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SUMMARY 

Electromagnetic interference to televis ion recept ion caused by the MOD-2 wind 
t urbine (WT ) array at Goodnoe Hills , Wash . ,  has been studied by carrying out 
detailed measurements at a number of test locations or s ites in the vicinity 
of the WT array . The commercial televis ion (TV) s ignals available in the area 
were used as the rad io frequency (rf)  s ources during the measurement s .  Tes t s  
were performed at the top o f  the WT No . 2 tower and at the bases o f  the three 

WT towers , and at three other s ites chosen to represent the region around the 
WT array . For some TV channels , all of the s ites were in the backward inter
ference region of the WTs , but for other channels , s ome of the s ites were also 
in the forward interference region. 

At each locat ion , some or all of the following types of measurement were per
formed on all of the available TV channels:  ( i) Received f ield st rength . 
With the WTs stat ionary , the strength of the rece ived s ignal was measured by 
rotat ing the main beam of the receiving antenna unt il the output was maximum. 
This provided informat ion about the expected quality of TV recept ion in the 
area, and also the f ield st rengths of various TV channels at the WT No . 2 
relative to those at a test s ite , which play an important role in the televi
s ion interference ( TVI) effects produced by the WTs . ( ii) Stat ic or blade 
s cattering . With the blades of WT No . 2 locked in a des ired (usually horizon
tal) pos it ion and their pitch set for maximum powe r ,  the WT was yawed in azi
muth through 360° . Measuring the TV s ignals received with the antenna pointed 
at the WT helped to determine the maximum blade-s cattered s ignals .  From these 
resul t s , the equivalent scattering area (A ) and length (L1) of the blades 
were determined . These measurements were Important because the interference 
caused by the WT depends crit ically on these parameters . ( iii) In some cases , 
as the antenna was rot ated the output of the rece iver was recorded as a func
t ion of t ime , with and without the WT blades rotating . Thes e  measurements 
served to determine ( a) the horizontal plane pattern of the antenna in an 
actual test environment , (b ) the effect of the WTs on the received s ignal , and 
( c) the amount of s ignal modulat ion caused by the operat ing turbines . 
( iv)  Dynamic or televis ion interference (TVI ) . These tes ts were performed 
with the WT(s ) operat ing and by recording the received s ignal versus t ime with 
the antenna directed at the des ired transmitter or at the WT array , while the 
rece ived p icture was observed on the TV s creen for any video distort ion. 
Dynamic measurements were performed at first with one WT operat ing , then two , 
and finally all three WTs operat ing togethe r .  The equipment setup and the 
measurement procedures were s imilar to those employed in our previous stud ies . 
Direct ional rece iving antennas were used at all test s ites . 

The ambient field strength measurements indicated that in the region surround
ing the WT array , all of the TV s ignals are ext remely weak , and the quality of  
TV reception in the area is generally very poor to unacceptable . The f ield 
strengths on top of the WTs we re generally of the s ame order as those at the 
remo te tes t s ites . 

v 



STR"'-2086 

The equivalent s catteri ng area of the HOD-2 blade, determi ned from s tatic 
tests us ing two different channels at one site and one channel at a second 
s i t e, was very clos e  to the 1 84 m2 predi cted on the bas is of laboratory mea
surement s of scale-model MOD-2 blades. 

The dynami c measurements indicated that (a) varying amounts of TVI were pro
duced at all sit es and on some or all of the available TV channels; (b) with 
the directional antenna in use, mos t  of the backward region interference pro
duced video distortion that was judged to be accept able; (c) at one test loca
t i on about 1- 1 / 2  miles from the WT array site, forward region interference was 
observed on Channel 1 2; (d) when the blades of the WTs rotate in s ynchroni sm, 
they tend to increase the amplitude of the interference pulses, thereby pro
ducing more TVI effects; and (e) when the blades do not rotate in s ynchroni sm, 
each WT produces interference effects individually. 

