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A B S T R A C T   

Building appurtenances, such as rooftop photovoltaic (PV) systems, are vulnerable to damage during extreme 
wind events. To have more robust designs of PV systems, improved estimation of the peak wind effects is deemed 
necessary. The overall aim of this research is to develop a method for predicting peak wind loads on PV panels, 
including dynamic effects. For predicting peak pressures on roofs, the Partial Turbulence Simulation (PTS) 
method has been previously developed to allow for large-scale model testing by analytically incorporating the 
effects of the missing low-frequency turbulence based on the quasi-steady aerodynamic theory. The current paper 
focuses on a new experimental-numerical methodology by advancing the PTS approach to account for the dy
namic amplification effects of rooftop PV systems. This is accomplished by mathematically applying a gust 
transfer function and a mechanical admittance function. The proposed advanced PTS approach is demonstrated 
using full- and small-scale wind tunnel testing of a PV panel mounted at different locations on the roof of a low- 
rise building with various tilt angles. The peak net force coefficients obtained from experimental testing of the PV 
panel were compared with those found in ASCE 7-16. Results showed that the ASCE 7-16 values, which currently 
do not take into consideration the wind-induced dynamic effects on rooftop PV systems, were significantly lower 
than the estimated peak force coefficients from the current study. This research describes a methodology for 
predicting peak wind loads on dynamically sensitive building appurtenances that can be used to inform wind 
load provisions in standards.   

1. Introduction 

The use of photovoltaic (PV) arrays as a source of renewable energy 
has become widely applied across the U.S. over the past few years. 
Currently, the U.S. is home to more than 2 million rooftop PV in
stallations on commercial and residential buildings, and this number is 
expected to increase in the future [1]. Installed on the rooftop of low-rise 
buildings, PV panels are susceptible to damage under extreme wind 
events such as hurricanes. Such damage conditions could be aggravated 
should the peak wind loads acting on the supporting structures 
(including dynamic components) be underestimated. 

A limited number of full-scale field studies have been undertaken to 
calibrate wind tunnel results [2–4]. Recently, in-situ measurements have 
been conducted on a rooftop PV array located on the Hogue Technology 
Center building at the Central Washington University (CWU) in 

Ellensburg, Washington [5,6]. Study findings showed higher net pres
sure coefficient values compared to those found in the ASCE 7-16 
Standard [7]. Besides in-situ measurements, numerous experimental 
studies using large- and small-scale models have been undertaken in 
Boundary Layer Wind Tunnels (BLWTs) to investigate wind effects on 
rooftop PV panels [8–20]. Wind tunnel testing is a key experimental 
method for the evaluation of wind effects on rooftop PV panels of low- 
rise buildings and most findings were incorporated in the ASCE 7-16 
Standard. However, new standards on rooftop PV systems are limited 
to simple geometries and orientations [5] and do not consider dynamic 
amplification effects [21,22]. Wind tunnel studies consisted of investi
gating the effects of several rooftop PV array parameters on wind- 
induced pressures. Such parameters included the array size, tilt angle, 
and panel’s location on the roof. Wood et al. [17] carried out wind 
pressure tests on a 1:100 scale model of a large industrial building with 
solar panels mounted parallel to the flat roof. The authors found that the 

* Corresponding author at: EC 3660, Florida International University Engineering Center, 10555 W Flagler St, Miami, FL 33174, USA. 
E-mail address: jeste059@fiu.edu (J. Estephan).  

Contents lists available at ScienceDirect 

Engineering Structures 

journal homepage: www.elsevier.com/locate/engstruct 

https://doi.org/10.1016/j.engstruct.2021.113739 
Received 8 March 2021; Received in revised form 23 November 2021; Accepted 5 December 2021   

mailto:jeste059@fiu.edu
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2021.113739
https://doi.org/10.1016/j.engstruct.2021.113739
https://doi.org/10.1016/j.engstruct.2021.113739
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2021.113739&domain=pdf


Engineering Structures 252 (2022) 113739

2

panels’ orientation with respect to the wind direction and their prox
imity to the leading edge significantly affect the pressure distribution. 
Kopp et al. [12] investigated the aerodynamic characteristics of a solar 
panel model consisting of six slender and parallel modules. The study 
findings showed that the highest wind loads were caused by vortex 
shedding from in-line panels. Kopp et al. [14] performed a series of wind 
tunnel experiments to evaluate the aerodynamic mechanisms associated 
with inclined solar panels mounted on flat roofs. It was found that array- 
generated turbulence increased wind loads for higher tilt angles, while 
the pressure equalization mechanism was more pronounced for lower 
tilt angles. Banks [8] conducted wind tunnel tests on tilted PV panels 
mounted on a flat roof of a low-rise building. The study highlighted the 
role of corner vortices in amplifying peak uplifts. Stathopoulos et al. 
[16] conducted an experimental investigation on the effects of rooftop 
PV panel location on the peak pressure coefficients. It was demonstrated 
that panels near roof edges experience the highest peak pressure 
coefficients. 

