el

WS REPORT 2\

#&Fin K BH e PRI R G 0 H
GRACE SOLAR

R ITREEH

WIND ENGINEERING CONSULTATION
RWDI #2100531

January 21, 2021

#li77 SUBMITTED TO #3277 SUBMITTED BY
B I 3 oK S R R PR A Yan Jiang, M.A.Sc., P.Eng.
Xiamen Grace Solar Technology Co., LTD Project Engineer

Yan.Jiang@rwdi.com
Gie, BETEMN, JEBR

Senior Engineer, Senior Project Manager
Feng.qian@rwdi.com

Matthew T. L. Browne, M.Eng., P.Eng., M.ASCE
Project Manager / Technical Director / Principal
Matthew.Browne@rwdi.com

AL, TR, $AREM Xiangdong Du, Ph.D.,
P.Eng.
Principal, Director of RWDI China Inc.

Xiangdong.Du@rwdi.com

ZRRRAFELREEH (R FRAF
RWDI International China Inc.
TR AR X B AR AL 429 5
T:021-80284316

This document is intended for the sole use of the party to whom it is addressed and may contain information
that is privileged and/or confidential. If you have received this in error, please notify us immediately. ® RWDI
rwdi.com name and logo are registered trademarks in Canada and the United States of America


mailto:Yan.Jiang@rwdi.com
mailto:Feng.qian@rwdi.com
mailto:Matthew.Browne@rwdi.com
mailto:Xiangdong.Du@rwdi.com

R TF%# WIND ENGINEERING CONSULTATION » Ay \
I RKFHEERE RS E A

RWDI #2100531 .
January 21, 2021

2 EXECUTIVE SUMMARY

RWDI 52 & [ 1A% Fit £ AR FHRERHA PR 7R 4E, S it b i 222 S Al R AR 5C (9 X DA B W 55

RWDI was retained by Xiamen GRACE SOLAR Technology Co., Ltd. to provide wind engineering consulting services

related to its Ground Mounted Single-Axis Tracker System.

E 1 Key points

rwdi.com

PRI 56 55 s fE BlGE T ASCE 7, ASCE 49-12 Iy EER .

The wind tunnel test procedures met or exceeded the requirements set out in the ASCE 7, and ASCE 49-
12.

AR R 95 ASCE 7 FHEIR 1 523 45 1 2 4.

The wind loading is presented as coefficients to be compatible with the approaches outlined in ASCE 7.
T ERS AT R R

The recommended static wind loading coefficients are provided in Table 1.

K3 E 10 4ath TEWMENE (5P KR

The recommended dynamic (inertial) wind loading coefficients are provided in Figures 3 to 10.

The zoning plan for various average areas is shown in Figure 2.

PRI RE M 0 3.3.2 9.

Tracker system applicability tolerances are presented in Section 3.3.2.

AR A BRSO B ELAFAT ] % 4 R

The wind loading recommendations in this report do not include any factor of safety.

B BN AR BT AR B R B R E R RS ARV AT RE (s 2.2.2 F12.2.3 HTA) . HoRkTEsr
TR E BN AR ST AT MR RRIB R LR KA TR A S BN RS, #H KR
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The inclusion of dynamic/inertial loading does not eliminate the potential of aerodynamic instability (as
discussed in Sections 2.2.2 & 2.2.3) occurring for a given installation, nor adequately predicts the self-
excited forces from aeroelastic effects. To reduce the risk of the system experiencing these types of
instability and aeroelastic effects, GRACE SOLAR needs to constrain the peak rotations to not
exceed 15° for all wind speeds up to and including the design wind event. Meeting this threshold,
however, does not eliminate the risk of failure due to excessive motions.
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1.1

i/ INTRODUCTION

B |1 TTA% B R BH BE R A R A 5] 2546 Rowan Williams Davies & Irwin Inc. (RWDI) #7255 3l 1) 22 255 B 5l BR BE SR S8 AH
KR TAERRRS. ARENATIH B, T, HEE HFET RWDI ISR, MR T SRS
ERETEE

Rowan Williams Davies & Irwin Inc. (RWDI) was retained by GRACE SOLAR Technology Co., Ltd. to provide wind
engineering consulting services related to its Ground Mounted Single-Axis Tracker System. This report presents
the project objectives, background, approach, and provides a discussion of the results from RWDI's assessment. A

summary of the overall recommendations from the assessment is presented in the Executive Summary.

/A F] 4 Company Profile

RWDI i@ id 45 & QUFT R4 PR e 1) AL LA L2 B3 SE KT RERI B0 /0, FEB e 77 R SR P B2 2 Bt AR 51000+
Frp, WIS — FAE R LREGUSEIHA IR BB AR LK EIMER A R RSO — K R AL kR, Ax L2
ANFRIEE 7 T f5 w5 20 A BT ) 44 O A BRTE A ] . AT Y 500 244 TREIN, FR2ASK, R R & 5 SR VA
J AT BT SR A MRS B i AT DR R SR IR HERE ST MR 55 Hbm e FRATEALSE,  RRHHAT I A HE X # A Ak
FEAN I G3HT 0 A SRSt B0 700 H L HUS B) - 3R RSO, LR APAG AN e Hons PR S5 (R 5

RWDI helps clients tackle complex challenges in the built environment by combining innovative thinking,
collaborative problem solving and a passion for expanding the boundaries of the possible. Over the past four
decades, we've evolved from a respected Canadian company with deep technical expertise in wind engineering to
a global firm known for solving some of the world's most demanding building performance, climate engineering
and environmental challenges. Our team of more than 500 engineers, scientists, sustainability specialists and
support professionals help clients around the world meet their engineering needs and advance their broader
business goals. Working from offices across North America, Europe and the Asia-Pacific region, we drive success
on ambitious building and infrastructure projects - enhancing their performance and efficiency as well as assessing
and mitigating their environmental impacts.

el Z 2 HN TN ERITE, RIEmRERNMTEEZ RS (CTBUHD 4iit, RWDI Cioyis E 10 B
PSR 7 B, LT 100 88w ST s — R A X AR . FRATTA I BA LA VR 2 tH AR TR 22 <3
TR, BATERIAF I T 7 b — S KSR . TRIEH T RWDI & YR B 55 (1 — LR P 5

The world leader in wind engineering for skyscrapers, RWDI has been the principal wind consultant on seven of the
world's 10 tallest buildings, and nearly half of the top 100, according to the Council on Tall Buildings and Urban
Habitat (CTBUH). Our team includes many of the world's top bridge-aerodynamics experts, and we've tested some
of the world’s longest-span bridges in our wind tunnels. The following list provides a minuet selection of the
landmark structures RWDI has contributed toward.

rwdi.com Page 1
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REMBE CR)

£Z# NAME #h ;X LOCATION
HEIGHT/SPAN (m)

#1483 Jeddah Tower 1,000 Jeddah, Saudi Arabia
7 Burj Khalifa 828 Dubai, United Arab Emirates
L¥H.0 Shanghai Tower 632 Shanghai, China
BREEEEAH (&&) Messina Strait Bridge
e R g 3,300 Sicily to Calabria, Italy

(Suspension)
EAl (&%) Golden Gate Bridge

HES ) = & 1,280 San Francisco, CA, USA
(Suspension)
En (4142 #5) Stonecutters Bridge
Sl Gt = 1,020 Hong Kong, China

