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Notice

This report was prepared by the National Renewable Energy Laboratory (NREL),
operated for the United States Department of Energy (DOE) by the Alliance for
Sustainable Energy, LLC (Alliance), as an account of work sponsored by the United
States government. The test results documented in this report define the characteristics
of the test article as configured and under the conditions tested.

THIS REPORT IS PROVIDED "AS IS" AND NEITHER THE GOVERNMENT, ALLIANCE, NREL,
NOR ANY OF THEIR EMPLOYEES, MAKES ANY WARRANTY, EXPRESS OR IMPLIED,
INCLUDING THE WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR
PURPOSE, OR ASSUMES ANY LEGAL LIABILITY OR RESPONSIBILITY FOR THE
ACCURACY, COMPLETENESS, OR USEFULNESS OF ANY SUCH INFORMATION
DISCLOSED IN THE REPORT, OR OF ANY APPARATUS, PRODUCT, OR PROCESS
DISCLOSED, OR REPRESENTS THAT ITS USE WOULD NOT INFRINGE PRIVATELY
OWNED RIGHTS.

Neither Alliance nor the U. S. Government shall be liable for special, consequential, or
incidental damages. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
government or any agency thereof. The views and opinions of the authors expressed
herein do not necessarily state or reflect those of the United States government or any
agency thereof or Alliance.

NREL is a DOE Laboratory, and as an adjunct of the United States government, cannot
certify wind turbines. The information in this report is limited to NREL’s knowledge and
understanding as of this date.

NREL is accredited by the American Association for Laboratory Accreditation (A2LA)
and the results shown in this test report have been determined in accordance with the
NREL'’s terms of accreditation unless stated otherwise in the report.

This report shall not be reproduced, except in full, without the written approval of Alliance
or successor operator of NREL.

Approval By: iM\l M‘ﬁtﬁ/ 223/@/\ Zol %

Arlinda Huskey, NREL Test Engineer Date
Review By: X(\f\@\“\ 22,\,\%3mu1v1\,! 2013
\ Jeroen van Dam, NREL Test Engineer Date
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1. Background

This test was conducted as part of the U.S. Department of Energy’s (DOE) Independent
Testing project. The project was established to help reduce the barriers of wind energy
expansion by providing independent testing results for small turbines. Several turbines
where selected for testing at the National Wind Technology Center (NWTC) as a part of
the Small Wind Turbine Independent Testing project. Duration testing was one of up to
five tests that could be performed on the turbines. Other tests included power
performance, safety and function, noise, and power quality. Cascade Engineering, of
Grand Rapids, Michigan, distributor of the Renewable Devices’ SWIFT turbine in North
America, was the recipient of the DOE grant and provided the turbine for testing.

The test equipment included a grid-connected SWIFT wind turbine mounted on a 13.7
meter (45-ft) free standing monopole. The system was installed by the NWTC Site
Operations group with guidance and assistance from Cascade Engineering.

2. Test Objective and Requirements

The objective of this test is to assess the following aspects of the SWIFT in accordance
with Clause 9.4 of the International Electrotechnical Commission’s (IEC) standard, Wind
turbines - Part 2: Design requirements for small wind turbines, IEC 61400-2 Ed.
2.0:2006-03 (throughout the report referred to as the Standard):

e Structural integrity and material degradation
¢ Quality of environmental protection
e The Dynamic behavior.

Based on the parameters defined in the Standard for small wind turbine classes, the
manufacturer, Renewable Devices Ltd, identified the test turbine to be class Il. This
corresponds to a V,,e of 8.5 m/s.

The wind turbine will pass the duration test when it has achieved reliable operation for
the following:

¢ 6 months of operation

e 2,500 hours of power production in winds of any velocity

o 250 hours of power production in winds of 1.2V, (10.2 m/s) and above
o 25 hours of power production in winds of 1.8V, (15.3 m/s) and above.

Reliable operation comprises these factors:

Operational time fraction of at least 90%

No major failure of the turbine or components in the turbine system

No significant wear, corrosion, or damage to turbine components

No significant degradation of produced power at comparable wind speeds
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In addition, this test has been conducted in accordance with the NREL quality system
procedures such that this report meets the full requirements of our accreditation by
A2LA. Our quality system requires that we meet all applicable requirements specified by
A2LA and ISO/IEC 17025 or to note any exceptions in the test report.

3. Description of Test Turbine

The SWIFT turbine (Figure 1) is an upwind, 5-bladed with an outer ring, fixed pitch,
passive yaw, horizontal-axis wind turbine with a rated power of 1kW.

Table 1 lists the configuration and operational data of the SWIFT turbine that was tested
at the NWTC.

Figure 1. SWIFT test turbine at the NWTC
Source: NREL 2012

The SWIFT wind turbine was mounted on a 13.7-m (45-ft) monopole tower
manufactured for Cascade Engineering by Valmont Industries. The inverter was
manufactured by KACO new energy. The concrete foundation was installed by a third
party per JDH Engineering designs, under contract to Cascade Engineering. The system
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was installed on 19 October 2010 by the NWTC Site Operations group with guidance
and assistance from Cascade Engineering personnel.

The following components were considered part of the test turbine system:

1.

2.

The turbine system included a tower and foundation that have been designed for

installation at the NWTC test site 3.1.

The turbine system included all control components including wiring between the up-

tower components and the inverter housed inside the data shed.
The turbine system was connected to the electrical grid at the test site through a
subpanel. All wiring and components on the turbine side of this subpanel were

considered part of the turbine system.

Table 1. Test Turbine Configuration and Operational Data

Turbine manufacturer and address

Renewable Devices Ltd
Bush Estate, Penicuik, EH26 0PH
Scotland, UK

Turbine provider and address

Cascade Engineering, Inc.
4855 Thirty-Seventh St. SE Grand Rapids,
MI 49512

Model name SWIFT
Generator serial number N000780-N
Design nominal voltage at terminals 240 Vac
Maximum current at terminals 10 A
Design frequency at terminals 60 Hz
SWT class Il

Design 50-year extreme wind speed, Veso 59.5 m/s
Rotor diameter 2.1m

Hub height (vertical center of rotor) 14.28 m

Tower type

13.7 m (45 ft) freestanding monopole

Rated electrical power

1 kW

Rated wind speed (lowest wind speed at

which turbine produces rated power) 11 mis
Rated rotor speed (lowest rotor speed at 390 rpm
which turbine produces rated power)

Rotor speed range 0-450 rpm
Fixed or variable pitch Fixed
Number of blades 5

Blade pitch angle (deg) 6° at the tip

Blade make, type, serial number

Injection molded nano-fiber reinforced
polymer, n/a

Description of control system (device &
software version)

Kaco Blueplanet 1502x (V2.05)

Figure 2 shows the general electrical arrangement of the test. The wire was run from the
generator to the controller, which is the point of grid connection, and to the data shed,
approximately 46 meters. The connection was made using #12 American Wire Gauge
(AWG) wire for the two power lines and turbine signal, and #6 AWG for the ground. The
data shed housed the inverter, power instrumentation; disconnect switch, and data
acquisition system. The 240 volts alternative current power output from the turbine
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inverter was hooked up to a series of insulating step up transformers that raised the
voltage to 13.2 kilovolts, allowing the system to tie to the NWTC grid.

Notes
1. Turbing, Towar. DC isolator, DC Fuse Block, AC solator, and Inverter
provided by Cascade Reneval y
2 LFMC should be use between fe turbine mast, DC isolator, AC solator,
and DC fuse blod

B J Data Shed

[s]fe]=]s

oC
bE Fuse Block :
Isokator 104 400VDC H

T: . TE
DG+ | [T

Sub Panel 40V

2 poke 154

154, 2400 breaker .

KWW Meter { Disconn ecl . —
L

OC-

Toe
#12 AWG T

l #6AWG H w12 AW bre ket

Lightning
Protecion

Figure 2. Electrical single-line drawing of SWIFT installation

4. Description of Test Site

The SWIFT wind turbine was located at test site 3.1 of the National Wind Technology
Center, approximately 8 km south of Boulder, Colorado. The terrain consists of mostly
flat terrain with short vegetation. The site has prevailing winds bearing 292 degrees
relative to true north. Figure 3 shows the SWIFT turbine and meteorological tower
locations. This figure also shows nearby obstructions of the site.
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. SWIFT Wind Turbine
. SWIFT Metecralogical Tower
Containers

B cats shea

SWIFT Wind Turbine

0 6 12 18 24

|IIIIiIIII|IitI|IIIt]
Meters

Figure 3. Map of area surrounding SWIFT at NWTC'’s 3.1 test site
Source: NREL 2012

5. Description of Instrumentation

Duration test instrumentation consisted of monitoring wind speed, wind direction, turbine
power, air temperature, air pressure, precipitation, overall turbine system availability, and
dynamic brake status. Figure 4 gives the location and height of the met tower
instruments, and Table 2 gives an equipment list that provides the specifications for
each of the instruments used.
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Primary Anemometer

\/
—9
i

Reference Anemometer ——» T D—H» .
Wind Vane
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o
Temperature - —
] £
©
3
Pressure i

9.14m

10.668 m
11.354 m

Figure 4. Meteorological tower and instruments (not to scale)
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Table 2. Equipment List for Duration Test

Serial Calibration Due
Instrument Make and Model Number Dates
Secondwind Phaser 20 October 2011
P t d 04607
owertransaucer | sem-4a20 7 November 2012
Primary , . 0609005* 13 October 2011
anemometer Thies, First Class 609006 7 April 2012
Reference | \1ot One, 010 W2390 In situ
anemometer
. Met One, 020C with uU1478* 13 October 2011
Wind vane )
aluminum vane W5515 27 October 2012
. C1020014* | 10 August 2011
Pressure sensor | Vaisala, PTB101B
) ! C1040008 | 27 September 2012
Temperature 0673553* 13 October 2011
Met One, T-200
sensor erene, 0603-1 25 October 2012
Precipitation | 1\ obell Scientific, 237 | None In situ
sensor
Compact DAQ w/LabView-
based data acquisition
cDAQ-9172 13AB4F9
o NI 9229 140DCB9* | 29 April 2011
Datasi‘s’?;f'“on NI 9217 140A596* | 29 April 2011
NI 9205 140E2BD* | 29 April 2011
NI 9229 14A34EE 22 March 2012
NI 9217 1494F69 22 March 2012
NI 9205 1496266 22 March 2012

*Replaced during testing

The power transducer was used out of calibration for 4 days during the last week of
October during the test. The unit was removed on 24 October 2011 and sent out for
calibration, was found within specification, and reinstalled in 8 November 2011 for the
remainder of the test period. The calibration sheets can be found in Appendix B. The
turbine was locked out until the power transducer was reinstalled. The time during that
period was categorized as Ty due to maintenance of the test institute instrumentation.

