encountered in large-scale and full-scale wind tunnel experiments due to 
the size limitation of the wind tunnel test section compared to the at
mospheric boundary layer in nature (Asghari et al., 2016; Morrison and 
Kopp, 2018; Guo et al., 2021; Acosta et al., 2024).

The PTS methodology developed and validated at the WOW EF 
(Asghari et al., 2016), (Moravej, 2018), has been adopted successfully in 
large-scale and full-scale wind tunnel experiments and has been shown 
to produce wind effects comparable to field measurements (Alawode 
et al., 2023; Tolera et al., 2022; Estephan et al., 2021; Matus, 2018; Azzi 
et al., 2020a). Fig. 6 (b) shows the nondimensional WOW generated 
spectrum compared to the ABL von Karman spectrum; the mean roof 
height was used to normalize the frequency based on the recommen
dation of using turbulence-independent parameters that often masks the 
non-dimensional plots as shown by (Richards et al., 2007). The com
parison clearly shows that the high frequency part of the turbulence 
spectrum was accurately simulated at the mean roof height of the model, 
which was previously proved to be necessary for the accurate simulation 
of flow separation, reattachment, and shear layers affecting local peak 
pressures (Kopp and Banks, 2012; Irwin, 2009; Tieleman, 2003; Mel
bourne, 1979; Richards et al., 2015). Hence, the simulated flow char
acteristics on the tested PV array align with real-world conditions, 
rendering the generated data and loads comparable to those experienced 
by actual PV arrays in the field.

On the other hand, the low-frequency content of the spectrum, ac
counting for the bulk of low-frequency larger eddies contributing to the 
integral length scale, are not fully simulated as expected in a partial 
turbulence simulation (PTS). Studies by (Asghari et al., 2016), (Yamada 
and Katsuchi, 2008; Sangchuwong et al., 2013; Katsuchi and Yamada, 
2011) suggest that the corresponding turbulence intensity in PTS ex
periments should be determined from the following Equation (1) which 
accounts for the smaller integral length scale: 

Ium

Iup
=

(xLum
xLup

)1/3(
bp

bm

)1/3

(1) 

For the experiments reported in the paper, Equation (1) yields the 
model turbulence intensity to be 7% which closely matches the turbu
lence intensity at the mean roof height of the model as shown in Fig. 6
(a). In the PTS method the effects of the missing low-frequency turbu
lence (as reflected in the lower turbulence intensity compared to that of 
ESDU’s) on the wind-induced pressures are analytically compensated in 
the post-test analysis using a quasi-steady assumption. Such Partial 
Turbulence Simulation (PTS) method that separates the turbulence 
spectrum into two separate statistical processes – (i) the high frequency 
turbulence, accurately simulated in the experiments (see Fig. 6(b), and 
(ii) the low frequency turbulence treated as a quasi-steady process and 
compensated for analytically – has been shown to be effective and 
validated by several researchers including (Asghari et al., 2016), 
(Moravej, 2018; Wind tunnel testing for buildings, 2012; Kopp, 2023; 
Moravej et al., 2024; Enshaei et al., 2023). Hence, the PTS simulation 
adopted for this full-scale testing, and the corresponding flow parame
ters generated, can be considered adequate for the objective of this 
research.

It is important to note that while the effects of low-frequency tur
bulence on pressure coefficients can be analytically compensated for, 
they still pose a limitation in failure assessment tests, as they cannot be 
accounted for in that context.

It is worth mentioning that although the base building model di
mensions differ from those of a full-scale commercial low-rise building 
due to size limitation of the test section, it is assumed to represent a 
corner of a larger building with the PV array situated on the roof’s 
corner maintaining the 1.22 m (4′) minimum edge distance required by 
the code. Previous Wall of Wind studies also used a similar concept for 
full-scale and large-scale testing and yielded satisfactory results (Naeiji 

Table 1 
Test protocol.

Testing Type Ballast 
Configuration

Wind Direction 
(deg)

Wind Speed 
(mph)

Aerodynamic C 0:10:180 + 45 
+ 135

49

Aerodynamic (No 
Deflector)

C 0:10:90 + 45 49

Dynamic C 0:10:180 + 45 
+ 135

52:8:68

Dynamic (No 
Deflector)

C 0 + 45 52:8:68

Destructive (Dry) A 0 34:8:58
45 34:8:58
90 34:8:90

B 0 34:8:66
45 34:8:58
90 34:8:98

C 0 58:8:82
45 58:8:76
90 58:8:122

MAX 45 58:8:103
Destructive (Wet) A 45 42:8:58

B 45 42:8:66
C 45 42:8:74
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et al., 1868), (Alawode et al., 2023; Tolera et al., 2022; Estephan et al., 
2021; Matus, 2018; Azzi et al., 2020a).

2.3. Data analysis

Wind-induced pressure data for each pressure tap on the upper and 
lower surfaces of the dummy panels were collected for the tested wind 
directions. Instantaneous net pressure coefficients (Cp) were calculated 
from the raw pressure data using Equation (2), where ΔP(θ, t) is the 
pressure difference between the upper surface tap and lower surface tap 
in psf, ρ is the air density in kg/m3 (slugs/ft3), θ is the wind azimuth in 
degrees, and U is the mean wind speed at the mean roof height in m/s 
(ft/s). Consequently, mean and peak pressure coefficients (Cp and Ĉp) 
were computed using Equations (3) and (4), respectively. Note that for 
the context of this paper, negative pressures are those acting away from 
the PV panel’s surface (suction), while positive pressures are those 
acting towards the panel’s surface.

The PTS method, described briefly in Section 2.2, was used to 
analytically compensate for the effects of the low-frequency turbulence 
deficit in the measured wind flow fluctuations.