(Cable-Stayed)

FRATRIRTE — 5 1 M A0 R TR AR SR TR S5 ) XEORE, 478 2 T 22 e At i 22 3% ROR B BE AR 48, 6 B VR 2 006 1Y)
3G R A A TR BT o FRATTAEMT 225 3l 7y 27 775 T B0 % b R R T B4 SR A8 e o it A AR BOB R R 13 B 256
FFEEATATH T ALt 3D BRI TR A LRI RRE M DUR IS B B BHIR 2 A R TN XA SRS M 82 o X A0 T7
PREE & TR IR HE T 50 B IR AN O R HOKFHRERRER R G 5 RBE EMF IR — A, Ik il B 2 7T AR O
BB L AT AR AN S M A 0 CROBR AR JE ) T B F A I = Bl A AN M o IR e VR AR
ERE R Es) (), — IR, R sl 2 EA TR AT ARIEER T
MRMEEE), O Bk, MERIRAMHEAE MZERRR, SR K 500 SRR S 5L N #S AR BI, E3E
TR BN 1AL AN R o A T HE RS AS PR AT CLTUI AL A IR 3%, SR, (S0 e 0 A0 0 38 By AR e
Wik, D, BATEVUR AT SE0 22 AR E M UM 12 2213l ) 2 S BOR R AR S5 0 L g s . &
MIHERER AN T3, O3l )0 S 0mT T AR D3 S WL 21 ) 41 % 23 Rl s AR e VR A 2, T A5 DI R U5
k=S IiNBIIE MNP (s

We tap this vast expertise to predict wind effects on other types of structures, including roof-mounted and ground-
mounted solar energy systems, helping many leading manufacturers optimize their designs. Our expertise in
bridge aerodynamics is based on decades of using state-of-the-art sectional model techniques, combined with our
proprietary tools for nonlinear 3D flutter analysis to assess stability and theoretical buffeting analyses in the time
domain to predict wind-induced responses. This approach is especially well-suited to examine solar tracking
systems relying on a central torque tube driven from a single location. Like long-span bridges, these single-axis
trackers can be prone to various types of torsional aerodynamic instabilities depending on their cross-sectional
geometry and structural dynamic properties (i.e., frequencies and damping). These instabilities involve rotational
motions (torsion) about the torque tube that grow uncontrollably with wind speed once a critical speed is
surpassed. There are many terms applied to this type of motion including: flutter, torsional galloping and torsional
divergence. It should be noted that the observed response of the structure is similar in each case, but the underlying
aerodynamics are distinct. Torsional divergence and galloping can be predicted using quasi-static theory; however,
flutter cannot be predicted through knowledge of the static force and moment coefficients alone. Therefore, it is
our recommendation that any study of aerodynamic instability employ the use of aerodynamic derivatives to
describe the self-excited aerodynamic forces acting on the structure. We recommend this approach since

rwdi.com Page 2
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1.2

1.3

2.1

aerodynamic derivatives can be used to predict the occurrence of any of these observed torsional aerodynamic
instabilities, while static measurements only offer a partial description of the observed phenomena.

T H #5312 Project Description

SRS PR i - PR K B REFR R 5 IO AEHEC 20 95 K, 98 2.35 0K (5%, i 84 MY\ AN rh (] BRE) R G . B
P EHEOERT A, R THUI L 1.6 KIFdEIBRAE 6.5 K% 8 KM 13 ANSCHSCHE . A pL B 04T 6]
B39 5.9 K ORI , AAE 0.4 HbiiE RS (GCR) .

Each row in the typical GRACE SOLAR Single-Axis Solar Tracker is approximately 95 m long and 2.35 m wide (chord
length), comprised of 84 portrait modules with a middle drive system. Each strip of modules is directly attached to
a tube, which is typically 1.6 m above grade and supported by thirteen posts spaced between 6.5 m to 8 m apart.
The typical center-to-center row spacing is 5.9 m (east-west direction), representing a ground cover ratio (GCR) of
0.4.

H ] Objectives

RWDI )5 B 552 A NI PR e A, St XTI, ORHEREAE T R G S I S ABh & WG 8. WE 7T H K2 4
5 ASCE 7 ZR— ) H R AR KL

The primary objective of RWDI's commission was to recommend the static and dynamic wind loads acting on
various components of the system based on wind tunnel testing using a rigid pressure model. The intent was to
recommend wind load coefficients consistent with the ASCE 7.

&= M7 BACKGROUND AND APPROACH

W5 771 Methodology

2.1.1 %45 R#% Reference Scale Models

NT RBVEAM AT R AL, L 1:45 (W ELBIRIERS 56 L ERER RG4S0 RS, JR7E 22 RIE 4 £ /R K11 RWDI 4 542 R
Wt 8 AN PV AT HIE A BEFIREAT 7. iZBEAEET 2020 4£ 10 A 13 HUREIFI R4, BATE 0° £+60° (MK
Bk JEENIEE, waeoEEN 5.9 m i 0, 5°, 15°, 20°, 30° , 45° M 60° LA — AR E L ESR K
15° AR THL AT TR . EHEHCEE 95 K, IR7E 21 MREA B HTIE. B 1a & 1d 4% T Frksis b 5
JZ PRI P 45 NS R R

To obtain detailed wind load coefficients a scale model of the GRACE SOLAR Tracker System was constructed at a
1:45 scale, for testing in RWDI's boundary layer wind tunnel facility in Guelph, Ontario, for a generic array of eight
PV rows. The model was based on drawings received on October 13, 2020, and the tilt angle was adjustable within
the range of 0° through +60° (from horizontal), with 0°, 5°, 15°, 20°, 30°, 45° and 60° selected for testing at a center-

rwdi.com Page 3
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to-center row spacing of 5.9 m. As requested by GRACE SOLAR, a special configuration for 15° tilt angle was also
tested. Each row was 95 m long and instrumented at 21 discrete locations. Photographs of the scale model in the
boundary layer wind tunnel are shown for selected tilt angles in Figures 1a through 1d.

WA G IEA T UAFARR R A 2 fros, et gt 7 —Her e s QMR ) ArE . TR Rkl XU R s
TR AE K BH BEAR ) T P8 M1 JE PS8 T A VF 2 (0 BB o JEE e 0 PR PR RS R 5 A A [ (A TR v R N P 08 s 0 3 T R 22 286 s
FEMNASTIRAR. 5, XL ERE” GELIE TR RTT, BIRER IS I SBs AR5,

The basic geometry and dimensions of the proposed system are shown in Figure 2, which also provides the sensor
(tap) locations for a typical row. Taps that measure fluctuating wind pressure were installed on the top and bottom
surfaces of the panels at numerous locations. Particular attention was given to the installation of the pressure taps
so that they did not interfere with the wind flows, and this was achieved by imbedding interior pressure passages
in the solid model using rapid-prototyping technology. These “grown” passages then terminated underneath the
base of the model, where rubber tubes transmitted the pressures to the scanning system.