The temperature and pressure sensor calibration expired during the test. The units were
replaced with another calibrated unit. The initial units were sent out for post-test
calibration and found to be within specification. The calibration sheets of the post-test
calibrations are also inserted in Appendix B.

The first wind vane’s calibration also expired during the test. The wind vane was not
post-tested before it was sent out for refurbishing. Because the wind direction is not a
required signal for the duration testing it did not affect the analysis. The unit was
replaced with another calibrated unit for the remainder of the test. This was listed as an
exception to our QA system.
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The primary anemometer and data acquisition modules where replaced with another
calibrated unit during the test before their calibration expired. The power measuring
modaule failed its post-test calibration. An investigation was performed on the data
acquired but there were no indications that the module failed during the test. The power
reading versus wind speed relationship between both modules stayed consistent
throughout the test as seen in Figure 5. The calibration center reported that no signal
could be read for that channel as specified in the post-calibration report. Some loose
parts could be heard when the module was returned from post calibration that were not
present before being sent out for post calibration. It was concluded that it may have
been damaged during shipping. This was also listed as an exception to our QA system.
The calibration sheet of the post-test calibration is also inserted in Appendix B.

1.7

«+ First Module (March 1 - April 7)
+ Second Module {April 7-31)

15 4

13 1

1.1 +

Power (kW)
o

o
)

0.5 1

0.3

0.1 4

01
o 5 10 15 20 25 30 35
Wind Speed (m/s)

Figure 5. Powers vs. wind speed scatter plot comparison (1-minute average)

6. Results

The test turbine was delivered to the NWTC on 20 September 2010. The turbine system
was installed on 19 October 2010 by the NWTC Site Operations group with guidance
and assistance from Cascade Engineering. Testing began on 1 November 2010 after a
commissioning period. The duration test was completed on 30 November 2011 after
enough data was collected to demonstrate sufficient hours of operation as required
by the standard. The turbine ran without any issues until it was decommissioned on 27
June 2012 when the turbine was removed for post inspection.
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6.1. Months of Operation
The duration test was conducted over a period of 13 months from 1 November 2010 to
30 November 2011, thus exceeding the minimum of the 6 months required by the
Standard. The turbine continued to operate without any problems until it was
decommissioned on 27 June 2012.

6.2. Hours of Power Production
The hours of power production at any wind speeds: 2,732 hours (2,500 hours required)

The hours of power production above 1.2*V,, (10.2 m/s): 533 hours (250 hours
required)

The hours of power production above 1.8*V,, (15.3 m/s): 112 hours (25 hours required)

Thus the turbine met the requirements for hours of power production during the test.
Table 3 shows the overall and month-by-month results of the duration test.

Table 3. Monthly and Overall Results of the SWIFT Duration Test

Hours .Of power product_lon n Environmental conditions Operational time fraction
wind speed above:
Average

Omis |10.2 mis | 15.3 mis maﬁf“ﬂ %TI@ | #paints | T T Te T ;
Manth s 16 mis {hours) | (hours) | (hours) | (hours) [%]
Totals 2732.9 533.6 112.6 42.0 19.3 231 9480.0 753.6 136.1 313.0 96.4
Nov-2010 189.0 4.7 9.0 411 19.3 21 720 225 407 47 93.3
Dec 184.3 45.2 16.2 331 19.0 16 744 37 27 29.8 96.0
Jan-2011 3493 1155 218 414 209 44 744 181 05 3g.2 94.7
Feb 246.5 63.0 9.2 315 18.3 44 672 93.7 19.0 11.7 97.9
Mar 2957 70.0 250 42.0 204 K| 744 KT 0.0 86.0 87.8
Apr 340.8 91.5 16.2 37.0 18.4 40 720 203 203 5.2 99.2
May 2440 250 73 341 17.8 6 744 27 17.2 303 95.8
Jun 1427 72 0.3 26.9 - 0 720 398 26.8 28.8 95.6
Jul 118.7 48 0.2 272 349 1 744 433 6.0 11.0 98.4
Aug 168.8 27 0.2 246 20.9 2 744 0.2 0.3 29.0 96.1
Sep 1143 0.8 02 238 17T 2 720 69 05 270 96.2
Oct 124.3 5.7 1.0 28.8 18.6 4 744 239.3 18 3.3 99.3
Nov 2145 455 6.0 38.8 17.8 20 720 2254 0.3 8.0 98.4

6.3. Operational Time Fraction

The operational time fraction is defined as follows:
0=Tr I =T =1x 1400

TT - TU _TE
where:
T+ = total time period under consideration
Tn = time during which the turbine is known to be non-operational
Ty = time during which the turbine status is unknown
Te = time which is excluded in the analysis

The overall operational time fraction of the combined wind turbine system in the total test
period was 96.4%. The final column of Table 3 shows the operational time fraction per
month. Figure 6 shows the operational time fraction for every month.
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The SWIFT turbine system experienced non-operational time, or downtime (Ty), for
several reasons. The significant events are detailed below:

e The Kaco Blueplanet 1502x inverter performed an automatic daily 5-minute
system check causing the system to go offline for an average of 2.5 hours a
month independent of wind conditions. This method overestimated TN because
the entire 10 minute average was labeled non-operational even if the turbine
started to produce power. Even with this overestimation the operational time
fraction observed during the test period was 96.4%, still above the minimum
requirement of 90%.

e On 29 December 2010 the turbine faulted because the inverter failed its daily
system check and did not reset the fault until it re-ran the daily check 24 hours
later. After discussions with Cascade Engineering it was identified that the
inverter required a system firmware upgrade to correct the annoyance faults.
Because the firmware upgrade could be considered a system change and forced
a restart of the test, it was decided not to implement it. Several of these events
occurred during the test period. The month of March 2011 was when most of
these events occurred, causing a lower operating time fraction. These faults
where the majority of the Ty events.

e On 16 December 2010 the turbine faulted due to an excessive vibration event,
causing the turbine to be offline for almost 3 days because a manual reset was
required. NWTC personnel reset the turbine per SWIFT owners’ manual
operating instructions. During the time of the fault, high wind conditions from a
variety of wind directions were observed.

The main reasons for excluding time (Tg) in the duration test were the following:

e Time during power outages that prevented the turbine from running
¢ Noise or safety and function testing that required the turbine to be shut down
¢ NREL-initiated inspections of the SWIFT turbine or institute instrumentation.

If measurements were not available or reliable, the time was classified as unknown time
(Tu) because the turbine’s status was unknown. These events occurred primarily when
the DAS was off (maintenance or power outage), or when failure or degradation of the
test institute instrumentation took place due to environmental conditions such as icing
events.
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Figure 6. Operational time fraction for each month

6.4. Environmental Conditions
As an indication of the environmental conditions during the duration test, the Standard
required reporting the highest instantaneous wind speed gust and the average
turbulence intensity at 15 m/s. The highest instantaneous wind speed was 42 m/s at
23:48 on 22 March 2011. The average turbulence intensity at 15 m/s during the test
period was 19.3%.

6.5. Power Degradation Checks
A factor of reliable operation is that the turbine should experience no significant power
degradation. During the power degradation analysis, the average power level for each
wind speed bin was plotted as a function of time over the entire test period. This plot was
analyzed for any obvious trends in power production. Figure 7 shows the power
degradation plot, which gave the power level in individual wind speed bins for each
month. Variations of the power levels from season to season were caused by air density
changes. The low point at 15 m/s in July 2011 was caused by a passing storm that
brought very low to very high variable winds. The variations of wind speed caused the
turbine to produce less power than expected.
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Figure 7. Power degradation for all wind speeds measured

Figure 8 shows a 10-minute average scatter plot of power versus wind speed during the

test. The turbine had a furling mechanism that governed the rotor speed and power

production at winds speeds above 10 m/s as shown in the figure. Figure 9 illustrates the

turbine power level in individual wind speed bins up to 14 m/s for each month, just

before the turbine’s furling mechanism fully engages.
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6.6. Dynamic Behavior
The operation was observed by NWTC personnel for at least 5 minutes at wind speeds
of approximately 5 m/s, 10 m/s, 15 m/s, and 20 m/s, for a total observation time of at
least 1 hour.

