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ABSTRACT: Peak wind loads on a single-axis photovoltaic tracker system were determined
based on boundary layer wind tunnel testing. Testing was conducted at two different row
spacings, for five different tilt angles and with the model placed at different positions within an
array of eight rows. The torque acting on the center chord axis and the normal force acting on
typical tributary areas were calculated. Torque and normal force are highly dependent on the tilt
angle and row position within the array. In general, loads are higher on the array perimeter.
Torque is higher at low tilt angles. Normal force increases with tilt angle at the perimeter, but
tends to remain constant from 10° tilt onwards for interior rows. Row spacing also plays a
significant role and usually results in an increase of loads. Dynamic amplification factors reveal
resonant response occurring at modified Strouhal numbers ranging from 0.06 to 0.14.
KEYWORDS: Single-axis PV tracker, static wind loads, torque, normal force, dynamic
amplification factors (DAF), Strouhal number
1 INTRODUCTION
To the best knowledge of the present authors, detailed wind tunnel study results on the effects of
row position and row spacing on static and dynamic wind loads acting on single-axis PV tracking
systems have not been published previously.
Strobel & Banks (2014) [1] reported on power spectra of the peak center chord row moment
coefficient for a limited set of tilt angles, wind directions and positions of row within the array.
Dynamic amplification of static loads due to vortex shedding and gust buffeting was
demonstrated. However, worst case wind loads for entire arrays of PV tracking systems were not
presented.
Cain & Banks (2015) [2] emphasized that the 1 Hz threshold for fundamental natural
frequency is not appropriate for ground-mounted solar arrays with chord length in the 2 m to 4 m
range as dynamic excitation may occur at frequencies greater than 5 Hz at both, serviceability and
design wind speeds. Modal analysis and field vibration testing were discussed for determination of
mode shapes and natural frequencies. Damping ratio must be measured on full-scale trackers in
the field. Typical mode shapes identified for single-axis trackers are torque around the center
chord axis and up-and-down motion in between the posts.
O’Brien (2018) [3] hightlighted that full-scale testing on trackers to quantify the natural
frequencies and damping ratios for each mode should be conducted with several site-specific
factors that are typically experienced in the field, such as different soil conditions, pile spacing,
pile dimensions or torque tube thickness. Dynamic amplification factors do vary with tributary
area and load effect, e.g. DAFs for torque around the center chord axis are different from DAFs
for normal force on the pile.
Warsido et al. (2014) [4] presented peak normal force and overturning moment coefficients for
fixed-tilt ground-mounted tables. Parameter variations encompassed edge and interior locations of
instrumented tables within the array, lateral spacing of tables and row spacing. The tilt angle was