Despite the major advancements in the experimental investigation of 
wind effects on PV panels, there are still major gaps in the fundamental 
knowledge that preclude the appropriate estimation of peak wind loads. 
Large-scale wind tunnel testing of low-rise buildings and their appur
tenances provides the advantage of a more accurate modeling of the 
structural details and a better Reynolds number (Re) similarity with the 
prototype, as compared to small-scale testing [23]. However, owing to 
the limited sizes of typical BLWTs, large model scales render the low- 
frequency turbulence eddies largely unaccounted for in the simula
tion. To overcome this limitation, a Partial Turbulence Simulation (PTS) 
approach [21,24] has been previously developed at the NSF NHERI Wall 
of Wind (WOW) Experimental Facility (EF) [22,25] at Florida Interna
tional University (FIU). The method consists of a post-test analysis to 
analytically incorporate the effects of the missing low-frequency tur
bulence in the peak pressure coefficients on rigid components, based on 
the quasi-steady aerodynamic theory. In addition to the PTS method, a 
hybrid method has been developed by Banks et al. [26] to analytically 
account for the effects of missing low-frequency turbulent energy on 
loads measured in the wind tunnel at large scales. The hybrid method 
consisted of a combination of analytical estimates and large-scale wind 
tunnel measurements to synthesize time series of wind loads that 
resemble full-scale measurements. Guo et al. [27] have developed a new 
method for estimating peak area-averaged pressure coefficients on the 
roof of a low-rise building model. The method is based on the quasi- 
steady vector model to account for the large-scale, low-frequency fluc
tuations of the upstream wind, and uses a stochastic model to account 
for small-scale and body generated turbulence effects. However, the 

partial turbulence simulation methods found in the literature apply only 
to rigid components and do not consider the dynamic resonant effects on 
flexible structures, such as PV panels. Dynamic effects have been 
investigated by previous studies on full- and small-scale rooftop PV 
panels [20,28,29] and other flexible structures (e.g., curtain wall sys
tems [30]). The studies showed, based on field and full-scale wind 
tunnel measurements, that significant wind-induced vibrations may 
occur with natural frequencies as high as 14 Hz. Miller and Zimmerman 
[31] used pressure measurements to determine force coefficients on 
ground-mounted solar arrays and analyzed the dynamic response of the 
structure. In addition, Browne et al. [19] presented a method for 
determining the design wind loads for multi-row ground-mounted solar 
arrays, including both static and dynamic wind load coefficients. SEAOC 
PV2 [32] identified the need that solar array design shall consider vortex 
shedding and consequent dynamic resonant effects. These studies 
highlighted the well-established shortcomings of the ASCE 7-16 crite
rion for dynamically sensitive structures having a fundamental natural 
frequency ≤ 1 Hz, which was derived with whole buildings in mind and 
may well be misleading should it be applied to smaller structures (e.g., 
solar panels). 

To fill these fundamental knowledge gaps, an improved methodol
ogy is needed to include low-frequency turbulence and wind-induced 
dynamic effects on building appurtenances. For this purpose, a new 
experimental-numerical method is proposed herein, and it consists of 
advancing the PTS method to consider dynamic effects. The proposed 
method requires a post-test analysis which consists of applying a gust 
transfer function to account for the missing low-frequency turbulence in 
large-scale testing. Moreover, resonant dynamic response effects of the 
PV panel are incorporated into the method by using the mechanical 
admittance function. The advanced PTS approach is illustrated using 
full- and small-scale wind tunnel testing of a rooftop PV panel. In the 
near future, the advanced PTS methodology will be validated by 
comparing the results from the experimental-numerical approach with 
those obtained from ongoing in-situ measurements on rooftop PV sys
tems at CWU. 

2. Background and theory 

Based on the “quasi-steady” aerodynamic theory, low-frequency 
fluctuating forces or pressures on a structure (e.g. PV panels) are 
assumed to be proportional to the low-frequency longitudinal wind 
velocity fluctuations upstream [33]. The spectral density SCF(B)(f) of the 
aerodynamic force coefficient on the PV panels is defined in Eq. (1). 