The following observations were recorded in the log book during this time:
16 November 2010 Wind Speed: 5-15 m/s Wind direction: SW

“It was observed that the furling mechanism was fully engaged at wind speed greater
than 14 m/s to reduce the rotor speed. The turbine turned slowly to the right, removing
the rotor from direct wind.”

30 March 2011 Wind Speed: 5-20 m/s Wind direction: W

“The unit was observed to track the wind well. The unit had a dynamic response due to
its furling mechanism, which was engaged during high winds, causing the turbine to turn
the rotor sideways away from the wind. Yaw oscillations could be severe at times,
especially during gusty winds that caused the unit to furl immediately and then return to
its normal orientation once wind speed was reduced. The rotor was seen to swing 60
degrees in approximately 1 second.

Some slight tower vibration and rattling was observed during high wind events when the
turbine’s furl mechanism was engaged. Although vibrations could be felt in the tower and
sometimes seen, the vibrations were not deemed excessive. (Accelerations on the
SWIFT were not measured).”

30 April 2011 Wind Speed: 1-5 m/s Wind direction: NW

“Turbine started up normally as the winds increased. The unit tracked the wind well even
at low wind speeds.”

19 January 2012 Wind Speed: 5-16 m/s Wind direction: WSW

“The turbine behavior was observed during a simulated grid outage by opening the
breaker during the “Safety & Function” testing. The turbine was observed to immediately
reduce the rotor speed to a slow idling speed.”

The unit's passive yaw mechanism consisted of a side fin equipped with a spring that
became fully engaged at wind speeds greater than 14m/s. Because the turbine was
designed to free yaw, its furling mechanism was still active even if the turbine was shut
down or faulted. A squeaking noise emanating from the furling fin was noticed after 8
months of operations when the turbine furled.

On 6 April 2012, after collecting turbine data for the acoustic noise test, grease was
applied on the spring and hinges of the furling mechanism to silence the squeaking. This
allowed us to acquire clean background data. The furling fin was completely engaged in
order to expose the furling components inside the side boom to allow complete
implementation of the lubricant. The manufacturer was informed of the noise.
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After operating almost 12 months, a rattling sound was detected coming from the
turbine’s nose cone. The noise was consistent with each rotation of the rotor, and was
more evident at low wind speeds than high. The nose cone was replaced with a new
one, but after 3 high windy months the rattling started again. No cracks or breaks on the
tabs of either nose cone were found. Some wear was noticed on the inside of the nose
cone that could possibly reduce the tight fit to the rotor (see Figure A1). During the post-
test inspection Cascade Engineering mentioned that the wear could possibly have been
cause by the bonding edge that was left when the rotor was manufactured.

7. Tear Down and Post-Test Inspection

The SWIFT turbine was taken down from site 3.1 on 27 June 2012 after NREL
completed all testing activities as part of the independent testing project. A tear-down
inspection was performed as a part of the duration test. The post-test inspection was
performed on 24 July 2012 with the assistance of a Cascade Engineering
representative. No significant wear or damage was found. This section describes that
tear-down inspection.

7.1. Nose Cone
The nose cone had some wear inside that caused it to rattle with every rotation of the
rotor (see Figure A1). According to Cascade Engineering, the wear could have been
caused by the bonding edge left when the rotor was manufactured.

7.2. Rotor
The rotor did not show any cracks or signs of damage. The rotor’s glace coatings were
worn out and felt somewhat rough due to exposure to the environment. No power
degradation was observed for the duration of the test. The fastening nut torque was
verified before removal and it was found to be at the manufacturer’'s recommended
specifications.

7.3. Blades
No cracks were found when all five blades and outer ring were visually inspected.

7.4. Nacelle

The nacelle was in good condition. Some small paint chips were noticed on the top and
on the side boom mountings (see Figure A2 and Figure A3).

7.5. Furling Assembly
Both tail fins were inspected visually and only some small paint chips—no cracks—were
found. Grease applied by NREL inside the side boom left several grease spots. The
grease was applied to the furling mechanism to silence the squeaking so that clean
background data could be collected for the acoustic noise analysis (see Figure A4
through Figure A6). The furling booms did not have any cracks or signs of wear.
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7.6. Generator
The turbine had a dynamic break that worked by shorting the generator windings. This
was confirmed during the post-test inspection by rotating the rotor and observing a
pulsating resistance. The generator itself could not be inspected because the nacelle
could not be disassembled. The strong magnets in the generator made disassembly
dangerous, and without proper reassembly the SWIFT turbine would be unusable for a
future installation.

7.7. Inverter
The inverter was opened and inspected for any discoloration, loose wires, etc. Nothing
out of the norm was observed.

7.8. Yaw System
The yaw bearing was manually tested before the turbine was removed from the tower. It
was observed to rotate smoothly, and that there was no play in the bearing. All bolts for
the yaw positioning clamp that connected the turbine to the tower were verified and had
the manufacturer-recommended torque amount.

7.9. Tower
The welds and bolts on the tower were visually inspected. No abnormalities or cracks
were observed.

7.10. Foundation
The foundation and anchors were visually inspected and no abnormalities or cracks
were observed.

8. Uncertainty
The uncertainty is estimated for the following parameters:

e Hours of power production
e Operational time fraction
e Highest instantaneous wind speed.

No uncertainty analysis was done for the power degradation results. These results were
used only to find relative trends that may have indicated hidden faults in the turbine.

8.1. Hours of Power Production
It was assumed that the turbine was producing power for the entire 10-minute period
whenever the average power for that period was positive. This method overestimated
time for power production in wind speeds between 4 and 6 m/s. At these wind speeds
the turbine may have been producing power for about half the time recorded by NREL.

At higher wind speeds, this method continued to overestimate time for power production
but to a smaller amount. NREL estimated that the reported time of power production in
wind speeds greater than 0 m/s was 20% less than calculated.
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However, the turbine continued to run through 27 June 2012 with no problems until it
was decommissioned. Thus, NREL is confident that it achieved the 2,500 hours required
by the standard.

For the hours of power production above 10.2 and 15.3 m/s, the uncertainty in the wind
speed was assumed to be the dominant factor. Assuming an uncertainty in wind speed
of 0.3 m/s, the hours of power production decreased to 494 (above 10.5m/s) and 100
(above 15.6 m/s), which is still well in excess of the 250 and 25 hours required.

8.2. Operational Time Fraction
The daily 5-minute inverter checks where labeled non-operational (Ty) for the entire 10-
minute period, resulting in an overestimation. This means that the 96.4% was the lower
bound of the operational time fraction, still above the minimum requirement of 90%.

8.3. Highest Instantaneous Wind Speed
The uncertainties in the wind speed measurements were 0.0179 m/s calibration
uncertainty, 0.052 m/s + 0.52% operational characteristics, 1% mounting effects, and 2%
terrain effects. For the maximum instantaneous gust of 42.0 m/s, the uncertainty was
0.98 m/s.

9. Deviations and Exceptions

9.1. Deviations from the Standard
There were no deviations from the Standard.

9.2. Deviations from Quality Assurance
The power transducer, wind vane, pressure, and temperature sensor were used beyond
the calibration due date. The power transducer, pressure, and temperature sensor were
calibrated post-test and found to be in compliance within the specifications. The initial
wind vane was not post-calibrated before sending it out for refurbishing. The wind
direction was not a required signal for the duration testing so it was not necessary to
introduce any uncertainty to the duration analysis of the turbine. The initial power
measuring data acquisition module failed its post-test calibration. The calibration agency
reported that no signal output could be read for that channel as specified in the post-
calibration report. An investigation was performed on the data acquired but there were
no indications that the module failed during the test. The power reading versus wind
speed relationship between both modules stayed consistent throughout the test as seen
in Figure 5. When the module was returned from calibration some loose parts could be
heard that were not present before being sent out. It was concluded that damage may
have occurred during shipping. The calibration sheets of the post-test calibration are
also inserted in Appendix B.
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A. Appendix - Pictures of Post-Test Inspection

Figure A1. Wear marks inside the nose cone
Source: NREL 2012

==

Figure A2. Paint chips on the back of the nacelle
Source: NREL 2012
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Figure A3. Paint chips on the side mounts of the nacelle
Source: NREL 2012

Figure A4. Inside side furling boom (grease residue from NREL’s application)
Source: NREL 2012
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Figure A5. Furling fin stained with grease residue (NREL applied the grease)
Source: NREL 2012
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Figure A6. Paint chip on side fin
Source: NREL 2012
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Figure A7. SWIFT rotor with nose cone removed
Source: NREL 2012
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B. Appendix - Equipment Calibration Sheets

Power

Branch #: 5000

NREL METROLOGY LABORATORY

Test Report
Test Instrument: Phaser Power Transducer DOE #: 03503C
Model # . Phaser-5-485-44 20 SN : 04607
Calibration Date: 10/20/2010 Due Date: 10/20/2012
s

A. Set-Up for Power Calibration:

A.1. Voltage is applied to phases A&B =120 V @ 60 Hz.

A.2. Current is applied to phases A&B.

A.3. Analog Output-1 is measured across precision resistor = 250 ().