vi 
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SECTION 1.0 

INTRODUCTION 

A cluster of three MOD-2 wind turbines ( WTs) has been inst alled and is in 
operation at a site near Goodnoe Hi lls, Wash . [ 1] . From May 3 to May 15, 
1982, University of Mi chigan Radi ation Laboratory conducted a series of tele
vision interference (TVI)  measurements near the WT array site . Although our 
laboratory previous ly conducted s imilar measurements at a number of other 
s ites containing single hori zont al-axis \ITs [ 2, 3 ] ,  and developed theoretical 
methods [ 4 ]  to estimate the TVI effects produced by such machines ,  the present 
measurements were necessary because (a)  the TVI effects are site-specifi c  and, 
more important ly, the interference effects of WTs operating in a cluster were 
not known ; and (b ) because the design of the MOD-2 blade is different from 
that of the MOD-1 type of blades studied earlier, the equivalent s cattering 
paramet ers for the former obtained theoretically from s cale-model cons id
erations based on the MOD-1 blade [ 4, 5 ]  required confi rmation by actual 
measurements . 

The goals of the present measurements were to (i ) obtain an es timate of the 
equivalent s cattering area (A ) and length ( L  ) of the full-s cale MOD-2 blade, 
and (ii)  es timate the TVI effects produced i;y such machines operating in a 
clus ter . The measurements were conducted by receiving commercially available 
TV signals at selected locations in the vicinity of the liT array site . In the 
fo llowing sections we describe these on-site measurements and discuss the 
results obtained and their impli cations . 

1 
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SECTION 2 . 0  

BACKGROUND INFORMATION 

2 . 1  PHYSICAL ENVIRONMENT 

The MOD-2 WT array is located about 106 miles due east of Portland, Ore . ,  o n  
the northern shore o f  the Columbia River;  the t urbi ne array s i te i s  identified 
in  a .section of the general road map of the region shown in Figure 2-1 .  The 
turbines are actually located in the State of Washington at a place approxi
mately 13 mi les east of Goldendale, Wash.  Figure 2-2 shows a sketch of the 
i mmediate area indicati ng the locations of the three MOD-2 machines ( 1 , 2, and 
3, respectively ) west of Goodnoe Hi l ls , Wash . ;  a more detailed sketch of the 
WT cluster site is shown in Figure 2-3 . These three machines ,  prese nt ly oper
ating together, compose the nation's first cluster of large-s cale, multimega
watt wi nd turbines [ 1 ] .  

The terrai n around the turbines is generally hilly . A portion of the topo
graphical map (prepared by the u.s. Geologi cal Survey) of the terrain within a 
five-mi le radius of the WT array site is shown i n  Figure 2-4 where we have 
again identified the three turbi nes as 1 ,  2, and 3, respectively . Figures 2-3 
and 2-4 indi cate that all three turbines are located at higher elevations than 
the local terrai n. 

2 . 2  THE MOD-2 WT 

The MOD-2 WT, shown i n  the sketch in Figure 2-5 , is an upwi nd horizontal-axis 
machi ne designed and built by the Boei ng Engi neeri ng and Cons t ruction Company . 
It s mechanical system consists of two propeller-type rotor blades ; the rotor 
is at tached to a l ow-speed shaft that transmits the torque from the rotor to a 
gear box, which converts the relatively slow rotor speed into the high-speed 
rotation necessary to drive the generato r .  The resulting electrical power i s  
channeled into a utility power grid . Thus ,  the MOD-2 syst em comprises a 
rotor; a nacelle, whi ch houses the maj or subsystems such as the drive trai n, 
the generator, the yaw bearing, the yaw drive , and associated subsyst ems for 
pitch/yaw control; s afety systems ; the t ower; and the foundation [ 1 ]. 

The. rotor and nacelle are mounted on top of a cyl i ndrical steel shell tower 
with a height of 200 ft above the ground . The generator is driven by hori zon
tal-axis steel blades which have a total length of 300 ft tip to tip . The 
45-ft blade tip sections can be rotated to provide a variable pitch capabil
ity. The blade can also teeter so that its rotational axis is tilted up to 6° 
in the verti cal plane from the rot ational axis of the generat o r .  Actually , 
the machi ne teeters aut omati cally accordi ng to wi nd speed and direction, and 
the amount of teetering cannot be controlled . However, the tip pitch angle 
and the yaw position of the nacelle can be metered and co ntrolled . The 
machi nes are controlled in a manner s imi lar to that of the MOD-QA or the HOD- 1 
WT; i . e . ,  they are computer-controlled . The computer receives input data 
regardi ng the wi nd speed and direction; this information is then processed by 
the computer to de termi ne the required yaw and pitch position of the blade for 
optimum operation. 