kept constant at 25° and tributary area corresponded to the area of one table (1.34m chord length
x 9.14m table length). DAFS were not studied.
Guha et al. (2015) [5] investigated the effects of tilt angle, row spacing, ground clearance and
post location along the chord on the moment coefficient about the base of a post of fixed-tilt
ground-mounted photovoltaic arrays. Dynamic response was also considered. Tilts studied were
in a range of 5° to 45° and the chord length corresponded to 4m.
Further studies discussed techniques for analysis of peak wind loads on ground-mounted solar
panels accounting for the missing turbulent energy at low frequencies and overshoot of highfrequency energy at large geometric scales by high-frequency spectrum matching due to reduction
of turbulence intensity, see e.g. Aly and Bitsuamlak (2013) [6].
The present paper aims at closing the gap on static and dynamic wind loads acting on singleaxis PV tracking systems deployed in large arrays. By means of boundary layer wind tunnel
testing, the effects of tilt angle, row location and row spacing on peak torque (including resonant
dynamic amplification) and normal force coefficients for typical tributary areas are shown.
Modules are mounted one in portrait corresponding to about 2 m chord length. Aeroelastic
instabilities of single-axis trackers such as torsional galloping are not within the scope of this
paper.
2 EXPERIMENTAL PROCEDURE
2.1 Wind tunnel set-up
The wind tunnel tests were conducted in the large I.F.I. boundary layer wind tunnel in Aachen,
Germany. The flow is generated by 6 axial fans. The wind tunnel has a cross section of
2.7 m x 1.6 m and the test model was placed at 10 m downstream of an assembly consisting of
flow-straighteners, turbulence screens, Counihan-turbulence generators and a barrier wall. The
tunnel floor was covered with rough materials, which can be exchanged depending on the
boundary layer wind profile that has to be simulated. For the present study, upwind terrain with a
power law exponent of 0.14 was simulated. Figure 1 (a) shows the mean wind velocity profile.
Figure 1 (b) shows the profile of the streamwise turbulence intensity along with equation (C2-6)
of ASCE 49-12 [7]. Figure 1 (c) and (d) show the streamwise wind spectrum measured with a
hot-film probe in the wind tunnel incident flow, along with spectra specified in the relevant
literature (Kaimal et al.(1972) [8]; Simiu & Scanlan (1985) [9], Olesen et al. (1984) [10],
Tieleman (1995) [11]) at heights of z = 30 mm and z = 40 mm above the tunnel floor.
For the present study, an array of 8 rows each equivalent to 84 m length in full-scale was
investigated. The mid-chord height of each row was 1.7 m and the chord length corresponded to
2.0 m. Model rows were tilted to the west at five different tilt angles of 0°, 10°, 20°, 30° and 45°.
System dimensions and relevant spacings were reproduced to correct scale in the wind tunnel
model as far as possible. Where geometric distortions such as solar panel thickness were
necessary, priority was placed on matching ground clearance around the base and edges of the
panels. One row was fitted with 256 pressure taps, evenly distributed on the upper and lower
surfaces of the modules: at 32 positions along the torque tube of the row, pressures were
measured at 4 positions along the chord length. The other rows were designed as dummies
without any pressure taps. The positions of pressure tapped rows and dummy rows were
interchanged in the testing so that each row within the array was studied. Moreover, two different
row spacings of 4 m and 7.5 m, respectively, were examined. Further details on modelling and
pressure tap layout cannot be given as the study was partly proprietary.
The models were mounted on a turntable. Wind tunnel testing was conducted at 15° intervals
for 13 wind directions from 90° to 270° where 90° corresponded to wind blowing from the east,
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Figure 1. (a) Mean wind velocity profile; (b) streamwise turbulence intensity profile; (c) spectrum of the
streamwise velocitiy fluctuations at z = 30 mm; and (d) at z = 40 mm compared with data from Kaimal et
al.(1972) [8]; Simiu & Scanlan (1985) [9], Olesen et al. (1984) [10], Tieleman (1995) [11].

see Figure 2. In this way the effects of corner vortices, flow detachment and reattachment were
accounted for. Figure 3 (a) shows a partial close up of the model in the wind tunnel.
The measurements were conducted in a partially open test section (open roof) with a blockage
ratio of about 2.5% for the largest row spacing and highest tilt angle of 7.5 m and 45°,
respectively, at the 1:50 model scale. All other combinations of row spacing and tilt angle resulted
in blockage ratios of less than 2.5%. The test section of the wind tunnel is depicted in Figure 3
(b).
Using brass tubes and flexible tubes the pressure taps were connected to PSI DTC-Initium
pressure scanners. The measuring chain – pressure tap, brass tube, flexible tube, pressure scanner
– is a vibratory system. The internal diameters of the brass tubes and of the flexible tubes
corresponded to 1.0 mm. To avoid artificial amplification or damping of pressure signals the
method of Holmes & Lewis (1987) [12] was applied by inserting restrictors with an internal
diameter of 0.4 mm. The total length of the tubing of different internal diameters was 200 mm. In
this way a flat frequency response was achieved up to 225 Hz. The pressure taps were scanned
computer-controlled via the PSI DTC-Initium system. The pressure transducers are piezoresistive differential sensors with a full-scale pressure range of ±1000 Pa. Each individual pressure
scanner is equipped with 32 pressure ports. In this study, the maximum number of eight pressure
transducers scanning simultaneously was used. All pressure taps were sampled simultaneously at a

rate of 650 Hz. The velocity scale was calculated by assuming a mean wind velocity of 40 m/s at a
height of 10 m in an open country exposure and a mean wind velocity in the wind tunnel
measured by means of a Pitot-static tube at the respective height as given in Figure 1 (a). The
number of samples per data series was set such that a 24 minute sampling time in full-scale was
achieved. Therefore, the sampling time was approximately 118 s at the 1:50 scale.