Nomenclature 

Symbol Description 
Su(f) Wind speed spectral density 
SCF (f) Force coefficient spectral density 
SCF ’(f) Response spectral density 
B and R Background and Resonance 
CF(t) Force coefficient time history 
CF Mean force coefficient 
ĈF Peak force coefficient 
|χ(f) |2 Aerodynamic admittance function 
|T(f) |2 Gust transfer function 
|H(f) |2 Mechanical admittance function 
m and p Model and prototype 
f Wind forcing frequency 
f0 Natural frequency 
ζ Damping ratio 

FS and PS Full and partial spectra 
b PV panel width 
Lp PV panel length 
h PV panel height 
U Mean wind speed 
U3s 3-sec gust speed 
Iu Turbulence intensity 
xLu Integral length scale 
A PV panel area 
gB Peak background factor 
gR Peak resonance factor 
GCrn,nom Nominal net pressure coefficient (ASCE 7-16) 
GCrn Net pressure coefficient (ASCE 7-16) 
γp Parapet height factor 
γC Panel chord factor 
γE Array edge factor  
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SCF (B)(f ) =
4CF

2

U2 .|χ(f ) |2.Su(f ) (1)  

where CF is the net force coefficient on the PV panel, |χ(f) |2 is the 
aerodynamic admittance function, CF is the mean aerodynamic force 
coefficient, U is the mean wind speed, and Su(f) is the power spectral 
density (PSD) of the longitudinal velocity fluctuations. It should be 
noted that subscript B stands for “background”. 

For small structures (e.g., PV panels) and at low frequencies, |χ(f) |2 

shown in Fig. 1a, tends towards 1, whereas for high-frequency fluctua
tions, the effects of the aerodynamic admittance function are already 
captured in the experiments. For this purpose and based on the quasi- 
steady aerodynamic theory, Eq. (1) can be written in the form of Eq. (2): 

SCF (B)(f ) =
4CF

2

U2 .Su(f ) (2) 

The response spectral density, SCF (B+R)’(f), which includes both the 
background (B) and resonant (R) components (Fig. 1b), can be calcu
lated by applying a mechanical admittance function |H(f) |2 (i.e., dy
namic amplification function) to SCF (B), as shown in Eq. (3). 

SCF (B+R)’(f ) = |H(f ) |2.SCF (B)(f ) (3)  

where |H(f) |2, shown in Eq. (4), is a function of the natural frequency of 
the structure (f0), the forcing frequency (f), and the total damping ratio 
(ζ). The total damping ratio ζ is the sum of the aerodynamic (ζa) and 
structural (ζs) damping ratios. 

|H(f ) |2 =
1

[

1 −

(
f
f0

)
2

]

2 + 4ζ2
(

f
f0

)
2

(4) 

A full wind turbulence spectrum Su,FS(f) contains both the low- and 
high-frequency fluctuations, as is the case in the atmospheric boundary 
layer (ABL). A partial turbulence spectrum Su,PS(f), simulated during 
large-scale wind tunnel testing, closely matches the high-frequency 
portion of the fluctuations but fails to account for low-frequency com
ponents. A gust transfer function |T(f) |2 can be used in the post-test 
analysis to incorporate the effects of the missing low-frequency turbu
lence [26]. This gust transfer function is determined based on the ratio 
of the full wind turbulence spectrum Su,FS(f) (i.e., Von-Karman spec
trum) to the partial wind turbulence spectrum measured in the wind 
tunnel Su,PS(f), as shown in Eq. (5). 

|T(f ) |2 =
Su,FS(f )

Su,PS(f )
=

SCF (B),FS(f )

SCF (B),PS(f )
(5) 

The full response spectrum SCF(B+R),FS’(f), including the background 
and resonant response effects, can be obtained by mathematically 
applying mechanical admittance and gust transfer functions to the 
partial aerodynamic force coefficient spectrum SCF (B),PS(f), as shown in 
Eq. (6). Note that the prime symbol (’) is used in this paper to differ
entiate between aerodynamic and dynamic forces obtained from pres
sure and reaction force measurements, respectively. 

SCF (B+R),FS’(f ) = |H(f ) |2.|T(f ) |2.SCF (B),PS(f ) (6) 

Except for Re effects, the peak pressure coefficients obtained using 
the original PTS approach for roof surface pressures were in general 
independent of wind speeds [21,24]. However, when resonant responses 
are present, the net force coefficients will vary with increasing wind 
speeds due to the dependence of the wind turbulence spectrum upon 
wind speed. In fact, increasing the assumed prototype mean wind speed 
(Up) suggests that the turbulent eddies at full scale are moving faster, 
causing a shift in the wind turbulence spectrum. Thus, for PV systems, 
the peak net force coefficients (including dynamic effects) need to be 
obtained as functions of prototype wind speeds. For codification pur
poses and ease of application by designers, the peak net force co
efficients can be computed as a function of the reduced frequency 
(f0.b)/U3s, where b and U3s represent the full-scale PV panel width and 3- 
sec gust speed, respectively. To obtain net force coefficient spectra at 
various prototype wind speeds, the mechanical admittance function can 
be presented as a function of assumed prototype mean wind speed (Up) 

and will be denoted by 
⃒
⃒
⃒H
(

fp

) ⃒
⃒
⃒2, as shown in Eq. (7). The mechanical 

admittance function of the prototype depends upon the forcing fre
quency fp, which in turn depends upon the prototype wind speed. The 

dependence of fp upon wind speed is expressed as fp = fm

(
λL
λU

)

. The 

frequency scale 

(

λf =
fm
fp

= λU
λL

)

can be obtained from the length scale 
(

λL = bm
bp

)

and velocity scale 
(

λU = Um
Up

)

which is based on the measured 

mean wind speed (Um) of the model and the assumed prototype mean 
wind speed (Up). 