2.1.2 X FH$iER Simulation of Upwind Terrain

X3 HASE TR DAAI R ORI 5 2 I 350 308 1o XTI A B 77 80 B 2 i U A B 5 M AR e g B XL ) 38
R 3K RGIAAR UL LK I8 i AR R Bt o3 A DR S BT AT XA PR R 335 CASCE 7 AP SO SRAI ©) .« iXet
Wz OF R AR T fen] Gt DRI H D7 M 32000 o F6 b XU SO URRIETT [1, - BAIE G 1 D 2 BEMR #1iF
o

Beyond the modeled area, the influence of the upwind terrain on the planetary boundary layer was simulated in
the testing by appropriate roughness on the wind tunnel floor and flow conditioning spires at the upwind end of
the working section for each wind direction. This simulation, and subsequent analysis of the data from the model,
was targeted to represent generic open terrain conditions (Exposure C as defined in ASCE 7) for all wind directions.
These flow conditions (Open Terrain) represent the most likely exposure for full-scale installations. Wind direction
is defined as the direction from which the wind blows, measured clockwise from true north.

RLZHE bR/ prnE (A ASCE7) #R%s 7 I H AL B G 2 S M . — B S, G st R e R MAE -
W) b FF g 28/ 50 Ko AN A A T AMAS 35 B A ) R ORI s A2 1 R 8 (Bl ASCE 7 1 Kz )
o ERBEEFIIAN (FEESA R 20 50 2K) IHER I AT DA AL T R #0355 -

Guidance for selecting an appropriate exposure category for a particular installation is given in most international
codes/standards, including the ASCE 7 Standard. In general, the applicable terrain roughness should persist in the
upwind direction for at least 50 m. The wind loading for different exposures can be determined from the
coefficients presented in this report and the use of an exposure factor, such as Kz in the ASCE 7. The exposure
within the field of a large array (at least 50 m away from the perimeter) may be taken as open terrain.

rwdi.com Page 4



R TF%# WIND ENGINEERING CONSULTATION » Ay
K P AR ER B R A TR A i

RWDI #2100531 .
January 21, 2021

2.1.3 ¥##E K4 Data Acquisition

A5 A R o S5 A 0 Jk s B AR SRR RN DI S R A IR P I  y, TSI BB RO, WA SR A (L IE . T AR,
DNE T RS 10° B9 19 AN . FT7E KR T R el BT 1.5 KOS AN E Bl ), R I R e o e
TIERH CFIRAE T FrA DI s Ak R i e 77 ksl Fr e A e A T 008 434

The mean pressure, the root-mean-square of pressure fluctuations and the peak negative and peak positive
pressures were measured at each tap using a system capable of responding to short pressure fluctuations. Due to
symmetry, measurements were taken for 19 wind directions spaced 10° apart. The measured data were converted
into pressure coefficients based on the mean dynamic pressure measured at a height of 1.5 m in the wind tunnel,
directly above the center of the test model. Time histories of the instantaneous pressure fluctuations at all tap
locations were recorded and saved for post-test analysis.

2.1.4 M\ RIARE 45 B it XUE Determination Design Wind Pressures from
Wind Tunnel Test Results

XFFRFHBE GRS it A% B ARG 21 PV st EAEFIIS U . AR 4R i 45 REEIE AL PV ik B3R
AN R i L U S8 B O L 1 % i i A A s 22 R i A A R SR B T A AR BT

For design of solar arrays, the net wind pressure acting across an appropriate PV element must be considered. The
results provided in this report include the contributions of the wind pressures acting on both the upper and lower
surfaces of the PV modules. The net pressure acting on each array element was determined by directly measuring
the instantaneous area-weighted pressure difference across the element.

SAVAATART 45 A6 0 XU R e 22 (R AT TRD AR AL 0 AR S S 2% . AESE A AR — SR vh 7 AR K B2 8 SRR P T Bk
TEIM T RS IS AR X T4 S BT BT, R OG A R B AE B T B Y T DX (R A
ABLE Raf . M, BT T IR fF 4R L0 2 — 2 S B0 43 b b e AR AA IR 7 B 0

The wind pressure patterns affecting any structure vary both spatially and with time and are very complex. The
force or stress generated in any one component of the structure depends to some extent on the continually
changing pressure pattern over the interconnected elements of the structure. For the design of a particular
structural element, the relevant wind loads are those acting simultaneously over the element's tributary area. For
example, assume one loading condition of interest to be that which causes the highest overall upward force on a
section.

EIXFEN T, NTH#ER BRI L, 755 E e B
In this case, to determine the upward force, L, one would need to determine the highest instantaneous value of
L= p1Aip + DAz + p3Az, +

Hr p1, p2, p3 FERAAKNEN S A 1,2,3 LM E RIS ST, Arp, Azp, Azp SFRF TN AR XK. BB &AM
TR BRI R B H — AN IREE R ). TR RS SR Z AR, A TIAE R — I ZIA Bl E. Kok, AT

rwdi.com Page 5
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where py, p2, p3, etc. are the instantaneous pressures measured at representative pressure taps 1, 2, 3, etc. and Ay,
Azp, Azp, etc. are the tributary areas associated with each of the pressure taps. Each term in the above summation
is the contribution to the normal force coming from one of the areas. Because of lack of correlation of the wind
pressures over the area, the individual terms do not all reach their peak at the same instant in time. Therefore, to
determine the true peak upward force, it is important to carry out the above summation on a continuous and
instantaneous basis. The results are usually expressed in coefficient form. For example, in the case of the upward
force, the force is divided by the reference wind pressure, g, and the tributary area, A, to obtain

L1 (P1A1p+ P2A2p+ P3A3p+m)
94 q

a,\ A A A
A NS5 AR e R MR U R SR A B I s, 2 S B R) B R AR AR, DRI AR 4 7.

The summation in the brackets on the right-hand side, obtained on an instantaneous basis from the wind tunnel|,

is the overall upward force divided by the surface area and so is an area-averaged pressure.

ERTHEAER T s e i TR AR AT BE A AR I RS AR A A DI SEBR ), DRI 0 MK 285 5 e
B SRR LA, XL TR A LA 27 SO0 G Rt n s 7y (o R 3 i SRV ok DA R AL I 7 30 ROt e 0 o

The above discussion represents one pressure pattern. Since it is impractical to analyze the structure for every
possible wind pressure pattern that might occur, it is necessary to select from the wind tunnel results certain
loading scenarios that tend to be dominant and that are likely to stress the structure in important ways (as is
effectively done by building codes in a simplified manner).