Figure 2. Schematic of the tracker array and its orientation relative to the wind directions. tilt angle α with
0° ≤ α ≤ 45° and tilt towards the west.

Figure 3. (a) Close up of the model with dummy rows and instrumented row. (b) Test section of the wind tunnel
with view on Counihan-turbulence generators, the barrier wall and roughness elements.
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2.2 Analysis of static wind loads
For the calculation of peak aerodynamic coefficients the method of Kray & Paul (2017) [13] was
adopted. This method is largely based on work by Cook (1990) [14] and includes conversion into
the pseudo-steady format, i.e. aerodynamic coefficients are referred to the 3-second-gust pressure
as required by wind loading codes such as EN 1991-1-4 [15] and ASCE 7-16 [16]. Distributions
of pressure coefficients which represent the peak load effect in question were reconstructed using
the Load-Response-Correlation method (LRC method), a method based on work by
Kasperski & Niemann (1992) [17] and Kasperski (1992) [18]. Pressure coefficients are net
pressure coefficients referenced to the 3-second peak velocity pressure at 10 m height in
full-scale. A 59% probability of non-exceedance was adopted for the calculation of all
aerodynamic coefficients.
Load effects studied in the present work are peak torque and peak normal force. The peak
torque coefficient is defined as follows:

cM =

M
q¥ × l × c 2

(1)

where M = overall moment acting on the tracker row; q∞ = 3-second peak velocity pressure at
10 m height; l = length of tracker row; and c = chord length.
The peak normal force coefficient adheres to the following definition:

cF =

F
q¥ × l × c

(2)

where F = overall force; q∞ = 3-second peak velocity pressure at 10 m height; l = length of
tracker row; and c = chord length. Figure 4 shows the load schematic. The peak normal force
does not necessarily act on the center of the chord as depicted in Figure 4, but may be off-center.
However, for the present study we only focus on the overall coefficient.

Figure 4. Schematic of load effects on the PV tracker.

2.3 Analysis of resonant dynamic wind loads
To account for resonant dynamic effects due to vortex shedding or gust buffeting, the
determination of dynamic amplification factors (DAFs) is a well-established approach, see for
example Strobel & Banks (2014) [1] and Cain & Banks (2015) [2]. Power density spectra (PSD)
were calculated from time-series of the load effects which then were analyzed at different reduced
frequencies i.e. Strouhal numbers. The values of the PSD were then used to estimate the resonant
dynamic response XR according to Miles’ equation (cf. Miles (1954) [19]) with
X R (z , f ) =

p
× f × S( f )
4z

(3)

where ζ = damping ratio; f = frequency; and S = power density spectrum.
The value of the resonant dynamic response XR is multiplied with a peak factor according to
Davenport (1964) [20]. Along with the mean and background response of the static analysis, it
yields the overall peak value of the load effect, X (cf. Holmes (2007) [21]):

X = X M ± X B + éë k R × X R (z , f ) ùû
2

2

(4)

where XM = mean response from static analysis; XB = background response from static analysis;
kR = peak factor according to Davenport; and XR = resonant dynamic response according to
equation (3). This approach and the nomenclature of mean, background and resonant dynamic
response are based on work by Holmes (2007) [21].
For each zone the worst overall load, i.e. the sum of the ‘static only’ load effect and the
resonant dynamic response, was determined from all wind directions. The DAF is then given via
the ratio of the worst overall load and the worst static load, precisely
X M ± X B + éë k R × X R (z , f ) ùû
X
=
DAF (z , f ) =
X M¢ + X B¢
X M¢ + X B¢
2

2

(5)

where quantities in the denominator are primed indicating that they do not necessarily originate
from the same wind direction and are therefore not necessarily identical to the ones in the
numerator.
Diagrams in section 3.2 show values for DAF versus Strouhal number where the latter is
defined via
Sr =

f ×c
U

(6)

with f = frequency; c = chord length; and U = hourly-mean wind speed at a height of 10 m.
The modified Strouhal number is defined as follows:
Srm =

f × c × sina
U

with α = tilt angle.