⃒
⃒H
(
fp
) ⃒
⃒2 =

1
[

1 −

(
fp
f0

)
2

]

2 + 4ζ2
(

fp
f0

)
2

(7)  

Fig. 1. (a) Wind loading chain; (b) Background and resonant components of the response spectrum [33] (Republished with permission of Taylor & Francis Group LLC 
- Books, from Wind Loading of Structures, John Holmes and Seifu Bekele, fourth edition, 2021; permission conveyed through Copyright Clearance Center, Inc.). 
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3. Methodology and experimental setup 

3.1. Test specimens and instrumentation 

To demonstrate the proposed advanced PTS approach, full-scale 
(1:1) experimental testing of a rooftop PV panel was performed using 
the 6-fan WOW facility, the predecessor of the NSF NHERI WOW EF at 
FIU; while small-scale model (1:12) experiments were performed at the 
boundary layer wind tunnel (BLWT) of RWDI USA LLC, respectively. The 
described specimens have the following full-scale dimensions: PV panel 
length Lp of 0.9 m (3 ft), panel width b of 1.6 m (5.2 ft), and a building 
height h of 3.5 m (11.5 ft) (see Fig. 2). 

The full-scale model was instrumented with four multi-axial load 
cells mounted on the PV system’s supports to collect net forces for a 3 
min duration at a sampling frequency Fs of 100 Hz. For the small-scale 
model, a total of 28 pressure taps were installed on the upper and 
lower surfaces of the PV panel. Pressure taps consisted of polyurethane 
tubes connected to a Scanivalve data acquisition system to collect net 
pressure data for a duration of 90 s at a sampling frequency Fs of 512 Hz. 
A tubing transfer function was used to correct the collected pressure data 
for distortion effects introduced by the tubing length [34]. A low-pass 
filter function with a cut-off frequency of 100 Hz was applied to the 
collected pressure data. Detailed information on the experimental 
testing can be found in Moravej et al. [20]. 

3.2. Testing protocol 

The full-scale specimen was tested at a mean wind speed Um of 25 m/ 
s (56 mph), obtained at a mean roof height h of 3.5 m (11.5 ft). The 
small-scale model was tested at a mean wind speed Um of 8 m/s (18 
mph), obtained at a mean roof height h of 0.3 m (1 ft). The model 
specimens were placed on the wind tunnel turntables and tested for 
different wind directions, test positions, and PV panel tilt angles (Fig. 3). 
The different test cases considered for experimental testing are sum
marized in Table 1. It should be noted that test position 1 refers to the 
location of the PV panel near the roof leading edge, while test position 2 
indicates that the PV panel’s location is at the roof corner. Also, a 
negative tilt angle indicates that the wind flow is acting towards the 
bottom surface of the PV panel, while a positive tilt angle designates that 
wind flow is acting towards the panel’s top surface. 

Fig. 2. Test Specimens.  

Fig. 3. Test plan: (a) wind directions and test positions, (b) PV tilt angles.  

Table 1 
Testing protocol.  

Case 
# 

Position 
# 

Full-scale U in m/s 
(mph)  

Wind direction 
deg) 

Panel tilt angle 
(deg) 

1 1 25 (56) 0 0, − 15, − 45, 
15, 45 

2 2 25 (56) 0 0, − 15, − 45, 
15, 45 

3 2 25 (56) 45 0, − 15, − 45, 
15, 45  
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3.3. Wind flow characteristics 

As discussed in Section 1, full- or large-scale wind tunnel testing of 
low-rise buildings and appurtenances provides the benefits of accurately 
modeling the building and panel details while testing at a high Reynolds 
number (Re) to better capture the wind flow characteristics in nature. 
However, one challenge that the large-scale wind tunnel testing en
counters is the missing low-frequency turbulence eddies in the simulated 
flow due to the size limitations imposed by the wind tunnel test section. 
Fig. 4 shows the simulated power spectral density (PSD) of the WOW and 
BLWT longitudinal velocity fluctuations corresponding to open terrain 
exposure (z0 = 0.02m). Compared with the Von-Karman spectrum based 
on ESDU item 85020 [35], the WOW PSD shows a good match at the 
high-frequency portion of the fluctuations (fh/U > 0.1) but lacks the 
low-frequency component. Contrary to WOW PSD, the BLWT simulates 
the entire turbulence spectrum as in natural wind including its low- 
frequency component. 