3 
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Figure 2-1 .  A General Roadmap of the Region Surrounding the WT Array Site 
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The machines are designed to operate at a constant blade rotation of 1 7. 5  r pm ,  
whi ch does not vary as a function o f  the wind speed . The most desirable wind
s peed regime f or the MOD-2 operation is between 27.5 and 45 mph [ 1 ] . The 
MOD-2 cut-in wind speed is 14 mph; when the average wind speed exceeds 45 mph 
f or a short length of time ,  the WT automati cally stops or " cuts out . "  The 
power produced by a MOD-2 WT varies from 200 kW at cut-in speed ( 1 4  mph)  to 
2500 kW, achieved when the wind speed reaches 27. 5 mph or greater.  The rele
vant specifications of the MOD-2 WT are provided in Table 2- 1 .  

The three MOD-2 WTs that make up the WT array are of identical des ign . The 
combined capacity of the three machines produces 7. 5 HW of electricity into 
the t ransmission lines of the Bonneville Power Administration ( BPA) , and the 
system is designed to be available 90% of the time the wind blows [1 ] .  

2 . 3  TEST SITES 

Mos t  of the measurement s  were carried out at three tes t sites--referred to as 
A,  B ,  and C in Figure 2-4 . These s i tes were selected to provide TVI dat a 
representative of the forward and back,vard regions of the -turbines , whi ch are 
des cribed in a later section . Relevant information regarding the geometry of 
the test sites is given in Table 2-2 .  Si tes A and B are located approximately 
one mile from the center of the WT array, and are west and eas t ,  respectively , 
of the array site along the road which ·passes immediately to the south of the 
WTs . Site C is located approximately four miles to the west of the center of 
the WT array . The elevations of Si tes A and C are about 200 and 600 ft , 
respectively , below that of the center of the WT array; the elevation of 
Si te B is approximately the same as t hat of the WT array center. 
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Rotor 
�meter (ft) 

Speed (rpm) 
Number of blades 
Direction of rotation 
Location relative to tower 
Type nf hub 
Cone angle (deg.) 
Tilt angle (deg.) 
Method of power regulation 
Material 
Hub length (ft) 
Mid-section length (ft) 
Tip length (ft) 
Ai rfo i l 
Solidity Ratio 
Twist (deg.) 
Tip chord (ft) 
Taper ratio 

Yaw Drive 
--rype--

Yaw rate (deg./sec) 
Yaw motor 

Tower 
---:rype 

Height (ft) 
llub height (ft) 
Access 

System Life 
All components (yr) 

Table 2-1. HOD-2 25QO-kW Wind TUrbine Design Specifications 

300 
l7 .5 

2 
Counterclockwise (looking upwind) 

Upwind 
Teetered 

0 
2 

Tip pitch control 
Steel 

6 
75 
45 

NACA 230XX 
0.03 

8 
4.7 
3: 1 

Internal tooth ring gear 
0.25 

Hydraulic 

Flared shell 
192 
200 

Power manlift 

30 

Gearbox 
Type 
Gear step-up ratio 
Rating (hp) 

Generator 
Type 
Rating (kVA) 
Power factor 
Voltage 
Speed (rpm) 
Frequency (Hz) 

Control System 
Supervisory 
Pitch actuator 

Performance 
Rated power (kW) 
Wind speed at 30 ft (at hub) (mph) 

Cut-in 
Rated 
Cut-out 
Maximum design 

Weight (1000 lb) 
Rotor 
Above tower (includes rotor) 
Tower 
Total 

Three-stage planetary 
103 

3700 

Synchronous ac 
3125 

0.8 
4160 (three phase) 

UlOO 
60 

Microprocessor 
Hydraulic 

2500 

9 (14) 
20 (27.5) 

36 (45) 
120 (125) 

180 
364 
255 
619 

Ul 1--5 � N 0 co "' 



45ft � Controllable Tip 

9ft- 6 in. 

Wind 
300 ft diameter 

50ft 
� 

Figure 2-5 . Engineering Sketch of a HOD-2 WT 
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In addi tion t o  Sites A, B ,  and C ,  a limited amount o f  TVI measurements wer e  
als o  carried out at other selected locations , whi ch are mentioned as they 
appear . As will be described later, TV signal s t rengths were measured at 
Sites A, B ,  C and at the top and bottom of each of the three turbi nes . 