PRI FE AR, WA 5 M R FHAE I8 UK RWDI SR T T 2856, BT 7T T S MR AT 8 Tok. G E
B Lol

o BMEWBIKEZMEETRIMNAE (LBAMTEID ;
o AMABIKE LHMER I D FE

In this study, various wind loading scenarios were investigated based on discussions with GRACE SOLAR, as well as
RWDI's experience with similar structures. The primary loading scenarios of concern were

e normal-to-surface wind loading (uplift and downforce) for various tributary lengths;

e moment (torsional) loading about the torque tube for various tributary lengths.

rwdi.com Page 6
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2.2

2.1.5 #i 52 I&/E X7, Determination of Peak Wind Loads

b IR B A RS I TR R B 00 D N SRR, I ELARRAS 1D RE ) S R LA S MELARA i k. AT 1R R
(R FFEEIS ) i BAF AR A, DAEAR SR 18] B i AOVEAE IS U AN K AT REAR G, TR W] DIORE A S A

The time series of each load effect described in the previous section is divided into N sub-intervals, and the
maximum and minimum values for each sub-interval are recorded. The duration of each sub-interval is set long

enough that the peak pressures in adjacent intervals are unlikely to be correlated and thus can be treated as
independent events.

i3 LI Fisher-Tippet | B34 3K 2, wT LR RE 7 18] B S R BLAT S5 /MEL PR R s OR R R/ s ) 2 8

The determination of the maximum and minimum pressure coefficients from the sub-interval maxima and
minima can be carried out by using a Fisher-Tippet type | distribution, which is of the form:

P(C) = exp(—exp[—a(C —w)])
ARSI T IRRIER 0 B R MED A, FTEARRSE @ Al u B9, (EIAR, PIOFRUBMEIE ) R C RS
S8, Ve B U S BRI RO I A2 2T B i 4 R SAI O BRI ) R

The values of a and u are determined by fitting this expression to the sub-interval data on maxima and minima.
In this expression, P(C) is the probability distribution of the peak pressure coefficient C, and 1/a and u are
respectively the dispersion and mode of the distribution. The maximum pressure coefficient for the whole
sample period can be then determined from:

1.5 + InN
u+%

Cﬁ:

Ho N =7 [a] k%

where N = number of sub-intervals.

AT LA FE AR 7 ) 75 R A3 8 /N 1 R B KN e (1.5+InN)/a THAFR 1.5 S ARER 0 T (8 IR S RN B i, 3L
T2 T KGHRIE ) R A OB A R 0 A (S IrwinD 386 19 H G P 7 2R 200 v T 004 52 o i S ) B KA
B RE Cp BT (3] S A P KA SR IR 77, RO B I8 e 1 SN0 s ™ 2 B 20 B

The same method can be used to obtain the magnitude of the minimum pressure coefficient. The value 1.5 in the
term (1.5+InN)/a is derived from an in-depth analysis of the expected peak pressure taking into account the
typical joint probability distributions for the wind speed and pressure coefficient (see Irwin') and generally results
in a slightly higher peak pressure coefficient than the maximum actually recorded in the tests. This method of
determining (5 is superior to simply using the maximum recorded pressure since it avoids the statistical scatter

associated with using a single data point.

FEFZh /74081 Array Dynamics

1 Irwin, P.A., Pressure Model techniques for Cladding Loads, Journal of Wind Engineering and Industrial Aerodynamics, 29 (1988)

69-78.
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The structural wind load distributions were determined by considering the mean and fluctuating wind loading for
aerodynamically important wind directions. The fluctuating portion of the wind loads is due to wind turbulence
(buffeting) and the dynamic response of the structure (resonant vibration). For more flexible and lightly damped
structures, the inertial loads due to resonant vibration can add a significant contribution to the fluctuating wind
loads. To date RWDI has become aware of three mechanisms for wind to cause vibration or instability of portions
of a solar installation:

1. FLIRIRAN H— AR KB R BER 7 45 47 1t | XU B R R 50 7 A2 )i v 1T 5 A 1) RV AR R 3 3
Resonant Vibration is caused by either general wind buffeting or the wake resonance effect caused by

the turbulence generated from the upwind rows of a tracker field.

2. MEBURZ A BB, KRS IR T AR B AN, B R UL B IS B B
(e M3 ELIZ BN AR ORIRIE o 6 T T M7 B IRl (9 v SRR OB BR A SHAR RS 3002
FAEAT RS TT R I SR I 51 o

Torsional Flutter is a self-excited aerodynamic instability in which the aerodynamic forces depend on
the rotation and angular velocity of the structure itself, and it can lead to very large amplitudes in
torsional motion or coupled torsional and vertical motion. For trackers relying on a central torque
tube driven from a single location, a twisting mode of vibration is created by a form of flutter generally
initiated at the ends of the row.

3. HERIIRE AR, EEGR T M IIER, BT RE R A, & B M AR BRI N .
TFURI S B AR AD J0HE 2 AR B ARG R NI FEE 3 S50 85 A B 1 L 2 AR 4 45 A 00 3 S W B i 7 2 ) R 5 32
2o B KGRI, — BB, ZMAREEIR T RS FBARRA T,

Torsional Galloping is an instability that depends on the rotation of the structure and can lead to large

responses in the structure due to variations in the aerodynamic pitching moment. At its onset, the
increasing pitching moment reduces the overall structural stiffness, resulting in either unidirectional
twisting of the structure or oscillatory motion depending on the remaining stiffness of the structure.
As the wind speed is increased it is likely that this instability will lead to failure once the structural
resistance is surpassed.

2.2.1 3RS (HLEI#1) Resonant Vibration (Mechanism #1)

XEFHUE 1, TS AT IR A S AR R LA REESE N, S ECT RERERAS B BHRm NN, A 8
PHIEHABORR TS TR ARG I . PRI, A AT M s 0 A ] REME IR T- 45K R GEIR B IR [ A 405, X
H, ERKUKERGHHE.

With regard to Mechanism #1, increased dynamic buffeting response of downwind trackers occurs due to the
increased energy over narrow-banded frequencies related to shedding of vortices from upwind rows. This type of

rwdi.com Page 8



R TF%# WIND ENGINEERING CONSULTATION » Ay \
I KPHREER B RS T H A
RWDI #2100531 .

January 21, 2021

increased excitation is captured by the dynamic amplification factors in the static pressure data. The likelihood of
this occurring is therefore dependent on the natural frequency of vibration of the structural system, wind speed,
chord length, as well as the damping in the system.

e ARBEZIAE I A P 75 i S0 IR RE 22852 % b B2 () IR o 75 UK LT 5 9 0 PAY ) 28 g AP A 5 ) 114 7 i 391 1) 2 52 2 52 4
Bt BB . B AR AL, far 20 B RBORIIE 2 . X R FE BN BT R I, RS2 T
LA E R IR BRI, R R Hpous T68 N T4 € (0] VA SRR 78 75 iy PR 45 A B0 R AR it e 4058 R A
RGE K] -

The array will be exposed to wind speeds of various intensities during its lifetime. During strong wind events,
structural components within the array will be subjected to repetitive loads during the life of the structure and may
be subject to fatigue. As the wind speed varies, the number and magnitude of cycles present in the loading will
vary as well. This implies that over the design life, the array will be subjected to a number of cycles of different
magnitudes. Therefore, for the design of structural components corresponding to a particular return period and
specific lifetime, such fluctuations in wind speed have to be taken into account during the design process.