Calibrator Output Transducer Input/Output
Curvent P;."Jf‘;r CISIE:::\t Inpztitnf'\?rl\rer Analog10utput-
(AAC) (W) (AAC) (W) (vDC)
9 -2160 N/A N/A 997
8 -1920 : : 1.078
6 -1440 $ # 1.557
-4 -960 . : 2.037
2 -480 " s 2516
-1 -240 s 8 2.754
0 0 : 4 2.994
1 240 ¢ ¢ 3.234
2 480 : . 3.473
4 960 ’ . 3.953
6 1440 ' - 4.432
8 1920 ‘ - 4.911
9 2160 ’ . 4.991

Page 1 of 3

Figure B1: Power transducer calibration sheet |,
installed 20 October 2010 to 24 October 2011
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B. Set-Up for Power Factor Calibration:
B.1. Voltage @120VAC and Current @ 4A @ 60Hz
B.2. Analog Output-2 is measured across precision resistor = 250 ().

Calibrator Output
Analog Output-2
ﬁﬂ:g’;t Power Factor (Vo)
4 1 4.894
I 4 0.75 3.990
4 2.990
4 1.990
4 1.010

. Set-Up for Total Harmonic Distortion (THD) Calibration:
Voltage & Current are applied as A.1 & A.2.

c

C.1.

C.2. Analog Output-3 is set for Current THD

C.3. Analog Output-3 is measured across precision resistor = 250 Q.

Current THD (%) Analog Output-3 (VDC)
0 .999
10 1.395
I 20 1.796

30 2.191

Set-Up for A to B Voltage Measurement:
Voltage is applied as listed below @ 60Hz
Analog Output-4 is measured across pracision resistor = 250 (0.

D.
D.A1.
D.3.

Calibrator Output Analog Output-4 (VDC)
oV 2.996
80V 3.611
160V 4,226
I 240V 4.680

Page 2 of 3
Figure B2: Power transducer calibration sheet ll,
installed 20 October 2010 to 24 October 2011
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Notes:
- Calibration was performed using instruments that are traceable to NIST, DOE# 126410

and 01886C.

»1 C‘?Ilbratlm was performed at temperature = 24 °C, + 1 °C, and relative humidity =45%, +
0.

- Uncertainty of nominal values is + 0.15% of reading.
Calibrated By: P. Morse Approved By : Reda
Date: 10/20/2010 Date: 10/20/2010

NWTC Instrument Calibrations, Phaser-5-485-4A 20 Power Transducer
s/n 04607, Output #1: Real Power 10 Oct 10 JTH

y = 1001.86278560x - 3000.03257312
1800 R® = 0.99999982

-1700

05 1 15 2 25 3 35 4 45 5 55
Analog Output 1 (VDC)

Figure B3: Power transducer calibration sheet lli,
installed 20 October 2010 to 24 October 2011
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Branch #: 5000

Test Instrument:

Model #:

Calibration Date:

NREL METROLOGY LABORATORY

TEST REPORT

Phaser Power Transducer

Phaser-5-485-4A20

7/20/2012

DOE #:

S/N:

Date Due:

Page 1 of 2

03503C
04607

7/20/2013

Test No. Function Tested Nominatingut Measured Output at 250 Ohm (DCV) { ) Mfr Specs
As Found | As Left (X)Data Only
1. Analog Output 1: Power in Watt applied to Phase A&B with 120V @ 60 Hz
-1920 1078
-1440 1.557
-960 2.037
-480 2.516
0 2.994
480 3.473
960 3.953
1440 4.432
1920 4.911
2. Analog Output 2: Power Factor at 960 W @ A&B with 120V @ &0 Hz
1 4.994
0.75 3.99
0.5 2.99
0.25 1.89
0 1.005
3. Analog Output 3: THD for current in % at 960 W @ A&B with 120V @ 60 Hz
0 0.999
10 1.385
20 1.796
30 2.195
40 2.599
50 3.001
60 3.399
70 3.793
4. Analog Output 4: Voltage in volts between A&B @ 60 Hz
0 2.996
80 3.611
160 4.226
240 4.682

Figure B4: Power transducer calibration sheet I, installed 8 November 2011 to 18 July 2011
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Branch #: 5000

Page 2 of 2

Motes:

- Calibration was performed using instruments that are traceable to NIST: DOE# 126410 and 01886C
- Calibration was performed at a temperature of 23°C and Relative Humidity of 39%
- Expanded uncertainity of the nominal value is + 0.15% of Reading, with k=2

Calibrated By: Reda Approved By: Preston
Date: 7/20/2012 Date: 7/20/2012

NWTC Instrument Calibrations, Phaser-5-485-4A 20 Power Transducer
s/n 04607, Qutput #1: Real Power 7 Nov 11

2500

2000
y =1001.67631958x -2999.31401006

1500 R*=0.99999980

1000

500

=

Input Power (V)

-500

-1000

-1500

-2000

-2500

0 1 2 3 4 5
Analog Output 1 (VDC)

Figure B5: Power transducer calibration sheet ll,
installed 8 November 2011 to 18 July 2011

Page 30 of 52

Residuals (W)



Wind Speed

Svend Ole Hansen ApS ENGREERNG
SCT, JORGENS ALLE 7 - DK-1615 KOBENHAVN V - DENMARK FLUID

TEL: (+45] 33 25 38 38 « FAX: («45) 33 25 38 39 - WWW.SOHANSEN DK DYNAMICS
CERTIFICATE FOR CALIBRATION OF CUP ANEMOMETER

Date of issue: June |5, 2009
Serial number: 609005

Certificate number: 09.02.3130
Type: Thies 43151, 10.000
Manufacturer: ADOLF THIES GmbH & Co KG. Hauptstrasse 76, 37083 Gottingen, Germany
Client: Sky Power Int’l LLC, 250 Sawdust Road, 29657-8521 Liberiy SC, USA

Anemometer calibrated: June 13, 2009
Calibration procedure: IEC 61400-12-1, MEASNET

Anemometer received: June 11, 2009
Calibrated by: jj

Certificate prepared and approved by: Calibration engineer, soh & ' VoA

S P ~

Calibration equation obtained: v [m/s] = 0.04629 - f [Hz] + 0.22635
Standard uncertainty, slope: 0.00130 Standard uncertainty, offset: 0.05529
Covariance: -0.0000008 (m/s)/Hz

Absolute maximum deviation: -0,031 m/s at 3.085 m/s

Coefficicnt of correlation: p= 0999441

Barometric pressure: 10050 hPa

Relative humidity: 24.1%

Succcssion Velocity Temperature in Wind Frequency, Deviation, Uncertainty
pressure, . wind tunnel  control room  velocity, v. E d. u, (k=2)
o [Pa] [c) [°C] imisl  [Hz] [ms] [ms]
= 9.06 322 234 3985 R1.8R14 -0.031 0029
4 13.97 3240 233 4.946 101.9395 0.001 0.033
6 20.07 319 253 5.927 123.1528 0.000 038
8 27.33 IR 233 6.916 1443130 0009 (0.044
10 15,69 3.7 233 7.90 165.9900 -0.009 0.049
12 45.23 317 12 A.R93 1R6.9321 0.014 0.055
13-last 56.17 il6 23.2 9.910 2086317 0.027 D062
I 67.93 13 23.2 10.900 2303216 0012 (LO&ER
9 80.42 IR 233 11.861 251 2567 0004 0,074
i G94.41 3le 233 12.854 2724533 0.016 0080
5 109 58 320 33 13.851 204 3903 -0.003 0.086
3 12570 za 233 14.837 316.0953 -0.021 0,082
o 1-first 142 .50 izA4 234 15.821 137 2985 =0.018 0.0Gs
20 _ 18}
— - 3
R *Xﬁx £
431 ] £ 00- "‘x”x""‘,\
2 -4 ] ] = e
=7 i A
o o e =1 T T HJ).]——I"I_I -1 Tt T
L] N | 270 kN 0 W 1 270 3hi
Frequency, f. [Hz] Frequency, f, [Hz]
Page | of 2

2 DANAK

AL Regnr 452

hrrrditatinn tn 150 1705 ==

Figure B6: Primary anemometer calibration sheet I,
installed 13 October 2010 to 7 April 2011
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Svend Ole Hansen ApS % e

ST, JORGENS ALLE 7« DK-1@1 6 KOBENHAVH v  DEMNMARK FLLID
TEL: |+45) 33 25 38 38 « FAX! |« 48} 33 26 38 29  WWW SOHANSEN.DK DY NANICS
CERTIFICATE FOR CALIBRATION OF CUP ANEMOMETER
Certifieste number: 09023131 Diate of sswe: June |5, 2009
Type: Thies 4.3351.10.000 Serial mamber: (60006

Manufacturer: ADOLE THIES GmbH & CoKG, Haupswrasse Te, 37083 Gottangen, Cenmany
Client: Sky Power Imt'l LLC, 250 Sawdust Road, 296578521 Liberty 50, USA

Ancmaometer received: June 11, 20600 Ao ter ealibrated: June 13, 2009
Calibrated h}-: i} Calbration Fm“d“r'.- IEC &1400-1 20, MEASNET
Certificate prepared and approved by: Calibration engineer, soh | ¢ . A

Calibration equation obtained: v [m/s] = 004630 « F[Hi] + 022962
Standard moce rlainty, shopae: 000126 Stanibard wncertminty, offset: 003660
Covarianee: -0, 0000007 (m/ =y FHz Cocfficient of correlilion: @ = 01 S00a]