Each pressure time history for the test duration (mentioned in Sec
tion 2.1) was divided into subintervals. Two aspects need to be carefully 
considered – (i) the length of each subinterval and (ii) the total number 
of subintervals. Firstly, each subinterval needs to be long enough to be 
treated as an independent gust event. Secondly, Moravej (2018) con
ducted a sensitivity analysis on the impact of the number of subintervals 
on the generated peak pressures and found that peak values stabilize 
when the number of subintervals reaches 100 or more. The probability 
that the peak pressure coefficient within a subinterval will remain below 
a certain value is fitted using a Fisher-Tippet Type I distribution. Given 
that turbulence in a generic boundary layer follows a Gaussian distri
bution, the missing large-scale turbulence is assumed to have a Gaussian 
distribution in the PTS method. The expected peak pressure coefficients 
are calculated by combining the joint probabilities of the measured 
pressure coefficients in the physical experiments (accounting for the 
high-frequency turbulence) and the assumed Gaussian distribution for 
the missing low-frequency turbulence.

For the current data analysis, the pressure coefficient time series was 
divided into 100 sub-intervals, each lasting 0.6 s. This duration, being 
longer than the gust duration of 0.325 s, ensures that the sub-intervals 
remain independent. Then, Ĉp were estimated using the Fisher Tippet 
Type I fit extreme value analysis for a 1-h storm duration (at full scale). 
The turbulence intensity of the missing low-frequency turbulence was 
IUL = 18.33 %, the target probability of non-exceedance was PN = 0.78 
for the 1-h duration, and the exceedance probability per subinterval was 
G = 4.455 × 10−5. To compare with ASCE 7–22, the Ĉp values were 
normalized by the 3-s gust wind speed Û3s which was obtained using 
Equation (5) where U3600s is the mean hourly wind speed. Moreover, the 

area-averaged pressure coefficient time series, or force coefficients 
CF(θ, t) were computed using Equation (6). Additionally, the correlation 
coefficients (CC) between pressures at different points were calculated 
using Equation (7) where X’ denotes the fluctuating component of the 
time history (X’ = X − X), and the bar denotes the temporal average 
(Holmes, 2015) 

CP(θ, t) =
ΔP(θ, t)

1
2ρU2 (2) 

Cp(θ) =
ΔP(θ)

1
2ρU2 (3) 

Ĉp(θ) =
Δ̂P(θ)

1
2ρU2 (4) 

Û3s

U3600s
= 1 + 3.4 IU (5) 

CF(θ, t) =
ΣiΔPi(θ, t).Ai

1
2ρU2

.ΣiAi

(6) 

CC =
Xʹ

1Xʹ
2

σX1 σX2

(7) 

The advanced PTS method, developed by Estephan et al. (2022) and 
validated using field measurements on full-scale rooftop PV array on a 
low-rise building at the Central Washinton University (CWU) (Estephan, 
2022), was used to analytically incorporate the effects of both the 
low-frequency turbulence deficit and dynamic response of the structure 
in the measured force coefficient time history CF(θ, t). This method uses 
the mechanical admittance function |H(f)|

2 presented in Equation (8) to 
compensate for the resonant component in the wind loading spectrum, 
along with the gust transfer function |T(f)|

2 presented in Equation (9) to 
incorporate the effects of the missing low-frequency turbulence (Banks 
et al., 2015). The advanced PTS method generates the full compensated 
wind loading force coefficient time history CF(B+R)(t) which includes 
both the background (B) and resonant (R) components, and it is ob
tained from the compensated spectrum using Inverse Fast Fourier 
Transform (IFFT) (Estephan et al., 2022). The dynamic amplification 
factor, which is the ratio of ĈF(B+R) to ĈF(B), was then calculated for 
varying wind speeds [see Equation (10)]. ĈF(B+R) is the peak force co
efficient which includes the background and the resonant components 
and ĈF(B) is the peak force coefficient which includes the background 
component only. 

Fig. 6. (a) Open terrain wind speed and turbulence intensity profiles and (b) Normalized PSD of the longitudinal velocity fluctuations.
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3. Results and discussion

This section presents the outcomes of the experimental testing. 
Subsection 3.1 discusses the effect of the wind direction and wind de
flectors on the spatial distribution of aerodynamic pressure coefficients. 
Section 3.2 assesses the influence of deflectors on the top and bottom 
force coefficients for each of the four panels. Subsection 3.3 evaluates 
the effect of wind deflectors on the power spectral densities of individual 
and area averaged time histories. Subsection 3.4 compares the peak 
force coefficients before and after the addition of wind deflectors with 
the ASCE 7 envelope for roof mounted arrays. Subsection 3.5 evaluates 
the effect of wind deflectors on the correlation coefficients between net 
pressure time histories. Subsection 3.6 addresses the wind induced dy
namic effects and the amplification of wind loading on the array. Finally, 
subsection 3.7 discusses the high-speed failure assessment results and 
failure wind speeds.