2. 4 THE INTERFERENCE PHENOMENON 

The rotat i ng blades of a horizontal-axis WT can interfere with TV reception by 
producing video distortion. At a given distance from the WT, the i nterferenc e  
i ncreases wi th increas ing frequency , and i s ,  therefore, worse on  the upper VHF 
channels than on the lower ones . It also decreases with i ncreas i ng distanc e  
f rom the machine,  but in the worst cases,  it can s till produce obj ectionable 
video distortion at distances up to a f ew kilometers . For ambient ( primary ) 
s ig nals well above the noise level of the receiver, there is i n  general no 
significant dependence on the ambient f ield strength, and no audio distort io n  
h as been observed . 

The interference is caused by the time-varyi ng amplitude modulation of the 
received s ignal produced by the rotating blades .  In a nei ghborhood of.a WT ,  
t he signals scattered by the blades combi ne with the primary signal to  creat e 
a form of time-varyi ng multipath, thereby amplitude modulating the total 
received signal . The modulation waveform consists  of sync pulses , and the 
pulses (whose width is i nversely proportional to the electrical length of the 
b lade )  repeat at twi ce the rotation f requency of the blades . If sufficient ly 
strong, these extraneous pulses can distort the received picture, whereas the 
audio information, bei ng t ransmi t ted by f requency modulation, remai ns 
unaffected.  

9 
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Table 2-2. Site Information 

Site Dis tance from Direction from Approximate Height 
WT No . 2 WT No . 2 ( 0° f rom N) below WT No . 2 Axi s  

A 1 600 m 200° 100 m 

B 1 6 00 m 1 20° 6 1  m 

c 6 096  m 247° 22 m 

When the blades are stationary , the scat tered signal may appear on the TV 
s creen as a ghost whose position ( separation) depends on the difference 
between the time delays suffered by the primary and scattered signals . A 
rotation of the blades then causes the ghost to f luctuat e ,  and if the ghost i s  
sufficient ly strong , the resulti ng interference can be obj ectionable . In such 
cases , the received picture displays a horizontal j itter in synchroni sm wi th 
the blade rotation. As the interference increases , the entire ( fuzzy) picture 
shows a pulsed brightening, and still larger i nterference can disrupt the TV 
receiver's verti cal sync , caus ing the picture to roll over ( " f lip") or even 
break up . This type of interference occurs when the interfering s ignal 
reaches the receiver as a result of scattering , primarily specular , off the 
broad face of a blade ,  and this is called backward region interference . As 
the angle <P (see Figure 2-6 )  betwe n t he WT-transmi tter and the WT-receiver 
direction i ncreases , the separation of the ghost decreases , and a s omewhat 
greater interference is then required to produce the same amount of video dis 
tortion. In the forward s catteri ng region, when the WT i s  almost in  li ne 
between the transmitter and the receiver , there is virtually no di fference in  
the times of  arrival of  the primary and secondary signal. The ghost is the n 
superimposed on the undis torted picture and the video interference appears as 
an i ntensity (brightness)  f luctuati on of the picture in synchroni sm with the 
blade rotation. In all cases , the amount of interference depends on t he 
s trength of the s cattered s ignal relative to the primary one, and this 
decreases wi th increasi ng dist ance from the WT . 

The backward region i nterference shows no s ignificant dependence on the ambi
ent signal strength and appears to be independe nt of the TV set if the signal 
is well above the noise level. Interference is observed only when a blade is 
positioned to direct the specularly reflected signal to the receiver. The 
azimuth and pitch angle of the blades are , theref ore,  key factors af fecting 
the level of interference, and for any given transmitter and receiver loca
tions , interference can occur only if the wind is such as to position the WT 
appropriately . In the forward regi on, however , the interference is les s  sen
sitive to the blade position but does depend on the ambient signal st rengt h, 
and a receiver located in a low signal level area is more vulnerable to this 
type of i nterference. 