FEPPA R ST IN, EEARPAFEHK SN gk (BB Nth, s, MRS , BB T T liass
WABER ARG EHIOPERE. SRE SN iHZ)— D HESHGRMBII AR, HRIRM K, RFZB K, %
FEAE I, I R VE T IR A B B O TN BT PR, BT R AL AT B (BRSNS R DA R T 1
T R B R 77 SR T AR 48, I HLAE SIS MR e b ™ A 827 5 4R AR BRAR B o G SR T R 2 IR
THROBHA I AR, WIEE 2 D IRIHTRE R, WA H IR T KA ATRENE. (H2, AR R KR 7K1 v T AR i
KPR, WP — 58 OB i B R 2 Ja AT RE BB 57 R A (EAE RIS, IR A B AL A AR/ L2 3 3k 28 mT B
BWEANTE o A5 FH PSR 14 £ JRUAT B8R VAl S 43 G5 A M 32 5 F) AR 55 2 O~ 14, TR 2 SRAG 81 (18 23 2 79 3R B e v T i
FAESIEIFARSCH R RE, AT LLZ=4E RWDI SR 4 T PG 450 R G R i L A2

In assessing fatigue, it is important to obtain the appropriate S - N curve, (i.e. curve of fatigue stress, or strength,
limit versus number of cycles), depending on the properties of the material used for the construction of the
structural system and connections. One important parameter from the S - N curve is the endurance limit of the
material, which represents a stress level below which fatigue is not an issue and therefore an infinite number of
load cycles are permitted. To evaluate this, the provided wind loads (static + dynamic) should be applied to the
system in the same manner as would wind loads calculated by building code methods and the resulting stresses in
the support structure and connection compared to the endurance limit of the material. If the estimated stresses
are comfortably below the endurance limit of the material, there is no chance of fatigue failure regardless of the
number of loading cycles. However, if the maximum stress levels are above the endurance limit of the material,
fatigue failure may be an issue if a sufficient number of cycles occur. It is important to note that this approach
assumes that the displacements are small and aeroelastic effects are negligible. The use of the provided wind loads
to evaluate fatigue of the support structure and connections is conservative, and therefore if the resulting analysis
stresses indicate there may be fatigue related issues in the design, RWDI may be retained to provide fatigue cycles
for the evaluation of the structural system.

HT T3 LR 25 M 17 5 50 AR A7 BRSO T3 3o 2 1 XAy 3 0 45 14 S 2R AN 5 M IR 50 1 1A 3 R (3 25 TR R ORI o
5. BhATOK R4 DAF 52 LH
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The load amplification due to these dynamic effects can be approximately accounted for by dynamic amplification
factors based on the measured power spectra of the wind loading and the natural frequencies of vibration of the
structure. The dynamic amplification factor, DAF, is defined as

_ m fS(f)
DAF = 1+4—Z7

Hep f = FHHE (HD

C=FHJELL, Rlm TR — &

S
BD - s o wa—remmsne
where f = natural frequency (Hz);
14 = damping ratio, as a fraction of critical;
S

P = normalized spectral density at the natural frequency (f).

3% DAF 1E W B 3T AT A s A e fid, s N Hd 1M, 75 (“B” ) Atk ( “R” D
i,

The total peak loading, including the DAF, can be described in general terms using the following expression which
includes the mean, background (“B"), and resonant (“R") components.

Piotar = Pnean £ Brms - \/(ng)z + (ng)z - (DAF? — 1)

T RBRAES (BlinmEEFD “ﬁ“%ﬂl%ﬁ?ggpi@ﬁ%j 3.5 3] 4.0, (HXSTHUNLN (WUKBIRERRER#8) MIW]
RER . AILAE Davenport EP%JZEUﬁH%ﬁﬁ;HEm%ﬁ%gRP i I RIE N, R AR = TR A«

The background peak factor, 9B, is typically 3.5 to 4.0 for large civil structures (e.g., tall buildings), but can be

higher for smaller structures like solar trackers. A commonly-used expression for estimating the resonant peak
factor, ng, can be found in Davenport? for a response that has a closely Gaussian probability distribution:

0.577
gr =+/2In(vT) +

v 2In(vT)

2 Davenport, A.G. (1964) Note on the distribution of the largest value of random function with application to gust loading, Proceedings

of the Institution of Civil Engineers, 28, 187-196.
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Hep, v AR, @R R IALY B R, T R B ROE R (] EIRE, %N 3600 & (R 1 /NP o R
I 18] 1] B 52 9 3600 F0IF, X1 0.5 Hz % 5 Hz Z [ A 8, thRE U5 I EAE 4.0 2 4.5 FFEREIN, @HETH
SEIE(E R T

where v is the cycling rate, often conservatively taken as the natural frequency; T is the time interval over which the
maximum value is required, usually taken as 3600 seconds (1 hour). This expression yields values in the range of
4.0 to 4.5 for natural frequencies between 0.5 Hz and 5 Hz, when the time interval is taken as 3600 seconds, which
are generally lower than the background peak factors.

ERERKE, ARETKRERETHEHANMERE KRR, FHit, NSRBI NREREGHMN (BR3)
PAPERON) o ARERERSSIOIAIGERTE +5° , NZEMARBKRABRENEAER, FFHATRTEEMEA SRR 1T
BB R B2, BBNERE IR B TE BEZ 3 TS B 5 A -

It is important to note that the coefficients in this report are based on wind tunnel testing using a rigid
model, and therefore, do not include fluid-structure interaction effects (or aeroelastic effects) that
manifest as self-excited forces. If the peak rotation of the tracker exceeds +5° then the wind loading
presented herein will no longer be valid, and further research using an aeroelastic model may be necessary.
Meeting this threshold, however, does not eliminate the risk of failure due to excessive motions.

2.2.2 HE#GiHE (Bl##2) Torsional Flutter (Mechanism #2)

FEFELEREOLT, T LA 2R 1 0K H R LB S B R~ AR A 4 L R R 2 B e A RE . XM O AR e PR IE 3)
—HJRS, e AR E R R GUREE B RO FEK. I ER 6 A0 . BRE —F BB s i AR E
P, Horh a3 AR T G5 A B R A TR, O HE AT DL SO A 12 3 BN 5 R HHL e A 2 LIS Bl B AR ORI R
Mo HEBHRRAL S BUA AT N R RIS B AR, SRR s BE e ()77 3R A DRAE TR (0 KU R A &t
k. B, HBEENREENT L5 , URERSERKNG. REBLEEFSEHEROTLRESTS
BUBIR IR o

Aerodynamic instabilities are seen to occur in some circumstances on flat plate structures such as solar panel arrays.
The class of motion referred to as an instability is where, once initiated, the motion increases until failure or until
the wind speed is reduced. Flutter therefore must be avoided. Flutter is a self-excited aerodynamic instability in
which the aerodynamic forces depend on the rotation and angular velocity of the structure itself, and it can lead to
very large amplitudes in torsional motion or coupled torsional and vertical motion. Torsional Flutter characterizes
high tilt angle behavior. Changes in aerodynamic shape, structural stiffness or damping are usually employed to
ensure that flutter is not experienced at expected wind speeds. However, the peak rotation should be
constrained to less than 15° to minimize the risk of flutter. Meeting this threshold, however, does not
eliminate the risk of failure due to excessive motions.
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3.1

2.2.3 HiEIE (HLHE#3) Torsional Galloping (Mechanism #3)

AT E MR T S5 e s, I H T2 s A J0 A A A T e S B M 1 ORI N . AR HIT AR, S8
PHAT I FE AR T B AR LA I, B T S5 A ORI AR AL, 4 T B A # (0 R % R s 8l . B KOG 0, — Hid
HBHSy, RAAFE MR RE R SRR . XAAFE MOy B IIR” . FALRBUAIT . 8 TR KA BIR,
O3 G X LS (AR RE P . DA RN Sy S AR A A I R 2 W A P ARG B, DA ORAE IO XU R A2 B
Fepctin. (AR, HFARENMRHENTE5° , UERRREHFEGERE REEIRR . RTES] M RE ARk b T3 &
BHNTT B HREL

This instability depends on the rotation of the structure and can lead to large responses in the structure due to
variations in the aerodynamic pitching moment. At its onset, the increasing pitching moment reduces the overall
structural stiffness, resulting in either unidirectional twisting of the structure or oscillatory motion depending on
the remaining stiffness of the structure. As the wind speed is increased it is likely that this instability will lead to
failure once their resistance is surpassed. This instability is referred to as “Torsional Galloping”, which characterizes
low tilt angle behavior. To ensure failure does not occur, these types of instabilities should be avoided.
Aerodynamic shape changes or structural stiffness are the usual remedial measures available to ensure that
torsional divergence is not experienced at expected wind speeds. However, the peak rotation should be
constrained to less than +5° to minimize the risk of torsional divergence. Meeting this threshold, however,
does not eliminate the risk of failure due to excessive motions.