3.1. Spatial distribution of pressure coefficients

3.1.1. Mean net pressure coefficients
A comparison of the spatial distribution of mean net pressure co

efficients CP over the four PV panels before and after the addition of 
wind deflectors is presented in Fig. 7 (a), (b), and (c) for wind directions 
0◦ referred to as normal wind, 45◦ referred to as cornering wind, and 90◦

referred to as side wind respectively. For the sake of brevity, only these 
cases were selected to discuss the aerodynamics of the array for these 
three main wind directions. Before the addition of wind deflectors, the 
wind loading on the system was due to flow separation over the struc
ture’s bluff body, as well as local flow separations on the array edges. For 
the case of normal wind (θ = 0◦), the loading was observed to be sym
metric across the east and west panels, with negligible differences that 
likely arise due to the bundling of pressure tubing. Peak suctions were 
observed at the upper edges of the four panels due to flow separation at 
those edges where the minimum value (i.e., maximum suction) was Cp =

−0.7 on the top edge of the NE panel. The wind loads were observed to 
decrease gradually as the distance from the edges increased due to the 
local array flow reattachment. For cornering winds (θ = 45◦), the peak 
suctions were at the upwind corner and corresponding leading edges of 
the NE panel [Cp = − 3.0] as shown in Fig. 7 (b), followed by the up
wind corner of the SE panel [Cp = − 2.7]. This is due to the formation of 
local conical vortices along the upwind corners of the panels. The 
observed suctions decrease gradually within the same panel which in
dicates a reduced intensity of the conical vortices as the distances from 
the upwind corners increase, aligning with the observations of Banks 
(2013). This is not the case for NW and SW panels where Cp values are 
significantly lower than the windward panels (60% lower) except at the 
windward corner of the SW panel where Cp = − 1.9. This can be 
attributed to the shielding effect that the windward panels, which are 
exposed to direct cornering winds, have on the leeward panels. It is 
noteworthy to point out that for cornering winds, the western edge of 
the NW panel (where the effects of conical vortices faded), encountered 
reduced loads compared to loads under normal wind directions. This 
observation suggests that, while cornering winds impose substantial 
wind loads on corner modules, they might not be the primary concern 

for edge modules, as normal winds remain the more critical direction for 
them.

As for the case of side wind (θ = 90◦), it is evident that pressure 
equalization is almost achieved due to the improved aerodynamic shape 
of the system for this specific wind direction. The reduced flow disrup
tion results in similar flow characteristics for the top and bottom sur
faces, consequently generating almost equal suctions, leading to a net 
load of zero on the array. Moreover, analysis of the top surface suction 
showed that flow reattachment is evident at a distance of 3.8 m (12.5′) 
from the building’s windward edge where the suction reduces to zero.

The addition of wind deflectors to the system had a significant 
impact on the wind loading for cornering wind directions and a negli
gible effect for normal and side winds. Considering the normal wind first 
[Fig. 7 (a)], the addition of wind deflectors did not alter the pressure 
distribution across the array, which was almost identical to the case 
where no deflectors were added. This phenomenon may be a function of 
the proximity of the system to the edge of the building. Considering the 
flow reattachment length described in the previous section (3.8 m, 12.5′) 
and given that the distance from the building edge to the leeward ex
tremity of the array for normal wind is 3.45 m (11.33’), this positions the 
entire system under the separation bubble for this specific wind direc
tion. This may explain the ineffectiveness of wind deflectors for this 
case. To gain more insights, additional research is needed to examine 
how the system behaves when exposed to a fully attached flow, in order 
to compare and quantify the impact of deflectors.

As for cornering winds (θ = 45◦), the addition of wind deflectors 
resulted in a significant drop in the magnitude of the suction on the array 
[see Fig. 7 (b)]. The decrease of the surface suction was in the order of 
50%, especially on the windward corners of the east windward panels. 
However, no variations were noted after comparing the loads on the NW 
panel before and after the addition of deflectors. This shows that the 
mitigation effect of wind deflectors is most efficient for corner modules. 
This efficiency is reduced for edge and interior modules.

Finally, as shown in Fig. 7 (c), the distribution of pressure co
efficients for (θ = 90◦) wind direction wasn’t altered after the addition 
of wind deflectors. The reason behind that is that the wind deflectors in 
this experiment are only fitted to the back of the modules and not to the 
sides, so for this specific wind direction, the frontal area of the system 
was not altered after adding deflectors.

3.1.2. Peak net pressure coefficients
In addition to the mean pressure coefficients, the comparison of the 

distribution of the worst peak net pressure coefficients generated by the 
PTS method (in terms of Ĉp 3 sec

)
from wind directions [0: 90◦] are 

presented in Fig. 8 for an array with and without wind deflectors. The 
critical peak suction values at the corners of the NE and SE panels are 
shown to be greatly reduced after the addition of wind deflectors (50% 
reduction). However, consistent with the mean pressure distribution 
results, the addition of wind deflectors did not have a significant impact 
on the magnitude of peak pressures, apart from the windward corners of 
the two windward panels (NE and SE). Further, the distribution shows 
that even for the top-left edge of the windward panels (NE and SE), the 
magnitude of the peak pressures is almost the same as the case without 
wind deflectors. This further emphasizes the previous discussion that the 
mitigation effect of wind deflectors is most efficient for the corner panels 
only. Moreover, the difference between mean and peak values was 
noticed to be significant for all angles; this indicates the high fluctuating 
nature of the incoming turbulent flow due to both global and local flow 
separations at the edges of the building and at the edges of the array, 
respectively

3.2. Force coefficients considering each panel

Further analyses were performed on the aerodynamic data on each 
the of the four panels to investigate the effect of the deflectors on the 
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Fig. 7. Comparison of the spatial distribution of mean net pressure coefficients 
(
Cp

)
over the array before and after the addition of wind deflectors for (a) θ = 0◦, (b) 

θ = 45◦, and (c) θ = 90◦ wind directions.
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force coefficients averaged for each panel’s full area. Figs. 9 and 10 show 
the mean and peak top, bottom, and net force coefficients for the four 
panels as a function of wind direction for the two cases: (1) with wind 
deflectors and (2) without wind deflectors.