(7)
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3 RESULTS AND DISCUSSION
3.1 Static wind loads
Based on the raw data taken in the wind tunnel, aerodynamic coefficients for different load effects
were calculated and the corresponding pressure coefficient distributions were reconstructed.
Namely, these load effects were the torque around the center chord axis and the normal force
acting on the PV tracker. The loads acting on the measured rows in the array were then attributed
to zones of similar loads.
In terms of the peak torque, two rows on the edge of the array were identified as having the
highest loads; these rows were attributed to the perimeter-1 zone. Next, the 3rd and 4th row
feature lower loads than perimeter-1 yet still higher loads than the interior and, consequently,
these rows comprise the perimeter-2 zone. The remaining rows were classified as interior rows.
Figure 5 shows the torque coefficient resulting from uplift forces for each of these zones versus
tilt angle for two different values of the row spacing. Uplift forces i.e. suction on the rows are
usually the more critical case and produce the higher loads. Moreover, we have focused our
analysis on negative torque as we found this to be the dominant load mechanism. A general trend
is that torque coefficients decrease from 10° onwards, especially for perimeter-2 and interior
rows, whereas the decrease of perimeter-1 torque coefficients is less pronounced from 20° tilt
onwards. Moreover, the loads for perimeter-2 and interior are very similar for high tilt angles
which can be explained by the increasing effect of shielding that goes along with high tilt angles,
resulting in a high reduction of loads from perimeter-1 to perimeter-2. Another observation is that
loads increase with row spacing due to the decrease of shielding effects. Therefore, rows tend to
behave more like stand-alone rows, an effect observed in all array zones.

Figure 5. Torque coefficient due to uplift forces versus tilt angle for a row of 84 m length.

In case of perimeter-1 rows, the increase with row spacing may be explained by a stronger
vortex shedding causing higher static loads. Finally, as can also be seen from Figure 5, the 0°
position is a special case and differs from the other tilt angles. Except for perimeter-1 rows at a
4 m row spacing, torque coefficients at 0° are lower than at 10°.
The different situation at 0° tilt compared with a 10° tilt angle can also be seen in Figure 6
where the pressure coefficient distributions which cause the peak torque coefficient are
reconstructed by the LRC method. While at 10° all pressure coefficients are negative and suction
due to flow detachment at the leading edge is dominant, the situation at 0° is different. At the
leading edge, flow detachment and suction occur, however, the flow reattaches at position 3
along the chord causing positive pressure. At the trailing edge, the pressure coefficient decreases
to almost zero.
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Figure 6. Pressure coefficient distributions at 0° and 10° tilt corresponding to peak torque coefficients at 4 m row
spacing, perimeter-1 zone. Each pressure coefficient is attributed to a tributary area of ¼ chord length by 8.4 m.