LB E451ip RESULTS AND DISCUSSION

AREFHRAREZBANE S LRERBEHRAY, PR R TEF T MR RAR, MATICRMEES.
Pk, VO T Bk H A, SRS R X E 5 ZRRM S M3 Rm . ra st E B URLEEAZI,
IR TE

The wind load coefficients in this report do not contain safety or load factors and are to be applied to the
PV arrays in the same manner as would wind loads calculated by code analytical methods. Hence it is
suggested that appropriate load factors as required by the building official of jurisdiction should be applied to the
wind pressures for design purposes. All design information is presented in coefficient form as defined in the next
section.

FE M H15E 2% Force and Moment Coefficients
SRR SR 727 09 5 ASCE 7 $36 rh s SUIK FE 98 /78 2 80— O J o oM M. I RO 5 U

The wind tunnel data were presented as pressure or moment coefficients consistent with those defined in the ASCE
7 Standard. The definitions of these coefficients are given below.
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3.2

I

Pret Miorque /&1 /1 (FEELT PV BRI TITH D FIHIHEE K 156,

H. 2 /= 3

o RFAEE;
U 2T 3 10 K BEAL I 3 B0 R RURUE
R4 ASCE 7, Koasce R FRAMISRE EERERAS S (HD) AbpHbSif& 1E 5% 0.85;
Ak, M Wz —17, PATERETREA (LK 2 ;
L &5z (235K .
where

Pret. Miorque are net pressure (normal to top surface of PV modules) and moment about torque tube;
p is the air density;

U is the 3-second gust wind speed at 10 m in open terrain;

K, asce is the exposure factor of 0.85 at tracker height (H) in open terrain as per ASCE 7;

Ais the area of a Strip, Post, Quarter of a Row, Half of a Row, or Full Row (see Figure 2);

L is the chord length (2.35 m).

2 X E 2 ¥ Recommended Wind Load Coefficients

3.2.1 #A NArE A& $ Static Wind Load Coefficients

X AR AL et RUCRHIE 1 1 GCR 29 40%F XUfaf 4 AR . 3 A 4R AL A B0 s 2 181 2 o SUAT
YA . $REEMEEHF 0, 5°, 15°, 20° , 30° , 45° , 60° fHifAA 15° MiARIE Tot. B 15° ARk
LA SR PFAE BT R A AP S A (A AT BV R . 3R 1 TP ) R B AN IR R A~ B3 T AR ) e AN R
B Ce, BL“ B s BOESCNEET PV ERMEFSMEM, MIE Co, B “FIEA” , FWIER. %€ X5 ASCE7 Hi
— Bl XA (Cw) TS, SR T RATI XA

For design of primary structural members and components, it is recommended that consideration be given to the
wind load coefficients presented in Table 1 for GCR 40%. The data provided in this table corresponds to rows and
averaging areas defined in Figure 2. Values are provided for the requested tilt angles of 0°, 5°, 15°, 20°, 30°, 45°,
60°, and 15° tilt special configuration. Linear interpolation between provided tilt angles and averaging areas is
permitted except for the 15° tilt special configuration. The coefficients in Table 1 represent the worst-case values
for each averaging area from the tested wind directions. Negative Cp, or “uplift”, is defined to act outward normal
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to the upper PV surface, and positive Cp, or “downforce”, acts inward. This definition is consistent with the ASCE 7.

In the case of torque or moment (Cw), the worst-case absolute value has been provided.
XL R ACIEAEAB) S (BB RN, # A R BN NG &7 3.2.3 Wi iR A .

These coefficients do not include any allowance for dynamic (or inertial) effects. The static coefficients should be
increased by the appropriate dynamic values as discussed in Section 3.2.3.

3.2.2 FFENFTE R E Dynamic Wind Load Coefficients

AR R A ER S KA R BN EAE 2.2 WP iR RS # 1 SRR (BURTED TR 3h) (AR XU R AL
H AEIIR 51RO R B KB K3, T Hg s & XU 3 R 8. 181 3 22 10 #2407 IXEE R % (GCR40%)

The tabulated static wind loading coefficients in this report do not include an allowance for resonant (or inertial)
loading caused by Mechanism #1 discussed in Section 2.2.1. Dynamic (or inertial) wind load coefficients to increase
the provided static coefficients have been determined based on the amplification of the fluctuating wind loads due
to wind buffeting. These coefficients are provided in Figures 3 to 10 (GCR 40%).

X0° fr5°, 15°, 20° F130° , 45, 60° F115° MHUAKR LI HS T ah&RBENTENZR (fL/U) KL
(ZAMRILET) , Hi f ZRIF AR RSGHEA N GLERSHD WEAEHE (H) , LE£ZK (m) , Uik
10 KE AL 3 BRERKGE (m/s) o W 3.2.3 PR, NE—ITRAME, IRGHRHTR 1 DR,

The dynamic coefficients are given for tilt angles of 0°, 5°, 15°, 20°, 30°, 45°, 60° and 15° tilt special configuration as
a function of reduced frequency (fL/U) for multiple levels of damping, where f is the natural frequency (Hz) of the
mode of interest (torque or bending), L is the chord length (m), and U is the 3-second gust wind speed (m/s) at 10
m height in open terrain. Values are given for each row and apply to the coefficients in Table 1 as shown in Section
3.2.3.

THER, EESEME (FL/ V) B, K (U BAEJUANGRBE TIPS, BFEART: (@) HTRIREIERIER
B, (b) FRVFHIN AR, 4 SCEMET 25 2 50 ERIAM, @K TR RERMHAS MBI, (O WRAE%
7o

Note that when determining the reduced frequency (fL/U), the wind speed (U) should be evaluated at several levels,
including but not limited to (a) an operational level for stowing purposes, (b) allowable stress level, nominally
equivalent to a return period of 25 to 50 years, which is typically longer than the expected life span of a solar array,
and (c) the ultimate level.