The mean and peak coefficients plots were observed to exhibit a 
similar behavior. The CF plots in Fig. 9, show negative coefficients on the 
top surface as expected. However, for the bottom surface coefficients, 
especially for the case without wind deflectors, positive values were 
observed. These positive pressures occur in the cavity between the roof 
and the panels, and they correspond to pressures that try to lift the 
panels off the roof. An increase in pressure on the bottom surface in
dicates an increase in the upward force exerted on the panels, while a 
decrease in this pressure suggests a favorable reduction in the upward 

force.
When combined with the negative top pressures that attempt to pull 

the panels upward, these positive bottom pressures create a worst-case 
scenario by increasing the net uplift on the panels. Conversely, when 
the pressure values on the bottom surface of the panels are negative, the 
resulting negative pressure attempts to pull the panels downwards, 
adding to the stabilizing force provided by the ballast and array weight. 
Hence, creating a favorable scenario and reducing the net uplift on the 
panels, even when accompanied by negative top surface pressures. An 
evident reduction in the overall CF on the bottom surface for all the four 
panels was observed when a deflector is added. This drop implies a drop 
in the cavity pressure, and consequently a decrease in the net uplift on 
the array. The reduction was most pronounced for cornering wind di

Fig. 8. Comparison of the spatial distribution of peak net pressure coefficients ĈP 3 sec before and after the addition of wind deflectors.

Fig. 9. Top, bottom, and net mean force coefficients CF on the (a) NW, (b) NE, (c) SW, and (d) SE panels.
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rections where positive mean pressures on the bottom surface of the 
panels (acting upwards) were changed into desirable suctions pulling 
the panels downwards.

This observation was also noted for the ĈF plots in Fig. 10. However, 
instead of positive bottom surface pressures that push the panels off the 
roof, near-zero bottom surface pressures were observed in some cases 
especially for cornering wind directions for the NE and SE panels (θ =

30◦ − 60◦). Although the near-zero peak pressures did not create a 
worst-case scenario by amplifying the net uplift, they did not assist in 
stabilizing the panels on the roof along with the force of ballast and 
array weight as well. The addition of wind deflectors helped turn the 
near-zero bottom surface values observed for cornering wind directions 
into favorable negative values as well. In contrast, the mean and peak 
pressures on the bottom surface of the panels were noticed to increase 
after adding wind deflectors for (θ = 0◦, 10◦, and 20◦) wind directions, 
leading to an increase in the net uplift. This explains the observations in 
the previous sections where no mitigation effects were noticed for these 
particular wind directions.

As for the net uplift, the reduction in mean and peak force co
efficients is most prominent for the eastern panels when subjected to 
cornering wind directions where the addition of deflectors reduces mean 
and peak net uplift on these panels by the order of 50%. This reduction 
gradually decreases to zero for normal and side winds. In contrast, the 
mitigation effect is significantly less prominent for the western panels 
(NW and SW) even for cornering winds.

For the 90◦ wind direction, all the force coefficients were not altered, 
as discussed previously, because the deflectors have a minimal effect on 
the frontal area of the system in this specific case. While the addition of 
extra wind deflectors covering the entire array perimeter could poten
tially decrease the overall loading, it is considered unnecessary due to 
pressure equalization that already diminishes the net load on the system 
in this specific direction.

It is worth mentioning that the values of the mean and peak top force 
coefficients for all wind directions were shown to be almost unaffected 
by the addition of wind deflectors. The mentioned observations suggest 
that wind deflectors fitted to the back of solar panels mounted on flat 

roofs do not alter the top surface pressure distribution. The reduction in 
the net uplift that the deflectors introduce is a result of reducing the 
pressure values on the bottom surface of the panels. Moreover, the ef
ficiency of the mitigation of these deflectors drops significantly for 
normal winds and as the distance from the array corners increases (i.e., 
for interior and edge panels).

This full-scale experimental test enables the accurate measurement 
of the aforementioned variations in cavity pressures resulting from the 
high Reynolds number of the flow, which is essential for correctly 
simulating real flow conditions inside cavities.

3.3. Effect of wind deflectors on power spectral densities

Based on the insights gained from earlier sections, it is evident that 
wind deflectors exhibit peak mitigation efficiency for cornering wind 
directions (30◦–60◦). To delve into the impact of wind deflectors on the 
pressure fluctuations across the panels, locations and power spectral 
densities of 8 selected net pressure time histories on the most critical NE 
panel are presented in Fig. 11 for the 45-degree wind direction.

As stated in Section 3.1, strong conical vortices form at the windward 
corners and gradually dissipate as the distance from the corner in
creases. To capture the effects of deflectors on the formation and dissi
pation of these vortices, taps 8, 22, and 34 were selected along the 
elevated edge of the NE panel at varying distances from the windward 
corner, with tap 34 being the closest, followed by 22, then 8. Similarly, 
taps 43 and 45 were selected on the east edge of the panel. Additionally, 
taps 29, 24, and 19 were selected as internal taps at varying distances 
from the NE edge to evaluate the deflector effects on the internal regions 
of the panels as well.

It is concluded from Fig. 7 (b) and 8 that taps 34 and 43 are located in 
the panel zone where the influence of conical vortices is highest, fol
lowed by taps 22 and 45. This is a known fact due to their proximity to 
the panel corner, in contrast to taps 8, 29, 24, and 19 where the effect of 
conical vortices is less pronounced.

It is well established that the area under the dimensional PSD plot is 
equal to the variance of the plotted time history (square of the RMS 
value) (Azzi et al., 2020a). This information is portrayed in Fig. 11

Fig. 10. Top, bottom, and net peak force coefficients ĈF on the (a) NW, (b) NE, (c) SW, and (d) SE panels.
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where, as expected, the PSD values are the highest for tap 34. The 
dissipation of conical vortices along the north edge of the panel is also 
portrayed in the figure where the PSD values gradually drop, moving 
from tap to 34 to 22, and finally 8. A similar dissipation pattern is 
noticed on the east edge as well. As for the internal taps, the PSD values 
for the internal taps are significantly smaller than those of the edge taps. 
Hence, it can be concluded that since the corners and edges of the panels 
experience more violent pressure fluctuations than the remaining areas, 
the PSD values in these areas are higher and consequently RMS of the 
pressure time histories.