Figure 7. Normal force coefficient versus tilt angle for uplift force acting on 8.4 m long spans.
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For the normal force acting on the rows, three zones were distinguished: the red zone
comprises the two rows on the edge of the array as well as the outermost 8.4 m at the edge of
each row. The remaining part of the 3rd and 4th row are assigned to the yellow zone while the
remainder of the rows are attributed to the green zone. Figure 7 shows the normal force
coefficient resulting from uplift forces for each of these zones versus tilt angle for two different
values of the row spacing. The first observation is that red zone normal force coefficients increase
with tilt angle, a mechanism which is also known from force coefficients for monoslope free roofs.
At the 4.0 m row spacing, the normal force coefficients in the yellow and green zone also
increase up to an angle of 30° and then decrease at 45°. This is because the effect of shielding
becomes more prevalent at high tilt angles and, additionally, the vortices shed by upstream rows
cannot protrude as deeply with higher angles and do not affect the row along the whole chord as
much as they do at lower tilt angles. The decrease in yellow and green zone normal force
coefficients at higher tilt angles is also visible at the larger row spacing, except that now the
decrease already begins at 20°. Up to this angle, normal force coefficients are higher than at 4.0 m
row spacing since rows behave more like individual, stand-alone rows. However, at 30° and 45°,
normal force coefficients fall beneath the values for smaller row spacing, indicating that shielding
is even more prevalent. In terms of the red zone, a larger row spacing leads to higher loads which
is again explained by a stronger vortex shedding.
A slightly different behaviour of loads is shown in Figure 8 where normal force coefficients
resulting from downforce on the rows are presented. Again, a large increase from 0° to 10° is
visible, however, for tilt angles larger than 10° the yellow and green zone values are constant or
decrease slighty. The increase of red zone values with tilt angle is far less pronounced than in the
uplift case. For downforce we also find that larger row spacing in general leads to higher loads.
The overall effect of shielding is very pronounced in the downforce case: at 45° normal force
coefficients in the green zone are only about 20% of red zone values.

Figure 8. Normal force coefficient versus tilt angle for downforce acting on 8.4 m long spans.

3.2 Dynamic amplification
As it is common practise for dynamic effects, resonances to vortex shedding are accounted for in
terms of dynamic amplification factors (DAFs) which were determined for each zone, at each row
spacing and at each tilt angle. The uplift and downforce load cases were processed separately.
The exact shape and position of maxima and other features of DAFs highly depend on the
geometric features of the modeled array. Moreover, the simulated boundary layer in terms of
velocity profile, longitudinal turbulence intensity profile and spectral content affects DAFs,
especially at 0° tilt. However, we present some figures as an example of dynamic behaviour of
single-axis trackers. Figure 9 shows DAFs for 1%-damping related to the torque around the
center chord axis due to uplift forces on perimeter-1 rows at 4.0m row spacing for different tilt
angles. It is clearly visible that all curves approach unity for large Strouhal numbers, i.e. large
reduced frequencies. It can also be seen that at 0° tilt, DAFs decrease with increasing Sr while at
10° and 20° tilt, distinct peaks are present indicating a resonance of the structure, before again
returning to a flatter curve shape at 30° and 45° tilt. Thus, this figure indicates that 10° and 20°
tilt produce vortices which excite resonances while at higher tilt angles these vortices do not have
a significant impact anymore. This can be explained by the fact that the perimeter-1 zone only
comprises two rows: the resonant effects and dynamic amplifications originate from vortices shed
by the outermost row and act on the second row. While at 10° and 20° these vortices apparently
strongly affect the second row, at higher tilts the second row is effectively shielded by the
outermost row.

Figure 9. DAF vs. Sr at 1% damping ratio for torque on center chord due to uplift forces on perimeter-1 rows with
4.0 m row spacing for different tilt angles.
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Figure 10. DAF vs. Sr at 1% damping ratio for torque on center chord due to uplift forces on interior rows with
4 m row spacing for different tilt angles.