10 
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Figure 2-6. Geometry of the WT Blade Scattering 
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The amount of video distortion depends on the ratio of the s cattered ( perturb
ing ) · and ambient field strengths at the input to the receiver; i . e . ,  on the 
modulation index m of the total received s ignal, and the modulation threshold 
m0 i s  defined to be the largest value of m for whi ch the dis t ortion is still 
j udged to be acceptable .  The threshold is obviously s omewhat subj ective, but 
as a result of laboratory simulations [5 , 6 , 7 ], scale-model measurements [8 ], 
and field tests using the MOD -o machi nes at Plum Brook [5 , 6] and on Block 
Island [2 ], it has been established as 0 . 1 5  for � =  0, increasi ng uniformly to  
0 . 35 for � "'  180° [4 ]. The latter value is for a strong ambient s ignal and 
could be as small as 0 . 1 5  in a low s ignal area.  With the WT blades orie nted 
to direct the maximum s cattered s ignal to the receiver, the region where 
m > m0 i s  defined as the i nterference zone .  

On the assumption o f  a smooth spherical earth and an omnidirectional rece1V1ng 
antenna, a method has been developed [4 ] for calculating the i nterference zo ne 
of a WT for any given TV channe l .  The computation requires a knowledge of  the 
effective le ngth Le and equivale nt scattering area A of a WT blade . Fig
ure 2-7 shows the resulting interference zone for Tv Channel 1 1  with the 
transmitter 50 km for a MOD- 1 WT [3 ]. We observed that the backward region 
corresponding to  specular s catteri ng off  the blades is approximately a cardi
oid centered on the WT with its maximum poi nt i ng towards the transmitter . 
There is also a narrow lobe directed away from the transmitter produced by 
forward s cattering . The shape of an interference zo ne is only weakly depen
de nt on the transmitter distance and TV channel number, but its s i ze i ncreases 
markedly wit h increasing frequency (channel number ) . 

Such computations have no direct relevance to the situation in  Goodnoe Hills , 
where the hilly terrai n has a prono�nced ef fect on the level of interference 

1 1  
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observed . In hilly count ry ,  homes tend to be on the lower slopes or in  the 
valleys where , because of shadowi ng , the ambient field strengths may be les s  
than i f  the terrain were flat . A WT , on the other hand , must b e  exposed to  
the winds and would naturally be placed on  the higher ground , as  i n  the pres
ent cas e .  Because o f  the height-gain effect ass ociated with the higher eleva
tion, the illumi nation of the WT is s t ronger than it would be in flat terrai n ,  
thereby increasing the st rength o f  the WT a s  a reradiating s ource . The net 
effect is to aggravate the interference , and to i ncrease the distance from the 
WT at which the video distortion could be unacceptabl e .  

However , there are als o  ameliorating factors . As previously remarked , the 
computation of an i nterference zone such as that in Figure 2-7 is based on the 
assumption that the WT azimuth is appropriate for directing the maximum s cat
tered s ignal to the receive r ,  and if the wi nds neces s ary to operate the WT are 
generally from the SW or W ,  for example , some portions of the zo ne could 
experience relatively little i nterference . It is possible that the antenna 
can serve to discrimi nate agai ns t ·  the unwanted i nterfering signal i n  the back
ward regio n. 

If , in Figure 2-6 , the main beam of the rece1. v1.ng antenna is poi nted at the 
transmitter,  the WT-scattered s ignal wi ll be received via the s ide and back 
lobes of the antenna for most angles � correspondi ng to the backward'i nterfer
ence region, thereby reducing the observed i nterference . On the other hand , 
if  the antenna is in the forward interference region of the WT, or that por
tion of the backward region where the direct and s cat tered s ignals are both 
received vi a the mai n beam, the antenna will lose most of its ability to pro
vide dis crimination. 

With even a high-performance receivi ng antenna , the half -width of the main 
beam is much greater than the half-width of the forward peak of the i nterfer
ence zo ne .  The dis crimi nation that an antenna can provide is , therefore , 
limited by the pattern of the antenna and not by the nature of the i nterfer
ence zo ne , and since the dis crimi nation is an important aspect of the present 
tes t s ,  it is convenient to define a modified ( expanded) forward s catteri ng 
region as that port ion of the zo ne where the antenna will no lo nger produce 
any s ignificant reduction in the interference . In the i nteres ts of s implicity 
and uniformity , we shall take the half-width of the modified forward s catter
ing region to be 30° throughout the ent ire VHF band [3 ] .  