The role of wind deflectors is evident in reducing the PSD values. 
Although all the taps show a reduction in PSD values, the most promi
nent reduction was for tap 34 where the PSD was reduced by almost 
95%. The efficiency of this mitigation is noted to decrease moving away 
from the windward corner where even a slight reverse effect was noticed 
for taps 19, 45 and 8, especially at higher frequencies. These observa
tions align with the discussions in the previous sections where pressure 
reductions were most effective on the windward corners of the panels. In 
summary, wind deflectors are most effective in mitigating pressure 
fluctuations in regions dominated by conical vortices. However, their 
efficiency diminishes in areas where the influence of these vortices is 
less pronounced.

3.4. Area averaged coefficients

Since wind loading varies across different sections of the tested 
array, an evaluation of the area-averaged loads of the array was con
ducted. The area-averaged peak net force coefficients for all wind di
rections ĈF 3 sec(θ) were obtained for every combination of areas across 
the array adding up to 11015 area combinations which range from 
0.012 m2 (0.128 ft2) to 6.69 m2 (72 ft2). It must be noted that the 
ĈF 3 sec(θ) data was compensated for low frequency turbulence using the 
PTS approach discussed earlier. The worst force coefficient for all wind 
directions and for each area combination (ĈF 3 sec) were plotted against 
the normalized wind area as per ASCE 7–22 and presented Fig. 12
without the wind deflectors and Fig. 13 with the wind deflectors. For this 
analysis, the panels are considered to act as a single system due to the 
effect of load sharing that occurs in the racking system that connects all 
the panels.

As per ASCE 7–22 section 29.4-7, the tested array lies in zone 3 of the 
building roof plan. Hence, the ASCE 7–22 envelope for rooftop solar 
panels in zone 3 is plotted in Figs. 12 and 13 for the sake of comparison 
with the results of this study. It is observed from Fig. 12 that the ASCE 
envelope can be considered conservative for the design of rooftop solar 

panels, where the ĈF 3 sec values although close, are still below the 

Fig. 11. PSD of taps 8, 19, 22, 24, 29, 34, 43, 45.
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envelope line. However, for smaller areas, a considerable number of 
outlying values were observed to exceed the ASCE envelope. For the case 
of ballasted PV systems, the absence of a mechanical connection to the 
roof renders these values critical. Excessive wind loading, even on a 
smaller area, may cause a significant lift in one or more of the supports of 
the array. This can create a cavity for wind to get underneath the system, 
leading to a sudden disruption of the aerodynamic behavior of the 
modules in proximity to the lift. Consequently, this may trigger a chain 
reaction where neighboring panels are also lifted and could potentially 
be flipped off the roof. The risk of support lifting is further increased due 
to the dynamic effects which this paper will address in the next section. 
The values of ĈF 3 sec experienced a remarkable drop after adding wind 
deflectors to the system, as revealed in Fig. 13.

It was observed that the most critical negative ĈF 3 sec dropped from 
−5.31 to −3.63, and the ĈF 3 sec value for the total full area dropped by 
almost 50% from −0.64 -0.35 after the addition of wind deflectors. 
Moreover, the number of outlying values substantially decreased as 
well.

This indicates that deflectors play a significant role in mitigating 
wind loading from the most critical wind direction. However, according 
to conclusions from the previous sections, the efficiency of this mitiga
tion is dependent on the wind direction. This conclusion is reflected in 
Fig. 14, where the variation of mitigation efficiency, represented by 
ĈF 3 sec for the for the total array area as a function of wind direction, is 
evident. The efficiency of deflector is highest (50%) for θ = 45◦ wind 
direction and decreases gradually as we move away from cornering 
winds. The efficiency also varies for each panel as previously pointed out 
in section 3.2. The reduction of design wind loads due to the application 
of wind deflectors needs further investigation as the deflectors can be 
possibly deformed or damaged at lower than the design wind speeds. 
Further research is deemed necessary to optimize the configurations and 
reliability of wind deflectors for enhanced mitigation effects.

3.5. Effect of wind deflectors on correlation coefficients

The correlation coefficient between two-time dependent variables is 

Fig. 12. Area-Averaged ĈF 3 sec before the addition of wind deflectors.

Fig. 13. Area-Averaged ĈF 3 sec after the addition of wind deflectors.
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a value that ranges between −1 and 1. A correlation coefficient of 1 
implies perfect positive correlation (signals are in-phase) and −1 implies 
a perfect negative correlation (signals are out of phase). A correlation 
coefficient of 0 implies a complete absence of correlation (Holmes, 
2015).

This section tackles the effect of the addition of wind deflectors on 
the correlation coefficients between the instantaneous aerodynamic 
pressures on the most critical NE panel. In this section, the net time 
histories of the pressure taps are addressed (top – bottom). This inves
tigation is important since high correlation between pressure taps im
plies that the corresponding tributary area experiences similar peaks in 
wind loading, increasing the likelihood of elevated area averaged 
pressures. For this task, the correlation coefficient CC was calculated 

between the net time histories of the pressure taps of the NE panel with 
respect to taps 29 and 34 [see Fig. 11] before and after the addition of 
wind deflectors. The evaluated pressure taps were chosen such that one 
is located on the corner (tap 34) where the effects of corner vortices are 
prominent, and the other is an internal tap to investigate the reduction 
in correlation on the internal zone of the PV panel as well (tap 29). The 
results are plotted in Fig. 15 for tap 34, and Fig. 16 for tap 29.