The PTS approach, developed by researchers at the WOW EF at FIU, 
is based on the quasi-steady aerodynamic theory to correct the peak 
pressure coefficients for the missing low-frequency turbulence. The ac
curacy of the PTS method was previously validated in Mooneghi et al. 
[24] and Moravej [21] by comparing the PTS-corrected peak pressure 
coefficients that were obtained in the WOW with the field measurements 
of Silsoe cube [36] and Texas Tech University (TTU) building [37,38]. 
An approximate requirement for the quasi-steady assumption to be valid 
was derived by Mooneghi et al. [24] and was for 

xLum
bm 

to be greater than 
about 0.7, where xLum is the longitudinal integral scale of the turbu
lence and bm is the building dimension. In the PTS study, 

xLum
bm 

was 
calculated as 0.4 and 0.7 for the Silsoe cube and TTU building, respec
tively. Consequently, the experiments appeared to be on the borderline 
of applicability of the quasi-steady assumption. However, the results of 

the PTS method were well comparable with the full-scale peak pressure 
coefficients (obtained from field measurements). This indicates that 
even if the 0.7 criterion is not strictly achieved, acceptable results can 
still be obtained. In this study, while taking the PV panel length lm as the 
relevant dimension, 

xLum
bm 

was calculated as 0.6 and the peak full-scale 
3-sec gust speed U3s was 40 m/s (90 mph). Table 2 summarizes the 
different test conditions for the prototype and WOW model. 

The original PTS approach does not compensate for the wind- 
induced dynamic effects. Hence, an advancement of the PTS approach 
is proposed in this study to analytically incorporate not only the missing 
low-frequency turbulence effects but also the wind-induced dynamic 
effects. 

3.4. Description of the advanced PTS approach 

Net wind-induced reaction force and aerodynamic pressure data, 
collected from WOW and BLWT measurements respectively, were used 
to demonstrate the proposed advanced PTS approach. The net force 
coefficient time histories CF(t) for WOW and BLWT models are defined 
in Eqs. (8) and (9) as: 

CF,WOW ’(t) =

∑4
i=1Fi’(t)

1
2 ρUm

2
.A

(8)  

CF,BLWT (t) =

∑14
i=1Pi(t).Ai

1
2 ρUm

2
.A

(9) 

In Eq. (8), Fi’(t) is the time history of the net reaction forces 
measured by the ith load cell and acting along the axis normal to the PV 
panel in N (lbs.), ρ is the air density in kg/m3 (slugs/ft3), Um is the mean 
wind speed at the mean roof height of the model in m/s (mph), and A is 
the projected area of the PV panel normal to the applied force in m2 (ft2). 
In Eq. (9), Pi(t) is the time history of the net aerodynamic pressure 
measured by the ith tap, and Ai is the projected PV panel tributary area 
for the ith tap in m2 (ft2). 

Full-scale tests of the PV panel at WOW lack the low-frequency 
fluctuations but include the resonant component; whereas the BLWT 
tests simulate the entire turbulence spectrum as in natural wind but do 
not consider resonant effects due to the use of small-scale rigid models. 
The gust transfer function |T(f) |2, discussed in Section 2, was used to 
incorporate the effects of missing low-frequency turbulence in the par
tial turbulence simulation when testing the full-scale model at WOW. 
Also, the mechanical admittance function |H(f) |2 was used to compen
sate for the dynamic resonant effects in the case where rigid small-scale 

Fig. 4. Normalized PSD of the longitudinal velocity fluctuations.  

Table 2 
Test conditions for the prototype and WOW model.  

Parameter Unit Prototype (Full- 
scale) 

WOW Model 

Turbulence intensity % Iup = 19  Ium = 7  
Missing low-frequency 

turbulence 
% __ 

IuL =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Iup
2 − Ium

2
√

=

18  
Integral length scale m xLup = 37  xLup = 0.5  
PV panel length m lp = 0.9  lm = 0.9  
Mean wind speed m/s Up = 25  Um = 25   
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models were tested at RWDI BLWT. The dynamic properties of the PV 
system used in the full-scale WOW testing (i.e., natural frequency f0 and 
damping ratio ζ) were determined by applying the Random Decrement 
(RD) technique [39,40] to the net reaction forces measured by the load 
cells, which include the resonant response. The RD technique uses a 
time-domain approach in which the structural responses to operational 
loads of a certain structure are transformed into random decrement 
functions. The dynamic properties obtained using the RD technique 
(f0 = 14 Hz and ζ = 5%) will serve as input parameters to |H(f) |2. 