Absolote maximum deviation: 0032 mis s 7901 mis

Barmmetric pressure: 10054 hfs Relative hmmi
Sucossion Vielecity Temperature in Wind Frequency, Deviation, Ulncertamy
pressure, 4, wind tunnel  control room velocity, v A d o, (k=2}
[Pa] ) °c) [rmis] [Hz] [mis] [mis]
) .0l 323 3.3 1978 81,5163 A0.027 (029
el 14,04 N 3.2 4,958 1021571 .002 O3
] 20,23 3o 3.2 5.950 1232218 0014 [ERIRE ]
] 2739 110 .2 69231 1448197 0013 0044
il 5T 3.8 P .01t 165 2051 0.032 [RRERT]
i2 4541 L 3.2 B0 1873624 LR ERT 0,056
13-lam S6. 18 1.7 131 9911 21977 (1006 (062
it 67.73 31.8 1.2 140, BB 2240 KRGS 0,000 0.04E
RiL51 3l 1.2 11865 2511191 00l 074
T 9407 20 23.2 1 2. R30 2723620 -l QRN
5 LG 321 2312 L3855 039411 al4 (LG
12549 322 b 14,825 156078 -G0S 0oa2
1-first 143 b 124 111 |5 818 1372206 -0.007 1048
o i
R ;r'""f E =
= o b b
=10 r...—“"rj — £ g ...’-‘-x e |
£ i i o :
= £
= - &
U T —rr T 0. e L T T T =TT
[§] Hi | &1} r i} 36k ] o LRI T 360
Freguency, I [Hz] Freguency, I [H7]
; E Page | ol2
E@f AL Mg nr 432
W ;

-
b

Augrediimiom i [H0

Figure B7: Primary anemometer calibration sheet |, installed 7 April 2011 to 27 June 2012
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DoOE s o436

WIND
Svend Ole Hansen ApS ENGINEEFING
SOT. JAAGEMES ALLE 7 - DK-1515 KOBEMHAVY v - DENMARK FLUID
TEL: (+45) 35 25 58 38 - FAX (+45) 3325 38 30 - WWW.SCHANSEN.DK DY NAMICS

CERTIFICATE FOR CALIBRATION OF CUP ANEMOMETER

Certificate numbers [2.02.6727 Drate of issue: August 24, 2012

Type: Thics 335 1.10.000 Serial number: Q609006

Manufacturer: ADOLE THILS Gmbll & Co. KU, Hauptstrasse 76, 37083 Gottingen, Germany
Client; Mational Renswable Ensigy Lab, 1617 Cole Boulevard, Gulden, Colorado 804H11-3383, T18A

Anemometer veceived: August 13, 212 Ancmometer calibrated: Augest 23, 2012
Calibrated by: nsj Calibration procedure: [EC 61400-12- |, MEASNET
Certificate prepared by: cu Approved by: Calibration engincer, ml

v . | |
Calibration equation obtained: v [uvs| ~ 0.04654 + I'[Elz] + 0.15404 lonls Lol |
Standavd uncertainty, slope: D.00114 Standard wcertainty, offset: 0.07713
Clovariance: -0 000006 (mis)7He Coefficicnt of corrclation: p= 01299993

Absolute maximum deviation: 0036 ms at 12,844 m's

Baremetric pressure; 100935 hia Relative humidity: 17.6%
Suceession Velociry ‘lemperature in Wind Frequency, Deviation. Uncerlamly
presaure, ¢ wind tunnel  control room velocity, 1 1 d. u (k-2)

— | P FE] 1°Cl [ms] [Hz] [m/s] [mis]
i 9.65 iza 255 4.112 B3, 1908 LN .ozl
4 14.04% 133 255 5119 1066331 ez 0,023
f L KXH| 254 073 127 4800 £.012 0.029
i 28.26 131 254 7.033 147.5747 0412 0.033
0 634 30 254 7477 1681495 -.003 0.037
12 4558 330 254 B.962 1481365 0003 0.042

13-last 56.70 329 254 9,963 210.552¢6 0.009 0.046
I 6846 130 254 10.948 23170626 f.007 0.051
b A0S0 e | 25.4 11.878 231.6408 0.012 0035
7 Gl 56 331 254 12.870 273.2034 00100 0.05¢
k] 104,38 332 254 13.544 2949135 L3R .64
] 12553 33 255 14823 315.59%) 0009 . 0068
1-first 141.94 336 25.5 15.780 3353141 1.020 0.073
2y 01

‘;‘ 15— = s E B

B _\x"r. = = % o R ]

5 Lt = xfk’ 5 [1KS = o
S T T AT i

i l. 1% ) 30 180 e k(]
Frequency, § 1] Freqpuency, 1 [He]
\\'“'Ilh’"ﬂr Papme Lol 2

SN ot =
iy et i WY A ARIAL
= ¥ DANAK
CAL Reponr, 452
Aeereditagion g [80 17025

Figure B8: Primary anemometer post test calibration sheet I,
installed 7 April 2011 to 27 June 2012
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Wind Direction

-“;:- NFRL notei e ste froe dstimmiers HWTT Testing Group
Wind Vane Calibration Report

Calibration Laboratory Cuslomer
Natioral Wind Technology Center - Cert. Team National Wind Technology Center - Cerhfication Team
Nataral Renewabie Energy Laboratory National Repewable Energy Labaratory
1817 Cole Boulevard 1617 Cole Boulevand
Golden, Colorado BO401 Galden, Colorado 80401

Calibratian Location: Calitration Date 6-Oet-10

Mational Wind Technalogy Centar
Room 107, NWTC Bldg 258

Raport Numbarn 1478101006 Pracedura
NWTG-CT: Clid Calibrate Wind Vane 091208 pdf
Page: 1ot 1
Dewiations from procedune Calibrated on 5V Range
Item Callbrated: Galibrated in Valts (mol my)
Manufaciurer MWet Ong Instruments, Inc
Model oz20c Results:
Serial Number U478 Slope: 71.2248  dog/V
Vane Material Alurmirum Offset te boom: 978 deg
Cendition Refurbished Max ermor: 05 deg
Estimated Uncertainty: Traceabity: Mg & Mode Senal Cal
Inclinometer Tatal Mumbes [Crate
Unoartalmty Uncanainty Inclinometer SPI-Tronic  31-038-3 2-5ep-11
(deg) {dea) altmeter HP 3458A 2823A05145  3-May-11
010 038
7
|~
I-,»-"’ [ s - s ;"- {2
Calibration by | / i [k
Jerry Hus L
360 - 1 0.6
i & .
300 | T 0.4
=] < .
-
g L. . ' EE ™
T 240 & =
€O
= - ‘ 0 B
m & —
£ 180 . i ) ®
] o
= - 0.2 3
2 120 | . P
3 . & | -0.4 @
@ : - .
= -
s 60 » 06
= .
0 - -0.8
0 1 2 d 4 5
Vane Output Voltage (V)
'Wane Cal wIATe v01005 Kise ® srintedd. {ns documeni may De pel o g Page 1ol |

Figure B9: Wind vane calibration sheet, installed 13 October 2010 to 25 October 2011
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Wind Vane Calibration Report

Calibration Labaralony: Customer:
Mational Wind Technology Ceanter - Cert. Team National Wind Technelogy Center - Cenlification Team
Mational Renewable Energy Laboratory Mational Renewable Energy Laboratory
1617 Cole Baulevard 1617 Cole Boulevard
Golden, Colerado 80401 Galden, Coloradn 80401
Calibration Location: Calibration Dale: 41-Oct-11
National Wing Technology Center
Cert Lab
Report Number. Wi5515-111011 Procedure
NWTC-CT: C104 Calibrate Wind Vane_081209 docx
Page: 1of 1
Deviations from procedure:
Hem Calibrated Cutput of Wind vare was s&1 for 5 Vaits incfinometer oul of calibrafion by 11
Manufaciurer Met One Instruments, Inc days Incinomeler was sent out for a past cal
Model 020c Results:
Sarial Numbar W5515 Slapa: 7196 degV
Vane Matesial Alurmirains Offsot to boom: 90.55 deg
Condition Refurbished Max arror; 090 deg
Estimated Uncertainty. Traceability: Mfy & Model Serial Cal
Inclingmeter Tatal Mumber Date
Uneartainty Unceriainty [nclinometer: Spi-Tronic  31-038-3 5-Oct-11
{deq) (deg) Voltmeter: HF 34584 2823A05145 15-Sep-11
0.10 051
)
/ -~
yl /,. / F i e
libration by; " 11-0et-11
Mark Murphy // Dale
360 . —— —
®
300 - 10
— - '
o Y - A
= -
= 240 —y n s P
£ a -
g s o &
< 180 |* o+ 4 T N
=]
‘§, L] . & & - & & E
E 120 24 . a8 i
@ ™ |
£ - <
> B0 = [ 4.0
L ]
0 EF
0 1 2 3 “ 5
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Figure B10: Wind vane calibration sheet, installed 25 October 2011 to 27 June 2012
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Pressure
Branch #: 5000 sheet: 1 of: 1

NREL METROLOGY LABORATORY

Test Report

Test Instrument: Pressure Transmitter DOE #: 03509C
Model # : PTB101B S/N : €1020014
Calibration Date: 08/10/2010' Due Date: 08/10/2011
Measured Output Voltage ( )Mfr. Specs.
No Function Nominal fvpc) OR
Tested value (X)Data only
(kpa) As Found As Left (mb)

. Absoclute Pressure

65 0.274
70 0.546
75 0.818
80 1.089
85 1.361
S0 1.633
95 1.5904
100 2.176

Notes:

1. Expanded Uncertainty of the nominal value is t 0.2 kPa, with k = 2.

2. Calibration was performed at 23°C and 40% RH.

3. Calibration was performed using standards that are traceable to NIST. DOE
numbers: 108685, 128120, and 02301C.

Calibrated By: P. Morse QA By: Bev
Date: 08/10/2010 Date: 08/10/2010

Figure B11: Pressure transducer calibration sheet,
installed 13 October 2010 to 25 October 2011
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Braanch #: 5000

Taat Instrumant:

Modal # r PTRiGI1B

Calibration Date:

131/186/2011

Preagsaurs Trapsmittess

Report

ahast: 1 of: 1

NREL. METROLOGY LABORATORY

DORE #: 035089C

s/

¢ CIp20014

Dua Date: 11./18/2012

Maasurad Cutput Voltags

 lMfyr. Spegs.