2 . 5  AVAILABLE TV SIGNALS 

TV signals were received from two regions : Portland ,  Ore . , and Pas co ,  Wash . , 
whi ch are located approximately 1 06 miles west and 80 miles northeas t ,  respec
tively ,  of the WT site . Only VHF signals on TV Channels 2 ,  6 ,  8 ,  and 12  were 
avai lable from Portland; only UHF s ignals on Channels 1 9 ,  25 , and 42 were 
available from Pas co .  The ambient signal levels on all of the channels were 
generally low in the area. Typi cally , at the base of a WT , the received s ig
nal level on a given channel was about -7 0 dBm (± dBm) or lowe r ,  and so the 
received picture was poo r .  I n  addition, not all signals on all channels were 
available (for satisfactory reception) at all of the test si tes . More details 
on this poi nt are given lat e r .  

13 
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Figure 2-8 i l lus t rates the geometri cal orient at ion of  the WT array site,  the 
test si tes and the directions of the TV s t ations at Portland and Pas co. We 
can s ee from Figure 2-8 that Sit es A and C were in the forward region of the 
WTs for TV stat i ons at Pas co and in the backward region for those at Portland; 
Site B was in the forward region for the Port land s t ations and in the backward 
region for the Pasco St ations . 

Portland 

North 
t 

�GY s ���l_0_6_m_i_l_es ----�� �C�------------------A-0----� 
Center of 
WT Array 

Pasco 

Figure 2-8. Location of the Available TV Signal Transmitters with Respect to 
the WT Array and the Test Sites. Circled numbers indi cate TV 
channel numbers . 
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SECTION 3. 0 

TEST EQUIPMENT AND PROCEDURES 

3 . 1 EQUIPMENT 

In general , the equipment used to  perform the measurements was similar to that 
for measurements made at other WT sites [ 2, 3 ]. A s chematic block diagram o f  
the system is shown i n  Figure 3-1 ,  which includes only those components perti
nent to the data collection. With any given TV transmission,  a portion of the 
s ignal is scattered by the WT ( s )  and this , together with the desired ( direct ) 
signal , was picked up by an antenna and fed to an ·RFI receiver and a TV 
receiver .  The receiving antenna , which is des cribed lat er , was a commercially 
available di rectional antenna located 3 8 . 5  feet above the ground . 

The appropriate output for the RFI receiver was connected to a chart recorder 
whi ch provided a record on paper tape for later evaluation. The combination 
of the RFI receiver and the recorder was used to measure the ambient levels of 
the video and audio s ignals when the WTs were not in operation, and to record 
the total signal received as a function of time , including any modulation pro
duced by the s cattering of the operating WTs . The general quality of the 
ambient TV recept ion and the existence of any WT-produced video dis tortion 
were observed on the TV s creen and the video recorder was employed whenever i t  
was felt desirable to record the program. All the test instrument s fitted 
comfortably inside a van ( supplied by BPA) . The receiving antenna and i t s  
as sociated tower and rotor assemblies were installed on the van i n  a demount
able fashion . The test equipment was powered from a portable 6 0-Hz supply 
installed in the van . The van equipped in this manner served as a mobile lab
oratory and was used as such throughout the ent ire test program.  For future 
reference, the following is a list of the maj or equipment included in the 
mobile laboratory: 

1 .  RFI receiver (Singer Model NM37/ 5 9 )  
2 .  X-Y recorder ( Brinkman Model 25 5 1 )  
3 .  Video recorder ( Sony Model 2800) 

4. Television re ceiver ( Sony 1 2-inch s creen) 
5 .  Antenna on tower 
6 .  Antenna rotor 
7 .  Walkie-talkie ( 1 )  
8 .  Portable power supply 
9 .  Van 

Note that during the present tes t s  we used an RFI receiver i nstead of the 
Hewlett-Packard spect rum analyzer that was employed duri ng our previous 
tes ts [2, 3]. This RFI receiver has a noise level which is 25 dB lower than 
the spect rum analyzer mentioned above . For example ,  the minimum detect able 
signals for the receiver and the spectrum analyzer are - 1 05 and -80 dBm, 
respect ively .  Thus , the use of  the RFI receiver was an advantage during the 
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measurements in the Goodnoe Hills area where ambient s ignal levels generally 
were low. 