Based on the proposed advanced PTS approach, the WOW response 
spectrum is compensated for missing low-frequency turbulence using 
|T(f) |2, and that of BLWT is obtained by applying |H(f) |2 to the net force 
coefficient spectrum. In the time domain, the compensated response 
time history CF(B+R),FS’(t) can be obtained using the Inverse Fast Fourier 
Transform (IFFT) which requires both the magnitude and phase infor
mation of the spectrum. However, since the phase information is not 
usually included in a power spectrum, the Fast Fourier Transform (FFT) 
[41] was first applied to the uncompensated net force coefficient data 
CF(n) to obtain the complex Fourier spectrum z(k), as shown in Eq. (10). 

z(k) =
∑N

n=1
CF(n)e− 2πikn/N (10)  

where k is the kth term in the Fourier series, and n is the is nth data point 
(ranging from 1 to N). 

To obtain a compensated Fourier spectrum z’(k), a complex gust 
transfer function T(k) and mechanical admittance function H(k), shown 
in Eq. (11), should be used with z(k) instead of |T(f) |2 and |H(f) |2 since 
they include the real and imaginary parts. 

H(k) =
1

(

1 −

(
kf
f0

)
2

)

2 + 4ζ2
(

kf
f0

)
2

(

1 −

(
kf
f0

)
2 + 2ζ

kf
f0

i

)

(11) 

The compensated Fourier spectra of WOW and BLWT, including both 
the background and resonant components, can be calculated as 
z’

WOW(k) = zWOW(k).T(k) and z’
BLWT(k) = zBLWT(k).H(k). Using the IFFT 

approach, CF(B+R),FS’(t) can be computed from z’(k), as shown in Eq. (12). 

CF(B+R),FS’(t) =
1
N

∑N

k=1
z’(k)e2πikn/N (12) 

Peak net force coefficients ĈF,FS− 3s, normalized by 3-sec (full-scale) 

dynamic pressure, were estimated for 1-hr (full-scale) storm duration 
using extreme value analysis Type I based on Lieblein’s best linear un
biased estimation (BLUE) method [42] with a 78% probability of non- 
exceedance and 100 subintervals. 

Besides obtaining ĈF,FS− 3s in the time domain, a simplified method 
was used to calculate ĈF,FS− 3s in the frequency domain using the 
compensated spectra, as shown in Eqs. (13) through (16). 

ĈF,FS− 3s = CF,FS +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

g2
BB + g2

RR
√

(13)  

gR =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ln(υRT)

√
+

0.577
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2ln(υRT)

√ (14)  

B =

∫ a

0
SCF (B),FS(f )df (15)  

R =

∫ a

0
SCF (B+R),FS’(f )df − B (16) 

In Eq. (13), the background peak factor is gB = 3.4 (gQ in ASCE-7). In 
Eq. (14), υR can be conservatively taken as the natural frequency of the 
structure f0, and T is the storm duration of 3600 sec. B and R, shown in 
Eqs. (15) and (16), are the background and resonant components of the 
net force coefficient spectrum, respectively. Peak net force coefficients 
were then obtained using time and frequency domain approaches as a 
function of the reduced frequency (f0.b)/U3s, where U3s is used in the 
reduced frequency for codification purposes and ease of application by 
designers. It should be noted that the variation of the aerodynamic 
damping ζa as a function of wind speed was not investigated in this 
study, and a total damping of ζ = 5% was used in the mechanical 
admittance function for all assumed prototype mean wind speeds. 

4. Results and discussion 

The proposed advanced PTS approach is illustrated by comparing the 
peak net force coefficients on the full-scale (WOW) model with those on 
the small-scale (BLWT) model. Then, the obtained peak net force co
efficients on the WOW and BLWT models, including low-frequency 
turbulence and dynamic effects, were compared with those found in 
ASCE 7-16 for rooftop PV panels. 

Fig. 5. Compensation functions.  
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Fig. 6. Net force coefficient spectra for test case 3 and 0◦ PV tilt angle.  

Fig. 7. Net force coefficient spectra for test case 3 and − 45◦ PV tilt angle.  

Fig. 8. Net force coefficient time history for test case 3 and 0◦ PV tilt angle.  
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4.1. Compensated peak net force coefficients 

The two compensation functions |T(f) |2 and |H(f) |2, described in 
Section 2, are illustrated in Fig. 5. |T(f) |2 was used to incorporate the 
effects of low-frequency background fluctuations in the WOW net force 
coefficient spectra. It can be seen that a higher degree of PTS compen
sation is needed at low frequencies, whereas minimal to no compensa
tion is needed at the high-frequency range. This further indicates that 
the PSD of the WOW longitudinal velocity fluctuations lacks its low- 
frequency component, while the high-frequency fluctuations are fully 
simulated. For the BLWT net force coefficients, the spectra were 
compensated by incorporating the dynamic resonant effects using 
|H(f) |2, where the natural frequency of the primary mode of vibration 
(out-of-plane vibration normal to wind flow) and damping ratio of the 
PV system at full-scale were f0 = 14 Hz and ζ = 5%, respectively. 