Na Function Nominal {voc ) oR
Taxtad Valus {Xx)Data oaly
(kPa) Amx Found As Lerft imh ]
- Absclute Prassure
&5 o.269 j
70 0.541
| 75 2.813
L_ 80 1.085
a5 1.387 |
20 1.529 __l
95 1.901 1
lag 2.173

Notsg:

1. Expanded ncertainty of the nominal values is + §.7 kPa,
2, Calibration was performed at 23°C and 42% EN.

3. Calibration was performed vaing standards that are traceable to NIST. DOE
and 02301C.

numkbars: 108685,

128120,

with k = 2.

-

Calibrated By: F. Morse

Date; I11/1672011

Approved RBy: Roda

Date:

Figure B12: Pressure transducer post-test calibration sheet,

installed 13 October 2010 to 25 October 2011
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Branch # 5000 sheet: 1 of: 1

NREL METROLOGY LABORATORY

Test Report
Test Instrument: Prassure Transmitter DOE #: 03511C
Model # : PTB101B SiN : C1040008
Calibration Date: 09/27/2011 Due Date: 09/27/2012
Funection MNominal Measured Qutput Voltage ( IMfr. Specs.
N Tested Value (VDC) OR
¢ i As Found As Left (X)Data only
2 Absolute Pressure
65 0.270
70 0.843
75 0.814
80 1.086
85 1.357
90 1.629
95 1.801
100 2.173
103 2.337

MNotes:

1. Expanded Uncertainty of the nominal value is + 0.2 kPa, with k = 2,

2. Calibration was performed at 23°C and 43% RH.

3. Calibration was performed using standards that are traceable to NIST. DOE numbers: 02301C and 128120.

Calibrated By: P. Morse Approved By: Reda
Date: 09/27/2011 Date: 08/27/2011

Figure B13: Pressure transducer calibration sheet,
installed 25 October 2011 to 27 June 2012
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Temperature

Brapch #: 5000 sheat: 1 of:r

NREL METROLOZY LABORATORY

Tagt Reapoart
Test Instrument: RID-Probe DoE #: PIS0EC

Modal & : TENDINDON BSN : OEFIEST

Calibration Date: 11/5708/2011

Due Datwe: 1170872012

Meagured Values { IMfr. Bpacs.
Mo Funet ian Nominal {51l OR
Testad Valus fX}Data only
f=c) MAF AS
Feriered Lafk
L Temperature : -15 94.118
-10 BE. 07
=] 59, 5988
Ia 103.887
15 105.842
30 111.867
Netag :

- Calibration was performed using instruments that are traceable to
NIST. DOE#a 124272, 1086503, and 108804.

- Calibration was parformed at temparatura = 23 "C and ralative
humidiey = 43.

- Unocerctainty of Nomimal Values = & 0.03

"C, k = 2.

Calibhrated By: P. Moraes

Approwved By: Reda
Date: 11/08/2011 Date: 11/08/20311

Figure B14: RTD-probe calibration sheet,
installed 13 October 2010 to 25 October 2012
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Branch #: 5000

Page 10f 1
NREL METROLOGY LABORATORY
TEST REPORT
Test Instrument: RTD DOE #: 03465C
Madel #: T2004 SIN: 0603-1
Calibration Date: 7/20/2012 Date Due: 7/20,/2013
— Firction Tested Applied Value Measured Values ((1) { ) Mfr Specs
(°C) As Found As Left (X)Data Only
1:
Temperature ~15 94.126
0 100.025
15 105.892
30 111.724
Notes: -

- Calibration was performed using instruments that are traceable to NIST. DOE# 124272, 108603, 108604.
- Calibration was performed at a temperature of 23°C and Relative Humidity of 41%
- Uncertainty of Nominal Values = + 0.02°C, k = 2.

Calibrated By: Reda

Date:

7/20/2012

Approved By: Preston

Date:

Figure B15: RTD-Probe calibration sheet,
installed 25 October 2011 to 27 June 2012
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DAS

Certificate of Calibration

Davis‘talibration WA
CALIBRATION 4111865

Cenificate Page 1 of |
Instrument Identification
Company ID: 120205 PO Number: CC-BEVERLY KAY

NREL

METROLOGY LAB / BEV KAY
16253 DENVER WEST PARKWAY
GOLDEN, CO, 80401

Instrument ID: 04074C Model Number: NI 9229
Manufacturer: NATIONAL INSTRUMENTS Serial Number: 140A596
Description: 4-CHANNEL, 60 V, 24-BIT SIMULTANEOUS ANALOG INPUT

Accuracy: Mfr Specifications

Certificate Information

Reason For Service: CALIBRATION Technician: COREY CLAXTON
Type of Cal: ACCREDITED 17025 WITH UNCERTAINTIES Cal Date 29Apr2010
As Found Condition: IN TOLERAMCE Cal Due Date: 29Apr2011
As Left Condition: LEFT AS FOUND Interval: 12 MONTHS
Procedure: NATIONAL INSTRUMENTS CAL EXECUTIVE REV 3.3.2 Temperature: 23.0 C

Humidity: 58.0 %
Remarks: CALIBRATED WITH DATA, REFER TO ATTACHED DATA FOR BEFORE AND AFTER READINGS.

The inxtrumem on this certificarion s been calibroied agains standards sraceable to the National Insriiue of Standardys and Technology (NIST) or other recogmized
matiswr] metrofogy msiines, derived from ralie frpe mensaremendy, or compared o asionally or iaermationally recognized oraensis standareds
A best umceriainty ratio (T.U-R ) of 4:1 [K=2, approx. 95% Confidencs Level] s mafntained snless stherwise saed
Dharvis Calibeation Lahoratory (5 cerviffed i 150 9001 2008 by Eagle Regtaraions (certificne # 3046), Lah Operations meet the reguirensents of
ANSINCSE Z540.1- 1934 (R2002), IS0 1001 2. 20003, JKCFRE0 Appac, and TCFRIT
ISCNEC | 2r25-200% wccreddiied calibwatons are per ACLASS cervificare # AC-1I87 widhin the scope for wiich the lab is acoredired.
When uncerusinty measarement calcudarions have been caloulated per cestemer reguest, repuried conaivion siatements do rot ke ke esaun uneeridnty of measie emens

Al resalts contained within this certificution relaie oaly lo bemi's) calibraied. Auy anber of faciors may cawse the calibrasion item o drift ow of calibradon before the
instrument’s calibration interval has expired

This certificuie shall not be reproduced crcept i full, withowut writien consent of Dervis Califrasion Laborasory

Approved By: GOREY CLAXTON
Senvice Representative

Calibration Standards

MIST Traceable# Inst. 1D# Description Mode! Cal Date Date Due
AD4TBIE 15-0048 MULTIFUNCTION CALIBRATOR 57004 OFApra010 OBJul2010

Davis Calibration « 2324 Ridgepoint Drive, Suite D = Austin, TX 78754 « Phone: 800-365-0147 + Fax: 512-926-8450

Figure B16: NI 9229 data acquisition module calibration sheet |,
installed 20 October 2010 to 7 April 2011
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of Calibration

Certificate
ACLASS W
CALIBRATION 4111821

Certificate  Page | of 1

Davis‘(alibration

Instrument Identification
Company ID: 120205 PO Number: CC-BEVERLY KAY
NREL
METROLOGY LAB | BEV KAY
16253 DENVER WEST PARKWAY
GOLDEN, CO, 80401

Instrument ID: 04072C Model Number: NI 9217
Manufacturer: NATIONAL INSTRUMENTS Serial Number: 140DCB9
Description: 4-CH 100 OHM 24-BIT RTD ANALOG INPUT

Accuracy. Mir, Specifications

Certificate Information
Technician: COREY CLAXTON

Cal Date 29Apr2010

Cal Due Date: 29Apr2011
Interval: 12 MONTHS

Temperature: 23.0 C
Humidity: 58.0 %

CALIBRATED WITH DATA, REFER TO ATTACHED DATA FOR BEFORE AND AFTER READINGS.