3. 2 THE RECEIVING ANTENNAS 

The following three direct ional receiving antennas were used during various 
phases of the test program: 

( 1 ) Winegard antenna ( 5 0-2 1 6  MHz ) (Model CH 3400) used for VHF channels . 
( 2) Fairchild logconi cal spiral antenna ( 200-1 000 MHz ) ( Model LCA-25)  used 

for UHF channels . 
( 3 )  Singer broadband biconical antenna ( 20-200 MHz ) (Model 94455-1 ) used 

for VHF channels . 

At remote test Sites A, B ,  and C ,  test data on VHF and UHF channels were col
lected by using the Winegard and logconical antennas , respectively . At the WT 
sites , biconi cal and logconical antennas were used to collect data on VHF and 
UHF channels . At the wind turbine sites it was necessary to measure the ambi 
ent signal strengths at the base o f  the three turbines and at the top o f  WT 
No . 2 .  For the latter,  the use of the Winegard antenna was considered to be 
mechanically dis advantageous .  The relevant gain characteristi cs of the Wine
gard antenna relative to the biconical antenna are given in Table 3 -1 . 

3. 3 TYPES OF MEASUREMENT 

At each tes t site , some or all of the following types of measurements were 
performed for every TV channel of interest . 

( i )  Received Signal St rength:  With the WT stationary , the strength of 
the received signal was measured by rotating the mainbeam of the 
receiving antenna until the output was maximum . Tuning the receiver 
through the TV channel band of frequencies caused both video and 
audio signal strengths on each channel to be obtained . 

( i i )  Antenna Response :  In some cases , as the antenna was rotated,  the 
output of the receiver tuned to the audio carrier frequency was 
recorded as a function of time , with and without the WT blades rot at
ing . These measurements served to determine (a) the horizont al plane 
pattern of the antenna in an actual test environment , ( b )  t he effect 
of the WTs on the received signals , and (c)  the amount of signal 
modulation produced by the operating turbine ( s ) .  

( i i i )  Blade Scat tering: With the blades of a specific machine (e . g . , WT 
No. 2) locked in a desired position (hori zontal or vertical) and 
their pi tch set for maximum power , the 'iiT was yawed in azimuth 
th rough 360°. Heas uring the TV s ignal received with the antenna 
pointe d at the TV trans mitter and then at the 'i-JT enabled us to deter
mine the maximum blade -scattered signal . During these static tests , 
the o ther two turbines (WT No . 1 and WT No . 3) were kept stationary . 
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Table 3-1 .  Gain Characteristics of 
the Winegard Antenna 
Relative to the Bicon
ical Antenna 

Gain Relative to  
the Bi coni cal 

Channel No . Antenna 

2 
6 
8 

1 2  

Video Audio 

9 . 0  dB 
9 . 0  dB 
9 . 0  dB 

1 0 . 0  dB 

9 . 5 dB 
8 . 5  dB 
6 . 5  dB 

1 2 . 0  dB 
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(iv)  TV Interference : These dynami c tests requi red the \IT blades to be 
rot ating . The antenna beam was posi tioned to receive the maximum 
signal as a normal TV reception ( generally when the beam was directed 
at the TV transmitter ) ,  and the receiver was tuned to the audio car
rier frequency . It s output was then recorded as a function of time , 
and the received picture on the TV screen was o bserved for any video 
dis tort ion . In a few ins tances , the measurement s were repeated wit h  
the antenna beam pointed t o ward the WTs to s imulate the worst poss i 
ble situation o f  a misposi tioned antenna. Dynami c data were col
lected when the WTs operated both singly and in an array . 

As we mentioned in Section 2 . 4, the signal s cattered by a rotating blade com
bines with the direct s ignal to produce an amplitude modulated signal at the 
inputs to the RFI and TV receivers . Thus , as a function of time , the output 
of the RFI receiver varies above and below the ambient s ignal leve l ,  and it i s  
conventional t o  quot e  the total variation (�) o f  the received signal amplitude 
in dB , f rom which the amplitude modulation index (m) can be obtained us ing the 
relationship � "' 20 log 1 0  [ ( 1  + m )  I ( 1  - m) ] .  Usually , a total signal varia
tion greater than or equal to 2 . 6  dB (m � 0 . 1 5 )  caus es unacceptable video dis 
tortion for backward region interference [ 4 ,  5 ,  7]; however, we should ment ion 
that barely visible but acceptable dis tortion may occur even for � < �0 = 
2.6 dB . For the forward region interference, the corres ponding value of �0 is 
larger,  and can be as large as 6 . 5 dB (m "' 0. 35 )  [ 3] f or ambi ent signals on 
the order of -60 dBm but smalle r for weaker ambient signals. 
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SECTION 4 . 0  