Fig. 6a and 7a show the uncompensated net force coefficient spectra 
for test case 3 with 0◦ and − 45◦ tilt angles, respectively. It can be seen 
that the WOW full-scale uncompensated net force coefficient spectrum is 
missing the effect of low-frequency background fluctuations while 
capturing the resonant effects. The uncompensated BLWT spectrum 
simulates the entire turbulence spectrum but does not capture resonant 
effects. Fig. 6b and 7b show the compensated WOW and BLWT net force 
coefficient spectra for test case 3 with 0◦ and − 45◦ tilt angles, respec
tively. A reasonable agreement can be seen between the two 

compensated spectra, which include the effects of the background and 
resonant components of the response. 

Fig. 8 shows the uncompensated and compensated CF(t) for WOW 
and BLWT. Fig. 9 shows ĈF,FS− 3s for the various tilt angles and test cases 
being considered. 

It is evident in Fig. 9 that both (1) full-scale system-level test results 
(WOW) without the incorporation of missing low-frequency turbulence 
effects, and (2) rigid scale model test results (BLWT) without the 
incorporation of dynamic effects, significantly underestimate the peak 
force coefficients ĈF,FS− 3s. The compensated ĈF,FS− 3s of WOW and BLWT 
showed a reasonable agreement for all PV tilt angles, and the values 
were the highest for test case 3 and − 45◦ PV tilt angle (ĈF,FS− 3s = − 4.5). 
This can be attributed to the formation of conical vortices near the roof 
corner where negative net force coefficients (i.e., suction) are more 
pronounced [43]. It should be noted that ĈF,FS− 3s values are slightly 
higher for the WOW model than for the BLWT. This can be partially 
attributed to the Reynolds number effects (Re = 2.5 × 106 and 4.9 × 104 

for the WOW and BLWT tests, respectively); however, further research is 
needed to investigate this aspect. The reference geometry considered for 
Re calculation is the PV panel width b. Also, the increase in tilt angle 
showed an increase in the estimated ĈF,FS− 3s for all test cases. These 
observations are in line with the findings of Kopp [13] in which it was 
shown from wind tunnel data that increasing the overall height above 

Fig. 9. Peak net force coefficients.  
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the roof is associated with an increase in the wind loads. For positive tilt 
angles where the wind is acting towards the PV panels’ top surface, 
positive ĈF,FS− 3s were noticed, and the highest values of about 4 were 
observed for the 45◦ PV tilt angle. 

4.2. Peak net force coefficients as a function of reduced frequency 

The net force coefficient spectra were obtained for various prototype 

mean wind speeds using 
⃒
⃒
⃒H
(

fp
) ⃒
⃒
⃒2, as previously described in Section 2 

(i.e., Eq. (7)). Essentially, increasing the assumed prototype mean wind 
speed (Up) suggests that the turbulent eddies at full scale are moving 
faster, causing a shift in the wind turbulence spectrum. This phenome

non was demonstrated in Fig. 10 which shows 
⃒
⃒
⃒H
(

fp
) ⃒
⃒
⃒2 and the corre

sponding BLWT net force coefficient spectra for the different Up values. 
These spectra were used to obtain peak net force coefficients ĈF,FS− 3s 

using time and frequency domain approaches, as previously described in 
Section 3.4. 

Figs. 11 and 12 show the obtained ĈF,FS− 3s using time and frequency 
domain approaches for 0◦ and − 45◦ PV tilt angles, respectively. In 

addition to the measured damping ratio ζ of 5%, ĈF,FS− 3s were obtained 
for ζ = 1% which also represents a typical in-situ damping ratio of PV 
panels [19], and the results were presented as a function of the reduced 
frequency (f0.b)/U3s. It was observed that the time and frequency 
domain approaches agreed well for the different prototype wind speeds 
being considered. 

In Fig. 11 (test case 3 and 0◦ tilt angle), three patterns were identi
fied. For (f0.b)/U3s ranging between 0 and 0.3, it was observed that the 
estimated ĈF,FS− 3s reached their highest values of 3.6 and 2.1 for 1% and 
5% damping, respectively. Then, an approximately linear decrease was 
detected for (f0.b)/U3s ranging between 0.3 and 0.7 where ĈF,FS− 3s 

reached their lowest values of 2.2 and 1.7 for 1% and 5% damping, 
respectively. The estimated ĈF,FS− 3s remain constant for (f0.b)/U3s > 0.7. 
It should be noted that the ĈF,FS− 3s values increase with increasing 
prototype wind speeds, as also reported in Browne et al. [19]. This can 
be exacerbated by the dynamic resonant effects on PV panels being more 
pronounced at higher wind speeds. 