Reason For Service: CALIBRATION
Type of Cal: ACCREDITED 17025 WITH UNCERTAINTIES
As Found Condition: IN TOLERANCE
As Left Condition: LEFT AS FOUND
Procedure: NATIONAL INSTRUMENTS CAL EXECUTIVE REV 3.3.2

Remarks:

The instrument on this certiffcation has been calfbrared agains standords reoceable w0 the Narional fretite of Stendards and Techaology (INIST or other recogrized

nutticmtl metrology institutes, derived from raliz fype measmrements, or compared ie nationally ar inferaaienally recogaized consersis supndards
A test wncerraingy ratio (UR) of 4:0 [K=2, approx. 95% Confidence Level] way maineined unfess oohernive staned

Davia Calivaion Laboratary is certified o 150 90012008 by Eagle Registrations (cerificaie # 460, Lab Cpeeations meet the requiremens of
ANSHNGSL #S40-5-1004 (RAZ). ISE) 1001 2: 3003, TOCFRSO A pgeel, and 10CFR21

ISOIIEC 170052005 sccredited catibrasions are per ACTASS certificate # AC-1187 within the scope far wihich the fab s acerodited
eondition sieriementy do ot dake inic secount uncerizinty af measerement

When uncertsingy measursment colenlnisns huve been suleulited per customer reguest, report
All resulis comvained witkin thiv cernificanon refare saly o iesish calibrated. Any manber of factors may canse the calibrarion esy 1o delft our of callbvinion before the
inxirument's calibration imterval has expired

This cevrificate ghall nat be reprodced except in fill, without writien corsent of Davis Calibration Laborsiary,

Approved By: COREY CLAXTON
Servica Represantative

Calibration Standards
Maodel Cal Date Date Due

MIST Traceable# Inst. |D# Description
4085286 15-0060 DIGITAL MULTIMETER (GOLDEN CAL)

34584 OPT 002 15Apratio 14Jul2010

Figure B17: NI 9217 data acquisition module calibration sheet I,
installed 20 October 2010 to 7 April 2011
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ACLASS Certificate of Calibration

[ NTERE AR A
4111826

Centificale Page 1 of |

Davis|Calibration

Instrument Identification
Company ID: 120205 PO Number: CC-BEVERLY KAY

NREL

METROLOGY LAB | BEV KAY
16253 DENVER WEST PARKWAY
GOLDEN, CO, 80401

Instrument |ID: 04071C Model Number: NI 9205

Manufacturer: NATIONAL INSTRUMENTS Serial Number: 140E2BD
Description: 32-CH =200 MV TO =10V, 16-BIT, 250 KS/S ANALOG INPUT MODULE

Accuracy: Mir Specifications

Certificate Information

Reason For Service: CALIBRATION Technician: COREY CLAXTON
Type of Cal: ACCREDITED 17025 WITH UNCERTAINTIES Cal Date 29Apr2010
As Found Condition: IN TOLERANCE Cal Due Date: 29Apr2011
As Left Condition: LEFT AS FOUND Interval: 12 MONTHS

Procedure: NATIONAL INSTRUMENTS CAL EXECUTIVE REV 3.3.2 Temperature: 23.0 C
Humidity: 58.0 %

Remarks: CALIBRATED WITH DATA, REFER TO ATTACHED DATA FOR BEFORE AND AFTER READINGS

The irstrament o this certificanion has been colibrared against standards traceeble i the Narione! fosrine of Standwrds and Technology (NIST) or other recagnized

uticinal metroingy instilides. derived from raiio ype metsmrements, o compred o nationally or inernationally recoynized crasens sanderds.
A fest uncrtwinty i (T LR of 4:1 [K=2, approx. 95% Comfidence Levelf was mainined untess oderwise saod

Thaviy Calibratios Laborarary is cerified wo IS0 9007 508 by Eagle Reginvrations icerificate ¢ 3061 Lab Operanions meet dhe reguirements of
ANSHNCEL E540-T-1999 (ENW0T), 150 NN 22003, I0CFRS0 Appxh, and TOCFRIT.

ISOUEE 170252005 accredited calitrations are per ACLASS rertificate # AC-1 187 within the scope for which the lab is scrresiied
iaon sictements dis ot ke imio Gocound eRceRI of mEEEremen.

Wik wmcermatnny measurement calculmions hove been cafcilaied per cusomer reguest, reposted co
ANl resmlts comiained within thix ceriification relate andy to itemis) calibraied Any number of factors sy cause the calibration fem o deifl ont of calibration before the
Irvirament's colibvation fneervd oy expined.

Theis cernificate siall nod he reprodicced exceps in fall, withow writhon comsenr of Draviy Calthrarion Labonsory

Approved By: COREY CLAXTON
Service Representative

Calibration Standards

MNIST Traceable# inst. ID¥ Description Madel Cal Date Date Due

4047816 15-0048 MULTIFUNCTION CALIBRATOR ST00A OFApr2010 06Jui2010

Davis Calibration » 2324 Ridgepoint Drive, Suite D « Austin, TX 78754 « Phone: B00-365-0147 « Fax: 512-926-8450

Figure B18: NI 9205 data acquisition module calibration sheet |,
installed 20 October 2010 to 7 April 2011
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_sT00! 45576
Maintenance Record

Tektronix [T

Service Solutions CALIBRATION 5557968

AC-1187

Cermificale Page | of |
Instrument Identification
Company ID: 000031 PO Number: FIFO
TEKTRONIX-DENVER
Andrew Beckerdite

8020 SOUTHPARK CIRCLE

SUITE 300

LITTLETON, CO 80120
Instrument 1D: 51-2050769 Model Mumber: NI 8229
Manufacturer: NATIONAL INSTRUMENTS Serial Number: 140A596

Description: 4-CHANNEL, =60 V, 24-BIT SIMULTANEOUS ANALOG INPUT
Accuracy: Mir Specifications

Certificate Information

Reason For Service: CALIBRATION Technician: COREY CLAXTON
Type of Cal: ACCREDITED 17025 WITH UNCERTAINTIES Service Date 100ct2011
As Found Condition: FUNCTIONAL FAILURE
As Left Condition: LEFT AS FOUND Interval: 12 MONTHS
Procedure: NATIOMAL INSTRUMENTS CAL EXECUTIVE 3.4.1 Temperature: 23.0 C

Humidity: 39.0 %
Remarks: Uni failed calibration on channel aid. Opened unit and found that input transfromers on all channels have been iifted from
circui beard and are hanging by the circuit traces. Unit needs lo be sent lo National Instruments for repair.

Tektronix Service Solutions certifies the performance of this instrument has been verified using equipment of known
accuracy which are traceable to National Metrology Institutes (NIST, NPL, PTB) which are traceable to the International
System of Units (SI), derived from ratio type measurements, compared to reference materials or recognized consensus
standards. The policies and procedures used comply with 1S017025:2005.

Reported uncertainties represent expanded uncertainties expressed at approximately the 95% confidence level using a
coverage of k=2. The certificate and associated attachments relate only to the metrological quantities presented in this
report. No representation is made about the long term stability of this unit; any number of factors may influence the
calibration that may cause the unit to drift out of specification before the calibration interval has expired.

This certificate shall not be reproduced, except in full, without the written consent of Tektronix Service Solutions.

Approved By: COREY CLAXTON
Service Representative

Calibration Standards
MIST Traceable# Inst, 1D# Description Manufacturer Model Cal Date Date Due
E3eTI2 150271 MULTIFUNCTION CALIBRATOR FLUKE ST00A 21Jul2011 180ct2011

2324 Ridgepoint Drive, Suite D « Austin, TX 78754 + Phone: 800-365-0147 » Fax: 512-926-8450

Figure B19: NI 9229 data acquisition module post-test calibration sheet I,
installed 20 October 2010 to 7 April 2011
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Certificate of Calibration

(AN
4976419

Cenificate Page | of |

Tekironix

Sarvice Solutions

ACLASS

Lot rovrmveat Todeniificatin

Company ID: 600168 PO Number: CC-BKAY
MATIOMAL REMEWABLE ENERGY LABORATORY

16253 DENVER WEST PARKWAY
GOLDEN , CO 80401

Instrument ID: 044749C Model Mumber; NI 9217
Marnufacturer: NATIONAL INSTRUMENTS Serial Mumher: 1494FE0
Description: 4-CH 100 OHM 24-BIT RTD ANALDG INPUT

Accuracy: Mir. Specifications

Coviifbeate dnformwlian
Reason For Service: CALIBRATION Technician: WAYMNE GETCHELL
Type of Call ACCREDITED 17025 Cal Date 22Mar2011
A& Faund Condition” 1N TOLERANCE Cal Due Date: 22Mar2012
As Left Condition: LEFT AS FOUND Interval: 12 MONTHS
Pracedure: MATIONAL INSTRUMENTS CAL EXECUTIVE 3.4 Temperature: 23.0 C

Humidity: 47.0 %

Remarks: Sefareres sitgched Calbralon Chala

TRV e uibher reciined

Fonurerrm i
o imukene sheewin it

T M e

i b o) e Ll o AN AT

T e gawee W ceibrtine e 6 T ol of caliiresion fefure ke
vl dn eapived

Tl corifiome madl ani e seprsinend W7, il e et o Tekvasic Servioe Solwdens

Apprevad By WAYNE GETCHELL
Sarvice Representalive

€ nlibrration Siond

_[\:I'.:i‘[ Traceablad Insl, ID% Dascriplion Modal Cal Data Ceate Duis
A5aT4FE 150020 DECADE RESISTOR 1433-F 2802010 280ck2011
4976243 Atd4598 Ddan 3anss, ZAdaY2010 Fafayd0t

2324 Ridgepoint Drive, Suite D = Austin, TX 78754 = Phone: 800-365-0147 » Fax: 512-026-8450

Figure B20: NI 9217 data acquisition module post-test calibration sheet I,
installed 20 October 2010 to 7 April 2011