X ABE X AR B BEAR B A1) 223, A RBETH 7R BB S G, ARS Pk gt s S K A MGE M T “HBH T o

For array installations in northern regions where snow loading is a design consideration, the provided dynamic
wind load coefficients apply to the ‘zero snow case’ only.
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3.2.3 Xf7E % € Determination of Full-Scale Wind Loads

MAR R R BRI KB BER I AT B, B UL T A R, MRS (B, STHEED LR
J821Z5 e SCHE IR X3 LA

To obtain full-scale wind loads from the provided coefficients, the following equations should be used. Note that
the wind loading on each structure member (e.g., posts) should be proportional to the tributary area it supports.

ASCE 7 %3 ASCE 7 Installation

FN =4qz- (CPStatic * CPDynamic) ‘A
Mtorque = gz " (Cyp_static + CM_Dynamic) "A-L

BEAL,
Fno Miorque 2VA TR JI I AR ) J15E;
Q. /MR ASCE 7 FUTEX sk HUSRAE XI5 00 A i z SRR ) (B R T 15 ft, Kd=0.85) ;
AL AE 3.0 A5E
R RBNE,
“ENET RBAERE 3 10 hin, AT R HEBAFIER TR
where
Fn: Miorque are normal force and moment about the torque tube;
g, is velocity pressure evaluated at height z at the centroid of the area, A, for selected exposure as per ASCE 7 procedure
(i.e., constant below 15 ft and Kd = 0.85);
A and L are defined in Section 3.1;
“Static” coefficients are found in Table 1;

“Dynamic” coefficients are given in Figures 3 to 10 and apply with the sign that yields the worst-case loading.

3.2.4 F X A KR =G YR Effect of Open Areas and Large Obstructions

FEIZ YT FE P 3RAS B XA fer BoE T EERE A1 (EE, W REAFAE AR Dy IE AN/ Bl B A T TR X3 SRR T 7 [X 3k )
BN MR E, WSS EATHIE R T T BRI X8 Hem) il vl SRAT (0] bR 2 W K, W EATAr Bl
BA A RE S, I HXA A BB N TR (B, I SRR 208 /N, AT OR BRSO IE S 51, I H
PR FFAAL . AN RRTE RS (Biln, WARRRE) mEAME T FE E I H s/ N A RSN T BES IR, U aT
R HAAFES ) — 53

The wind loads obtained in this investigation are appropriate for a contiguous array. However, there could be open
areas for access and/or clearance purposes. Where these open areas exceed a distance equal to the values given
in the table below, new perimeter zones are formed where the array meets them. In other words, if the rows are
separated by sufficient distances, they can be treated as separate arrays and the wind loads presented should be
appropriately applied to each array. If, however, the gaps are sufficiently small, the array can be treated as a
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contiguous array, and the perimeter zones remain the same. Large obstructions (e.g., inverter houses) may be
treated as part of the array if they are at least as high as the array and have a minimum horizontal dimension at

least equal to the height of the array.

“FH A Averaging Area %:-7i [ East-West Direction Jb-E§ = North-South Direction
A7+ 1 Strips and Post 1 (2/GCR)*L 0.5%L
44>z —47 Quarter Rows (2/GCR)*L n/a
24T Half Rows (2/GCR)*L n/a
#47 Full Rows (2/GCR)*L n/a

3.2.5 k4514 Stepped Array Edges

FEAZMIE TO IR I AT BB MRS VAR T (B, e 6 o (A2, WRESIR LI AT/ g 12 51 RT e 5 2 220 Ak
WTFER “X” Frac. ERARETFRMELT, “X” FBRKRVEEN 2% L, MG A BT HEr 2806 2.

The wind loads obtained in this investigation assume that an array installation has a rectangular-shaped perimeter
(i.e., no steps). However, there may be installations that required steps along the north and/or south edges of the
array, as depicted by “X" in the diagram below. Without specific research, the maximum allowable size of “X" is 2*L

for the provided coefficients to be valid.

| | | X

3.2.6 K#EEF4 XY /& Extension of Large Array Zoning

RWDI HIEEfE R, M LA T B PR = A XS ERER SR KE 51 “HMERFES” . “ N ERILIERES” A “ A ERs1” .

It is RWDI's understanding that Grace Solar designs tracker arrays using the three zones shown in the image

below: “Exterior Rows", “Interior Edge Rows”, and “Interior Rows".
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e Exterior trackers

IIIIIIIIIIIII I II o |nterior trackers
IIIIIIIIIIIIII I II o |nterior edge trackers
AL 1, 2, 7 F1 8 AT AR LI AT SR T Wt SR 5; 55 3 AT 25 6 47 ISR 50 AST 48R H T

TR AERILITEES . RWDI R H 280 22 AR P RATAS 1 T P BB RS (AT B IR E BT TU 4 RAE R R rh DUk R AL
MR, JEN T N ERL I RS SRAS IE AS KT B R L. LIRS A R BRI RS ) T P 51

The worst-case wind loads presented herein for Rows 1, 2, 7, and 8 should be used to design the Exterior Rows;
the worst-case wind loads for Rows 3 to 6 should be used to design the Interior Edge Rows. RWDI has leveraged
its aerodynamic knowledge base to assess the wind loads acting on the Interior Rows. The findings are presented
as multiplication factors in the following table and are to be applied to the static wind load coefficients obtained
for Interior Edge Rows. The dynamic coefficients for Interior Edge Rows equally apply to Interior Rows.

LR T A ERILHS R 1 SR ERHR A SR R 51 KA R ) R 3

Wi
Tilt Anel Factor to Apply to Interior Edge Row Static Coefficients
ilt Angle
& to Obtain Interior Row Static Coefficients
W42z —17 . _
% Strip ¥ Post 34T Half Row | %47 Full Row

Quarter Row

0° to 60° 0.80 0.85 0.90 0.95 1.0

3.2.7 BRI E Process for Wind Design

N T B AR AR & I, IS A e T RORBUR B AR AR B RS RO R RS e R E R
AR IEARE R RN (U35 2.2.2 1 2.2.3 Tird) , tAREFE BN A RN = AR R BT . O T RBRIRR
G118 BT LE M AR E PR/ BB RO B XS, BT R GENI LA/ B B JE L, W R e e PR /N +£5° o =
R, L BRME IR ASRETH B T IS Sl S B UK
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3.3

To assist the design team in applying the recommendations in this report, a flow chart showing the process for
wind design is presented in Appendix A. Following this process does not eliminate the potential of aerodynamic
instability (as discussed in Sections 2.2.2 & 2.2.3) occurring for a given installation, nor adequately predicts the
self-excited forces from aeroelastic effects. To reduce the risk of the system experiencing these types of
instability and/or aeroelastic effects, the peak total rotation should be constrained to less than +5° based on
system stiffness and/or damping. Meeting this threshold, however, does not eliminate the risk of failure due to
excessive motions.