The results show a notable decrease in correlation coefficients after 
the installation of wind deflectors for both edge and internal taps. 
Interestingly, the reduction in correlation is not only limited to pressure 
taps in proximity to the selected taps but extends beyond adjacent taps 
to the entire set of pressure taps on the NE panel as shown in Fig. 15. This 
is clearly portrayed in Fig. 16 as well, which shows a noticeable 

Fig. 14. Peak force coefficients ĈF 3 sec for the total array area.

Fig. 15. Correlation coefficient of all the pressure taps on the NE panel with respect to tap 34.
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reduction of the correlated area. Initially encompassing most of the NE 
panel, the correlated area was observed to shrink by around 80% from 
0.516 m2 (5.55 ft2) to 0.11 m2 (1.18 ft2) after the addition of deflectors, a 
small area comprising adjacent pressure taps only.

For this experiment, the inclusion of flexible wind deflectors seems to 
induce localized effects that break the correlation among pressure taps 
on the panels. One possible cause of this correlation drop might be the 
disruption of the formation and transport of vortices forming due to 
local flow separation on the windward edges and corners of the panels. 
In-depth flow analyses such as Particle Image Velocimetry (PIV) are 
required for a precise scientific understanding of how wind deflectors 
influence the flow structure over roof mounted solar panels. These re
sults can only be captured using large and full-scale testing, highlighting 
the limitations of traditional small-scale wind tunnel tests employing 
rigid models.

This drop in correlation justifies the significant reduction in area 
averaged coefficients discussed in section 3.4. Although the results of 
section 3.1 revealed that the addition of wind deflectors was observed to 
be inefficient in reducing peak pressures for individual pressure taps 
under normal winds, and section 3.3 showed that deflectors did not 
reduce the pressure fluctuations for pressure taps that are not in the 
proximity of the windward corners, the findings of this section suggest 
that wind deflectors effectively alter wind loading patterns on the 
panels. This modification prevents simultaneous peak loading on adja
cent areas, thereby resulting in a reduction in the area averaged pressure 
and consequently the net uplift on the array.

3.6. Wind induced dynamic effects

Studying the wind induced dynamic effects on PV arrays is essential 
to develop reliable design methods. In this section, the wind induced 
dynamic effects are accounted for in post-test analysis using the 
advanced PTS method (Estephan et al., 2022). This method uses the 
natural frequency of the system (fn), the total damping (ζ), and the 
full-scale parameters of the prototype as inputs to generate the complete 
wind loading spectrum, incorporating the effects of the missing 
low-frequency turbulence and including the resonant effects. The nat
ural frequency and damping ratio were obtained by applying the 
Random Decrement (RD) technique (Tamura and Suganuma, 1996), 
(Jeary, 1992) to the acceleration time histories which incorporate the 
resonant response. This technique utilizes a time-domain approach 
wherein the structural responses to specific operational loads of a given 
structure are converted into random decrement functions. The obtained 
parameters from the RD technique were fn = 11.5 Hz and ζ = 3%. The 
damping value may change according to the accelerometer’s position on 
the racking system. In this study, the damping is calculated based on the 
acceleration data obtained from the accelerometers placed on the cen
ters of the panels.

Additionally, Fig. 17 shows the acceleration power spectra for the 
five accelerometers used to capture the vibrations of each of the four 
modules. The accelerometers placed on the center panels show a peak at 
a frequency of around 11.5 Hz, which verifies the value of the natural 
frequency of the first mode of vibration obtained from the RD technique. 
Interestingly, the accelerometer placed on the foot of the racking system 

Fig. 16. Spatial distribution of the correlation coefficient of all the pressure taps on the NE panel with respect to tap 29.

Fig. 17. Accelerations Spectra for a mean wind speed U = 27 m/s (60 mph).
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also shows the largest spike at a frequency fn = 11 Hz, which indicates 
that this is a close enough value for the natural frequency of the system. 
The reason is that the PV modules’ natural frequencies are driving the 
natural frequency of the system since they are the main source of system 
vibrations. It is worth noting that this natural frequency may change 
depending on the size and weight of the modules.

Furthermore, Fig. 17 depicts the acceleration spectrum of the 
accelerometer on the racking system for the case without wind de
flectors. Comparing the spectra of both cases, they both feature a 
noticeable peak at identical frequency values, suggesting that the 
addition of deflectors does not alter the dynamic characteristics of the 
array. Moreover, the case without deflectors displayed a higher spectral 
density value, indicating an augmentation in the vibrations experienced 
by the array.

Fig. 18 presents the calculated dynamic amplification factors (DAF) 
as a function of the reduced mean wind speed at the mean roof height. 
For comparison with other PV modules featuring different natural fre
quencies and panel sizes, the wind speed was normalized by the product 
of the panel’s natural frequency (fn

)
and panel width (Lc). The expected 

trend of increasing DAF with rising wind speed is clearly observed, as 
higher wind speeds lead to stronger vibrations.

It was observed that for the first four reduced wind speeds, corre
sponding to wind speeds of 30, 40, 50, and 60 mph, increases in wind 
speed did not affect the DAF values. The DAF remained fairly constant, 
around 1.2 for an array with wind deflectors and 1.13 for an array 
without wind deflectors. The DAF for the case where wind deflectors are 
used increased from 1.20 at a reduced wind speed of 0.8, corresponding 
to 15.2 m/s (34 mph) to 1.32 at a reduced wind speed of 2.9 corre
sponding to 52 m/s (117 mph). The addition of wind deflectors 
increased the dynamic amplification factor by around 10% at higher 
wind speeds. The reason behind that may be the vibration of the wind 
deflectors which may change the forcing frequency of wind loads in their 
wake. Hence, the deflector’s design may alter the dynamic loading. 
Since the DAF is dependent on the system characteristics, it is recom
mended to assess different ballasted PV systems to evaluate the variation 
in the DAF. Further research is required to properly address and identify 
these effects.