Page 45 of 52



Certificate of Calibration

LR T
4976401

Cepilicare Page | of

Tektronix

Sarvice Solutions

Tonstrument ldeniification
Company 1D: 600168 PO Number: CO-BHAY
NATIOMNAL RENEVWABLE ENERGY LABORATORY

16253 DENVER WEST PARKWAY
GOLDEN . CO 80401

Instrument ID: 04170C Model Mumbar: NI 9208
Manufacturer: NATIONAL INSTRUMENTS Sarial Number: 1496266
Description’ 32-CH £200 MY TO 210 Y, 16-BIT, 250 KS/S ANALDG INPUT MODULE

Accuracy: Mfr Specifications

LT cabie bbbl aan

Reason For Service; CALIBRATION Techniciar: WAYNE GETCHELL
Type of Cal! ACCREDITED 17025 Cal Date 22Mar2011
As Found Condition: [N TOLERANCE Cal Due Date: 220Mar2012

Az Lefl Condition: LEFT AS FOUND Interval: 12 MONTHS

Procedure: NATIOMAL INSTRUMENTS CAL EXECUTIVE 3.4 Temperafure: 23.0 C
Humidily: 47.0 %

Ramarks, Fofemice affoched Cabbrahon Do

Approved By: WAYNE GETCHELL
Service Reprasanialiva

€ alilveation Standarels

MIST Traceablof Inist. 10# Descriplion Mods| Cal Data _Date Due

ARIFEIE i5-0048 MULTIFUMRCTION CALIBRATOR ETO0A R DAsAay207 1

2324 Ridgepaint Drive, Suite D » Austin, TX 78754 - Phone B00-365-0147 « Fax: 512-826-8450

Figure B21: NI 9205 data acquisition module post-test calibration sheet I,
installed 20 October 2010 to 7 April 2011
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Certificate of Calibration

Tektronix - O

Samvice Solutions aaLmRATIIN 4976433

Certilkeme Pape | ol |

Fastrvmicin ilemiitication
Company I0: 600168 PO Number: CC-BEAY
NATIOMAL RENEWABLE ENERGY LABORATORY

16253 DENVER WEST PARKWAY
GOLDEN , CO BO401

Instrurment 1D 04169C Maodal Mumber: Ml 9229
Manufacturer MATIOMAL INSTRUMENTS Serlal Mumber: 14A34EE
Description. 4-CHANNEL, £60 V, 24-BIT SIMULTANECUS ANALOG INPUT

Accuracy. Mir Specificationa

i filicule lolormsation
CALIBRATION Technician: WAYNE GETCHELL
Cal Date 22Mar2011

Reason For Service:
Type of Cal: ACCREDITED 17025

As Found Condition: [N TOLERANCE Cal Oue Date: 22Mar2012
As Left Condition; LEFT AS FOUND Interval: 12 MONTHS
Procedure: MATIONAL INSTRUMENTS CAL EXECUTIVE 3.4 Temperature: 23.0 C

Humidity: 470 %
Remarks; FRefarencs attacked Calivaran Data

et VST i oalan repapmiarnd

et aunie ket trncesble ds e Vil
ks cumserng sakeni

o JLIUTY AR 11 IR PRI, - s (e st

ArEX BrivesamtalE Fat (T 0 . WA Eagiideane Ly

Toddrnuir Serve S ¢ i sqpuivaten

MR Apeerll sl JTERE )

M wuabin e senge i wiioh e nirdoaiad

Wieu it naky iRt of Mo T

By e

et cntli e ey 0 et i e et i

Flr cerfifteary ahall son fer neperodiore Tt Seerior Sofittions

Approved By WAYNE GETGHELL
Sarvica Representative

Clalibration Standards

MIST Traceahlas st 1D Crascription Pbodel Cal Drate Date Due
ARIT2IS 15-0048 MULTIFLINCTION CALIBRATOR BI00A DFFeb201  OdMay20

2324 Ridgepoint Drive, Suite D ~ Austin, TX 78754 = Phone: BOO-365-0147 - Fax: 512-826-8450

Figure B22: NI 9229 data acquisition module calibration sheet I,
installed 7 April 2011to 27 June 2012
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Certificate of Calibration

LT
4976419

Cumificare Pago [ ol |

Tekironix

Sarvice Solutions

Company ID: 600168 PO Number: CC-BKAY
MATIONAL RENEWABLE ENERGY LABORATORY

16253 DENVER WEST PARKWAY
GOLDEN | CO 80401

Instrument 1ID: 041710 Model Mumbar; Nl Q217
Manufacturer: MATIONAL INSTRUMENTS Serial Number: 1494F6d
Deseription: 4-CH 100 OHM 24-BIT RTD ANALOG INPUT

Accuracy: Mir. Specifications

Reason For Sarvice: CALIBRATION Technician: WAYNE GETCHELL
Type of Cal: ACCREDITED 17025 Cal Date 22Mar2011
As Found Condilion” IN TOLERANCE Cal Due Date: 22Mar2012
As Left Condiion: LEFT AS FOUND Interval: 12 MONTHS

Procedure: MATIONAL INSTRUMENTS CAL EXECUTIVE 3.4 Tempersiure: 23.0 C
Humidiy: 470 %

Remarks: Aefersnce sifsched Calbrafnn Dafa

ek b e Wil oo of St and Beefuerdig (58T o dile i rroadmisesl
by Wl o Al el

v natienally o i

Cawan, o rawg e

it ks sberarae sl

W BAE rEgTI T af

el dir PS5

ANSTANERE, AR - 2507 (RN, ERER TN RN A, e (R 1

rimtitnd cafibr r ACLAKY crerifhomie § it ey M il e s e s

1n brvwie bres ek guesL raporind o 2 s ki e aie ami e 1

o onibaabion il L Ty o

Ticvatton e b ety & i) £l BT Ay e |

erTal dms sl

Mz cavifipate mallar i ppresveed cicens e A, wathond eroiicn consrnl of Tedmasds Xerrioe Solasbns

Approved By: WAYNE GETCHELL
Service Representative

{ lilwation Stunda

_I'«'IST Traceahles Insl, 10§ Dascriplian Modal Cal Data Data Dus
ASETATE 150020 DECADE RESISTOR 1433-F 26012010 28002011
4176293 £144508 [t 1] ERLIEY AMaYROI0 RAMayR01T

2324 Ridgepoint Drive, Suite D = Austin,k TX 78754 « Phone: B00-365-0147 = Fax: 512-026-8450

Figure B23: NI 9217 data acquisition module calibration sheet |,
installed 7 April 2011to 27 June 2012
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Certificate of Calibration

LI
4976401

Ceioite Pagie 1 of

Tektronix

Sarvice Solutions

Fustroment Tilentiffeation
Company |D: 001688 PO Number, CC-BRAY
NATIONAL RENEWABLE ENERGY LABORATORY

16253 DENVER WEST PARKWAY
GOLDEN . CO 80407

Instrment 1D D44T70C Model Mumber: NI 9205
Manufacturar: NATIOMAL INSTRUMENTS Serial Number: 1496266
Dascription: 32-CH £200 MY TO £10 WV, 168-BIT, 250 KS/S ANALOG INPUT MODULE

Accuracy: Mfr Specifications

Comificate Dnformmet o

Reason For Service: CALIBRATION Technician, WAYNE GETCHELL
Type of Cal: ACCREDITED 17025 Cal Date 2ZMar201

As Found Gondition: [N TOLERANGE Cal Due Dale: 22Mar20M2
Interval: 12 MONTHS

Aa Left Condition: LEFT AS FOLUND

Procedure: NATIONAL INSTRUMENTS CAL EXECUTIVE 3.4 Temperature: 23.0 C
Humidily: 470 %

Remarks: Aefrmnos stfached Cakbrahon Dala

bl Larvad) wa suikariieed snies e rkee sy

i ratlioin el Al APERIILS B

i, IO ERI App, el WCFRTS

1 vhdl i e i ere b, i wedes conseny of el s e Sohet

Approved By WAYNE GETCHELL
Servce Reprasaniativa

€ alilration Stnndards
MIST Trocean|nd Imst. |D# D o | i Blochal Cal Date _Uata Ous
anazars 15-0048 MULTIFUMCTION CALIBRATOR ETO0A OaFen2di [

2324 Ridgepaoint Drive, Suite D = Austin, TX 78754 = Phone: 800-365-0147 « Fax; §12.926-8450

Figure B24: NI 9205 data acquisition module calibration sheet I,
installed 7 April 2011to 27 June 2012
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% Dynamﬁ: TEChﬂD!D'gy, Inc. Certificare 2 22818 7HiN2 F
A Irescal Comoany ihéﬂ ﬂ‘

- .l
L A B Py v i ACCAECHTED
17025 Aceredired Cernificate of Calibration

ratan Lybavataes

Avet #: [Hazn Manufaciurer: Meational Instrumenty
Customer: Sanonal Renewanle |-nerey Labaraon Muodel: 4179
Rhiippors INNChA Descriptinn: 4 Charre! Analey Inpul Module
Address: I_h_;:;_x lJu‘qn.;'.';m\&-:sll PArkyay Serial Nunilice: [ AISEE

o Cautlden, Ok, 40401 . - )
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Figure B25: NI 9229 data acquisition module post-test calibration sheet I,
installed 7 April 2011to 27 June 2012
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Figure B26: NI 9217 data acquisition module post-test calibration sheet I,
installed 7 April 2011to 27 June 2012
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Figure B27: NI 9205 data acquisition module post-test calibration sheet I,
installed 7 April 2011to 27 June 2012
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