A similar observation can be made for test case 3 and − 45◦ tilt angle 
(Fig. 12), where the highest estimated ĈF,FS− 3s are 8.6 and 5.4, and the 
lowest values are 4.9 and 4.1 for 1% and 5% damping, respectively. 

Fig. 10. Test case 3 and − 45◦ PV tilt angle.  

Fig. 11. Peak net force coefficients for test case 3 and 0◦ tilt angle.  
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4.3. Comparison with the ASCE 7-16 Standard 

To evaluate the obtained peak net force coefficients ĈF,FS− 3s on the 
WOW and BLWT rooftop PV panel, a comparison was made with the 
design pressure coefficients found in ASCE 7-16. The standard provides 
an equation to calculate the net pressure coefficient GCrn, as shown in 
Eq. (17). The parapet height factor γp and panel chord factor γc are 

defined in Eqs. (18) and (19). 

(GCrn) =
(
γp
)
(γc)(γE)(GCrn)nom (17)  

γp = min
(

1.2, 0.9 +
hpt

h

)

(18)  

Fig. 12. Peak net force coefficients for test case 3 and − 45◦ tilt angle.  

Fig. 13. ASCE 7-16 Fig. 29.4-7 for rooftop solar panels [7].  
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γc = max
(
0.6 + 0.06Lp, 0.8

)
(19) 

Fig. 13 shows the building and panel dimensions hpt , h, and Lp, along 
with the nominal net pressure coefficient (GCrn)nom for different roof 
zones, panel areas, and tilt angles. The parapet height factor is γp = 0.9 
and 0.96 for 0◦ and − 15◦ tilt angles, respectively. The panel chord factor 
is γc = 0.8, and the array edge factor γE = 1.5 for an “exposed” rooftop 
PV panel. The normalized wind area A = 70 is a function of the panel 
area and building dimensions. 

WOW and BLWT results of peak force coefficients ĈF,FS− 3s for test 
cases 1 and 3 and 5% damping ratio were compared with the corre
sponding GCrn values of ASCE 7-16 for zones 2 and 3, and tilt angles of 
0◦ and − 15◦. It should be noted that a negative GCrn acts away from the 
top surface of the PV panel and a positive GCrn acts towards the panel’s 
top surface. The calculated GCrn values for the 0◦ tilt angle, were found 
to be 1.1 and 1.2 for ASCE 7-16 zones 2 and 3, respectively. For a tilt 
angle of − 15◦, GCrn values were found to be 1.6 and 1.9 for ASCE 7-16 
zones 2 and 3, respectively. 

Fig. 14 shows a comparison of the estimated ĈF,FS− 3s values on the 
WOW and BLWT models, including dynamic resonant effects for 5% 
damping, with the GCrn values from ASCE 7-16. Wind-induced dynamic 
effects on rooftop PV panels are not accounted for in the ASCE 7-16 
Standard. This justifies the reason behind GCrn values being constant 
for the whole range of wind speeds. It is evident in Fig. 14 that the GCrn 

values were lower than ĈF,FS− 3s for all considered cases and reduced 
frequency values with differences ranging between 20% and 48%. 
Hence, the ASCE 7-16 Standard underestimates the peak net pressure 
coefficients that are missing dynamic effects. 

5. Conclusion 

A new experimental-numerical approach is proposed in this study to 
estimate the peak wind loads on PV systems by incorporating the effects 
of inflow turbulence and resonance. Net uplift force coefficient data on a 
rooftop PV panel, obtained from full-scale system-level tests (at the 
WOW) and rigid scale model tests (at a BLWT), were used to demon
strate the proposed method. Also, a simplified spectral approach was 
adopted to calculate the peak force coefficients as functions of reduced 
frequency. A reasonable agreement was observed between the 
compensated peak net force coefficients using the time and frequency 
domain approaches. Also, a comparison was made between the esti
mated WOW and BLWT peak force coefficients, including dynamic ef
fects, with those found in ASCE 7-16. It was observed that the Standard 
underestimates the peak net pressure coefficients, mainly because the 

dynamic effects were not accounted for. Validation of the proposed 
approach is underway using data from field measurements on rooftop 
PV systems at CWU. The field measurements will be compared to those 
obtained from a full-scale PV array at the NSF NHERI WOW EF at FIU. 
The effect of aerodynamic damping will be also assessed as a function of 
wind speed. Such study is expected to advance knowledge on smaller 
structures such as PV arrays that are sensitive to wind-induced dynamic 
effects. 
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