These results further emphasize the importance of including dynamic 
effects in the calculation of wind loading on flexible structures. In this 
particular case, the dynamic effects increased the area-averaged uplift 
coefficient on the PV array by 20% at lower wind speeds and by up to 
32% as the wind speed reached 52 m/s (117 mph).

3.7. Failure assessment

The findings of this study highlighted that wind loads on ballasted PV 
systems are dictated by wind direction, shielding, and presence of wind 
deflectors. Nevertheless, the response of the ballasted system under 
these wind loads depends not only on the mentioned factors, but also on 
the weight of the used ballast. The purpose of this section is to compare 
the effectiveness of different ballast configurations and layouts, as well 
as the effect of wet conditions which often accompany extreme wind 
events, on the wind resistance of the ballasted PV system under study. 
This is achieved by varying the added ballast weights and conducting 
tests using wind driven rain simulation to evaluate the effect of a damp 
roof surface during hurricane events on the sliding of the array.

For all the tested cases in the high-speed failure assessment, the 
critical wind direction was θ = 45◦ degrees for all ballast configurations, 
and for dry and wet conditions. Sliding wind speed, as well as maximum 
sliding distance were observed for cornering winds (θ = 45◦), followed 
by normal winds from wind direction θ = 0◦, followed by side winds 
from wind direction θ = 90◦. This observation was foreseen, since the 
results of the aerodynamic testing showed that the wind loading was 
most critical for cornering wind directions, specifically θ = 45◦. For all 
wind directions, the sliding wind speed was observed to increase with 
the increase of the number of ballasts added to the array.

Moreover, the results reveal that wet testing conditions do not in
fluence the sliding behavior of the array, even wetting the TPO for a 
duration before testing had no effect. It was noticed that the sliding wind 
speeds for the same ballast configurations were identical, regardless of 
wet or dry testing conditions. For instance, the sliding wind speed for 
configuration A was 27 m/s (60 mph), for configuration B was 30 m/s 
(68 mph), and for configuration C was 34 m/s (76 mph) for the critical 
cornering wind direction θ = 45◦, and for wet and dry testing condi
tions. This outcome can be attributed to the fact that sliding phenome
non does not involve actual sliding motion, but instead, high frequency 
vibrations where intermittent displacements of the foot resulted in 
intermittent loss of contact between the corner supports of the system 
and the roof, which finally led to notable sliding after several cycles. The 
vibration of the entire system is a result of the wind induced vibrations 
of the PV panels themselves which are evident in the recorded videos of 
the test. Further, the high frequency vibrations of the wind deflectors 
were also observed, which may be an additional factor that worsens the 
vibration of the entire system. As mentioned earlier, different deflector 
stiffnesses may have varying DAF, which may affect these results.

Fig. 18. DAF as a function of reduced wind speed.
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Ballasted PV arrays typically consist of multiple rows, each with 
several modules, to efficiently utilize the entire roof area generating the 
necessary power for the structure’s functionality. As discussed in the 
aerodynamic loads section, the distribution of wind loading across these 
systems is not uniform. In the current study, the size of the array was 
limited by the WOW flow field, resulting in a setup that resembles a 
corner section of a larger array. The corner modules are likely to expe
rience the most intense wind loading as conical vortices form at the 
structure’s corners, followed by the edge modules that face high suctions 
due to flow separation at the roof’s edge. In contrast, the internal 
modules of the arrays encounter reduced wind loading due to the 
shielding effects from external modules as well as their positioning away 
from the edges and corners. It must be noted that the aerodynamic loads 
may change with changing the test setup, a different geometry may lead 
to a shift in the location and magnitude of the maximum aerodynamic 
loads. The sliding of the system at the reported wind speeds in this study 
is unlikely to occur in such large arrays. This is explained by the large 
number of modules and ballast which increase the overall weight of the 
system, as well as the higher number of contact points with the roof 
which lead to an increased frictional resisting force. These enhance
ments in the systems’ resistance are not met with a proportional increase 
of wind loading, (decreased wind loading on internal modules that form 
most of the array), consequently reducing the likelihood of a sliding 
failure mode. Therefore, restricted from sliding, the most probable 
failure in these systems is the uplift failure of the corner or edge 
modules.

To achieve the desired uplift failure without risking the sliding of the 
entire system off the roof, the four front supports of the array were 
mechanically fastened to the roof while leaving the other eight unal
tered. This simulates the sliding restriction in a typical PV array. During 
the test, the vibrations of the system were similar to the previous tests 
performed, however with the increase in wind speed, considerable lifts 
of the windward supports were noticed until one lift was significant 
enough for the wind to get underneath the system and flip it off the 
entire roof. This is an interesting observation, because as discussed 
previously, high wind loads on smaller areas of the panel, in addition to 
the unpredictable vibrations of the ballasted system may initiate lifts in 
one or more of the supports and result in a cascading type of failure. It 
was also observed that the modules disengaged from the racking system 
before flying away and started acting as windborne debris. This uplift 
phenomenon may cause damage to the surrounding modules and/or the 
surrounding built environment.

To evaluate the efficacy of the analytically compensated pressure 
coefficients for dynamic effects, the failure wind speed was first esti
mated using the obtained pressure coefficients from the aerodynamic 
(rigid model) test. Then it was reevaluated using the pressure co
efficients compensated for dynamic effects.