25 B K& F i Applicability of Results

3.3.1 XAFEEHE F #: Applicability of Wind Load Recommendations

AR T AT AR A BAEAT AT 22 4 R4, W& A T L3R e bmill BoRBCP IS R 5.l , PSR IR ATy
] _ERISEHNT 10%, B HAR 26.8-1 (K ASCE 7-16) f8f5H ASCE 7-16 Kxe<<1.0 . 2435k &l i B I
WTEA AT FAR MR BN IR EPAR B LT, RO FTEATEMON AT, FRAEXS T oo M SR o SRS AR %
S L BAR R B4R (I ASCE 7 A& SRS EHE BTR ) TERESIE LR 10 R5RAPY, JUIWT e KA — LA il
o IR RIXFEL, RIEKR RWDI P TTRERTR M, FRA0E AT R AT IR o AR 5 HR 1) RS R T 2 26 75 Y
L TR RS, BRI RN,

The wind loading recommendations in this report do not include any factor of safety and are applicable to the

proposed system installed in generally flat terrain with standard conditions. Generally flat terrain is a slope less
than 10% in both directions, or when ASCE 7-16 K, < 1.0 using equation 26.8-1 (of ASCE 7-16). In lieu of additional
testing or knowledgebase assessment, when the slope exceeds this threshold, all rows should be treated as
perimeter rows with the tilt angle measured relative to ground slope. If structures that appear to be prominent
compared to standard terrain conditions (as depicted in the exposure classification images contained in ASCE 7)
are located within 10 times their height of the array, then some load changes could occur. If this is the case, RWDI
should be contacted to comment on the probable effects and possibly to determine additional appropriate design
wind pressures. The coefficients in this report should not be used for systems installed on top of a raised structure,
such as the roof of a building.

P i) R Hod R EESI RS, ARV A B AT, IF B N RSE AN TR A6 5 17 L g e 21 e 47 8] B
AU o 0T HABREZIR N, 2 rhts DAL, 3 DS R AR . 58 3.2.4 5018 17 BEA rh B TFTB X SRR 2 B i 47
95 3.2.5 Witig 7L EREIL

The provided coefficients apply to arrays and array protrusions with at least four rows in the east-west direction
and a minimum dimension equal to four times the center-to-center row spacing in the north-south direction. For
other array sizes, the perimeter zone remains the same, while the central zone changes. Open areas in the array
and large obstructions are discussed in Section 3.2.4 and stepped edges are discussed in Section 3.2.5.
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R HIIH B RBACEIIR (SR frE, NAESBTERGTETEE. s (St KA RS E 3 2= 10
s RESHE3.2.3 TR KIS RBNES G R BHERAT B BAEN OREFEM S A R IFRIERRG 2%
BRAEDREIIFAFEMERATRE (N5 2.2.2 A1 2.2.3 R ETHRED , WARF TR B RS ROS  H . A
PR R STIB R ER R (A Re e MERI B BHAR RN O XU, FHER IR N IR BIAE/NT £5° o W8 ZRE, Wbkt
RIRAT B A AR, FFEHTRFREEA S BRI PR AR, WRMREFNRERDTEESI
FEROAIR . 0 T AL A X R 51 2235, Bt H E BB M, ARSI S NG R A BMGEN T “L5 LT
W7 .

The coefficients tabulated in Table 1 do not include an allowance for resonant (or inertial) loading, which should be
accounted for in the total design wind loads. Dynamic (or inertial) wind load coefficients are presented in Figures
3 to 10, which should be combined with the static coefficients as discussed in Section 3.2.3. The inclusion of inertial
loading does not eliminate the potential of aerodynamic instability (as discussed in Sections 2.2.2 & 2.2.3) occurring
for a given installation, nor adequately predicts the self-excited forces from aeroelastic effects. To reduce the risk
of the system experiencing these types of instability and aeroelastic effects, the peak rotation should be
constrained to less than £5°. If this threshold is exceeded then the wind loading presented herein will no
longer be valid, and further research using an aeroelastic model may be necessary. Meeting this threshold,
however, does not eliminate the risk of failure due to excessive motions. For array installations in northern
regions where snow loading is a design consideration, the provided dynamic wind load coefficients apply to the

‘zero snow case’ only.

ASCE 7 #rifE v R SR AL T 8 e & M B 2P R . ASCE 7 b rp AR I A7 3040 & RECEH T4 A R far d L A 7E—
&, s, KAhEE. EREARZEMTT, I ASCE 7 PR Kq = 0.85 KU A T2 & 1EH .

The ASCE 7 Standard provide comprehensive procedures for determining appropriate design loads. The load
combination factors provided in the ASCE 7 Standard are appropriate for combining different loads together,
such as snow, wind, and seismic. The use of the directionality factor of K4 = 0.85 in the ASCE 7 procedure is
adequate for most locations in the United States.

ASCE 7 i R HL K, B8 T 45 B SIS e B o 2Ry T 0 R MO TR T 15 SRR E i R 8, 5 ASCE 7
—E. B, N TIRAE BRI REAR BRI AT 8, RN ASCE 7 $358 1) Ko . Biltn, X FARFRE N 15 e REL
AR SRS, K, N4ET 0.85.

The exposure factor K, in ASCE 7 accounts for the exposure and height of a given structure. The coefficients in this
report are based on a constant exposure factor below 15 ft, consistent with ASCE 7. Therefore, to obtain the
appropriate full-scale wind loads, the K; value specified by ASCE 7 should be used. For example, K; should equal
0.85, for arrays in open exposure with a nominal height of 15 ft or less.

3.3.2 BEER ALK VEE Tracker System Tolerances
AR T IR XA 0 FR HOE A Tk B b KPR BB TR 222k ) PR PR ER 48, W RWDI T 2020 4E 10 A 13 HIG I B4R Fs,

PLR B G 5B HIBAKI T i RRARAE 1 ORB R IR L, 8 MV B A T AT AT e iy P i) 2R 8. R P ST AR
FE, MIT e 7 Bl — 2B I R BT FURAER & AR & P At 5 Heth S B Bl 2 T 2R 3R
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The wind load coefficients in this report are applicable for the GRACE SOLAR Ground Mounted Single-Axis Tracker
System, shown in the drawings received by RWDI on October 13, 2020, and subsequent discussions with the design
team. The following table provides tolerances for the key dimensions such that the coefficients in this report can
still be used. Further wind tunnel research may be required to accurately define the relationship between the data

in this report and those for other parameters, if outside the listed tolerances.

2% Parameter

K5 Array Height (H)
5%% Chord Length (L)

f5ifs Tilt Angle (8)

1TKE Row Length

HE B =% Ground Cover Ratio
(GCR)

RIT¥ % Table Openness Ratio
(open/gross)

rwdi.com

{8 Value

1.76 m

2.35m

0°, 5°, 15°, 20°, 30°, 45°, 60°,

and 15° special Configuration

95 m

40%

0 (solid)

BRI TLAR NG
Applicability Tolerance / Range

+10%
+10%

Fr 15 FERFRRMUMA oL 5h, K1 hsg
HH ) A 2 T o P e P

Linear interpolation permitted
between angles presented in Table 1,
except for the 15° tilt special
configuration

+20%

£10%

<0.10
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Start

Process for Wind Design

Static Coefficients using
appropriate tilt, averaging
area, and array zone

\ 4

A\ 4

Dynamic Coefficients using
appropriate tilt, array zone,
damping, frequency, chord
length, and design wind
speed

Calculate Total Design Wind
Loads (Static + Dynamic)

Revise
Stiffness and/or
Damping

Strength and Deflection
Design

A

No

Calculate Peak
Rotation, apeak

Is structural design
acceptable?

Is peak rotation < £5°?

Note:

Following this process does not eliminate the potential of aerodynamic
instability occurring for a given installation, nor adequately predicts the
self-excited forces from aeroelastic effects.
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