This happens, even though at higher tilts vortices are more intense. Moreover, as the vortices
travel downstream and mix with vortices shed by more interior rows, they gain more energy, a
behaviour which is illustrated in Figure 10 by showing data for interior zone rows. The curve for
0° is more pronounced and shows some structure, a small maximum at Sr = 0.8. The maxima at
10° and 20° are at DAF = 1.25 or below, yet the DAFs for 30° and 45° tilt are much higher and
show clear resonant peaks. Apparently, vortices generated at 10° and 20° do not affect inner rows
as much as they affect perimeter-1 rows. On the other hand, vortices shed at 30° and 45° have a
significant impact on the interior rows. Another visible feature is that Strouhal numbers
corresponding to peak DAFs decrease with increasing tilt angle. This is because the Strouhal
numbers were calculated using the chord length as reference length, see equation (6).
However, if the projected length was to be used, peaks in the perimeter-1 zone for α ≥ 10°
would collapse to a modified Strouhal number of roughly Srm = 0.10, a value also specified for
many rectangular-shaped cross-sections in EN 1991-1-4:2005 [15] and in excellent agreement
with experimental findings on flow past two inclined flat plates in tandem arrangement by
Teimourian et al. (2017) [22]. For interior rows, there is more variation of Strouhal number
depending on row spacing and tilt angle with Srm-values for α ≥ 10° being in a range of Srm = 0.06
to 0.14.
Figure 11, finally, shows DAF data for interior zone rows at 7.5m row spacing. While peak
DAFs at 10° and 20° slightly increase compared with 4.0m row spacing, peak DAFs at 30° and
45° clearly decrease. The curve at 0° tilt resembles more the situation seen in Figure 9, where
perimeter-1 rows only experience little dynamic effects. In general, this points to a diminished
influence of resonant dynamic effects at larger row spacing which can be explained by the greater

Figure 11. DAF vs. Sr at 1% damping ratio for torque on center chord due to uplift forces on interior rows with
7.5 m row spacing for different tilt angles.

distance that vortices shed by upstream rows need to travel before impinging on interior rows.
During this travel their energy is more dissipated and their strength weakened.
4 CONCLUSIONS
Wind loads on an array of eight PV tracker rows were determined and the effects of row
position within the array, tilt angle and row spacing on loads were analysed. Both, torque around
the center chord axis and normal force acting on the tracker decrease siginificantly from the edges
of the array towards the interior. Loads on the edges may be twice as high as in the interior,
sometimes even higher.
We also found a strong dependency of wind loads on tilt angle. As tilt increases, torque on the
center chord axis decreases at every position in the array. The decrease is even stronger for more
interior rows which can be attributed to a stronger effect of shielding by outer rows. Larger row
spacing, on the other hand, usually leads to higher torque since rows rather behave like standalone, individual rows as the effect of surrounding rows in the array diminishes. It could also be
seen that a tilt of 0° is a special case, as there is no inherently preferred direction for torque at a
given wind direction and the tracker row is very sensitive to small changes in the oncoming flow.
We have found 0° torque to be lower than 10° torque except for perimeter-1 rows at small row
spacing. In future studies, a systematic investigation of the aerodynamics of the tracker at tilt
angles between 0° and 10° would be of great interest, especially in order to locate the turning
point in flow behavior.
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Regarding the normal force for the uplift case, an increase with tilt angle can be observed for
outermost rows and edges. This is also true for the interior parts of the array, where normal
forces increase up to 30° tilt before again decreasing at 45°. Thus, the effect of shielding only
becomes dominant from 30° onwards. At larger row spacing, the general behavior remains,
however, the maximum for the interior rows is now reached at 20° and decreasing normal force
with further increasing tilt angle is found. In fact, normal force between 0° and 20° is greater at
larger row spacing, whereas normal force (for the uplift case) at tilt angles of 30° and 45° is
greater at smaller row spacing for interior rows. The study by Teimourian et al. (2017) [22]
indicated that at high tilt angles from 45° onwards a larger ratio of row spacing to chord length
caused a reduction in the magnitude of the spectral peaks due to difference in the nature of vortex
shedding process. They associated such trend with the development of the shedding mode from
single body to dual body vortex shedding. However, due to the limited amount of data, a task for
the future might be to conduct a systematic investigation of normal force versus row spacing.
Finally, we analysed the resonant dynamic response of the torque of the tracking system and
calculated dynamic amplification factors. In the present case, we found that the outermost rows
are subjected to significant resonance responses only at tilt angles of 10° and 20°. At the interior
rows, however, peak DAFs increase with increasing tilt angle while their location switches to
lower Strouhal numbers Sr. In terms of these resonant dynamic responses, larger row spacing
generally results in lower DAFs for the interior rows.
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