The pressure coefficients were obtained by area averaging the time 
histories over the NE panel (the first panel lifted by wind) before 
generating the peaks by applying the specific static or dynamic 
compensation method. Following this, equation (4) can be reformulated 
to derive the expression for the wind uplift force [see equation (11)]. It 
must be noted that the term cos(10◦) was included in equation (11) since 
the uplift force acts normal to the surface of the panel, which is inclined 
at a 10◦ angle. 

F = Ĉp × 0.5 × ρ × U2 × A × cos (10◦) (11) 

By equating the above estimated wind uplift force to the total weight 
of the NE panel (including the weight of the racking system and bal
lasts), and solving for U in the above equation, the failure wind speed 
was obtained.

Finally, a comparison was made between the estimated and the 
actual failure wind speed witnessed in the WOW EF. Table 2 provides a 
summary of the estimated failure wind speeds derived from both the 
statically and dynamically compensated pressure coefficients and 

compares them to the observed failure wind speed. The estimated failure 
wind speed using the dynamically compensated pressure coefficient 
closely matched the observed failure wind speed, in contrast to the 
failure wind speed estimated from the peak pressure coefficients not 
compensated for dynamic effects, which was 115 mph, exceeding the 
observed failure wind speed by 12 mph. This asserts the requirement of 
including wind induced dynamic effects in the design of ballasted PV 
arrays.

4. Conclusion

This research work is an effort to acquire deeper insights into the 
performance of ballasted PV arrays exposed to extreme wind events, as 
well as the mitigation aspect of wind deflectors typically added to those 
arrays. The study considered a 2 x 2 ballasted PV array resembling an 
array close to the corner of a flat roofed building. This corner was sub
jected to full-scale aerodynamic, dynamic, and destructive experiments 
in the NSF-supported NHERI WOW EF at FIU. Comparisons of mean and 
peak point pressure coefficients as well as area-averaged coefficients for 
each panel and for the entire array were performed for the array for two 
configurations: (1) with wind deflectors and (2) without wind deflectors. 
Moreover, the power spectral densities of individual taps and the cor
relation between them were evaluated. The key findings of this study are 
summarized below. 

• Wind deflectors were efficient in dissipating the effects of conical 
vortices on windward panels, reducing mean and peak pressure co
efficient values for individual pressure taps for cornering wind di
rections by up to 50%. However, for normal winds (θ = 0◦) and 
cornering winds (θ = 90◦), the mitigation effect was not evident.

• The area-averaged pressure coefficients on the top surface of the 
panels were shown to be unaltered by the addition of wind de
flectors. In contrast, wind deflectors reduced the area-averaged 
pressure coefficients on the bottom surface of the panels. This 
reduction results in a reduced pressure on the underside of the panels 
which attempts to push the panel away from the roof, consequently 
reducing the net uplift on the panels. The reduction as most pro
nounced for cornering wind directions (θ = 30◦ −60◦) for the NE and 
SE panels. NW and SW panels experienced reduced wind loading due 
to shielding effects from the NE and SE windward panels.

• Power spectral density (PSD) values, and consequently RMS values of 
pressure fluctuations in regions dominated by conical vortices, 
showed the greatest reduction following the addition of wind de
flectors. This reduction was less pronounced for edge taps unaffected 
by conical vortices and for internal taps.

• The worst area-averaged peak force coefficients from all wind di
rections and for all combinations of pressure taps’ tributary areas 
showed that ASCE 7–22 envelope for rooftop solar panels can be 
considered conservative. However, a considerable number of 
outlying points were observed to exceed the envelope for smaller 
areas. This requires careful consideration especially for the case of 
ballasted PV panels which have no physical connection to the roof.

• The addition of wind deflectors was shown to disrupt the correlation 
between instantaneous aerodynamic pressures occurring at different 

Table 2 
Comparison of estimated and observed failure wind speeds.

Peak 
Pressure 
Coefficient 
(Ĉp)

Estimated failure 
wind speed (mph)

Observed failure 
wind speed (mph)

Peak compensation (no 
dynamic effects)

0.51 115.5 103

Peak compensation 
(with dynamic effects)

0.663 101
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locations on the array. Hence, the reduction of net uplift is primarily 
due to preventing peak pressures from occurring simultaneously, 
rather than from reductions in the peak values of individual taps, 
where only individual pressure coefficients in the vicinity of conical 
vortices were reduced.

• The wind-induced vibrations of the array could increase the loading 
by up to 30% at higher wind speeds. This further emphasizes the 
necessity to consider wind induced dynamic effects in the design of 
ballasted PV arrays.

• Wet conditions, commonly associated with wind-driven rain during 
hurricane events, have minimal effects on the sliding of the array 
(however, more studies are needed to ascertain this finding).

• The uplift failure mode is initiated by loss of contacts for one or more 
of the supports, followed by a cascading effect where the subsequent 
panels are lifted due to the interconnectedness. This causes an abrupt 
change in the aerodynamics and ultimately leads to the system lifting 
off the roof.

It must be mentioned that this study only covered a single style of 
mounting systems with rear wind deflectors, so the results and conclu
sions are only applicable to this specific scenario.

Expanding this experimental endeavor can involve further research 
to explore the effect of varying edge distances, the incorporation of side 
deflectors, and the use of panels with larger sizes, which are becoming 
more common nowadays, on wind loading and the mitigation effect of 
wind deflectors. Furthermore, future studies are encouraged to conduct 
a parametric study on the effect of deflectors with different stiffnesses or 
geometric shapes to produce the optimal characteristics for the most 
efficient type of wind deflectors.
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