MEASURED AMBIENT SIGNAL STRENGTHS 

The quali ty of TV reception at any place depends on the signal-to-noise ratio 
o f  the receiver , on the receiving antenna used , and , obvi ously , on the TV s ig
nal's s t rength. To determine the quali ty that is possible in the Goodnoe 
Hi lls area , the ambient signal strengths were measured a,t all of the test 
s it es on all of the avai lable TV channels . 

4. 1 RECEIVED SIGNAL STRENGTH AND QUALITY OF RECEPTION 

To provide good video reproduction, the received video s ignal should produce a 
minimum of 1 . 0  mV rms acros s  the input terminals of a TV receiver presenting 
an impedance of 75 ohms [ 9 ], and if the signal produces only 0 . 2  mV, the p i c
ture wi ll be snowy and of generally poor quality . The corresponding video 
signal powers P v at the input terminals of the receiver are 1 .  3 x 1 0-S and 
5 . 3  x 10-7 mW ; i . e . , -49 and -63 dBm, respectively , where dBm denotes decibels 
above one mi lliwat t .  Thus , if Pv � -49 dBm, good reception is possible ,  but 
as Pv decreases below -49 dBm , the reception will become increas ingly poor 
( snowy ) ;  and f or Pv < -63 dBm, the reception wi ll be extremely po or to unac
ceptable . During our previous measurements of Pv [ 3],  simultaneous observa
tions of the picture quality obtained with the TV receiver were generally con
sistent wi th these criteria. 

As mentioned in Section 3. 3 ,  for measurements of WT interference t he receiver 
is tuned to the TV channel audio carrier f requency . Since the relevant ambi
ent signal strength is the received audio signal power Pa , it is convenient to 
express the criteria for quality of recep tion in terms of this parameter. It 
has been found that the quality of reception is approximately related to Pa as 
f ollows [ 3] :  

Pa � -56 dBm Good reception 

-56 > Pa � -70 dBm Poor ( snowy) reception 

Pa < -70 dBm Extremely poor (unacceptable) reception. 

These imply that , on the average ( Pa/Pv) = -7dB . 

The above criteria given in dBm have been found very convenient to  use when 
measurements are carried out with a spectr um  analyzer which is calibrated in 
dBm [ 2 , 3] • During the present measurements , we have used an RFI receiver 
Y7hich yields the received signal ( field) s trengths in dBf.LV ( i . e . , decibels 
above one mi crovolt ) .  For the present rece iver ,  the dBm criteria given above 
can be conve rt ed into dBiJ.V criteria using the relationship dBf.LV = dBm + 107  
and are as  follows : 

Ea � 5 1  dBiJ.V 

5 1  > Ea > 37 dBp.V 

Good reception 

Poor ( snowy) reception 
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Ext remely poor ( unacceptable) reception. 

4 . 2  SIGNAL STRENGTHS AT THE WT ARRAY SITE 
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Signal st rengths we re measured at the bases of the three WT t o wers and on t o p  
o f  the nace lle o f  'iiT No. 2. Measurements at the base of a turbine were car
ried out by using an appropriate receiving antenna located 3 8 . 5  ft above 
g round. For the lat ter measurements, the receiving antenna ( logconi cal or 
bi coni cal) was mounted on a six-ft metallic po le placed verti cally on the roo f  
o f  the nacelle at the end farthest from the blades. The turbine blades were 
set in a horizont al posit ion and the axis of the WT placed on the north-south 
l ine so that there would be little or no interference due to the blades for 
signals being received from Portland or Pasco. The antenna was connected t o  
the RFI receiver using a 250-ft length of coaxial cable, and the 6-dB (approx
imately) at tenuation that this int roduced has been t aken into account in quot
i ng the signal st rengths that were measured . The desi red results were 
obt ained by yawing the WT in azimuth to receive the maximum signal on each 
channel. 

Signals on VHF TV Channels 2, 6 ,  8, and 1 2  and UHF TV Channels 1 9 ,  25 , and 42 
we re avai lable at the WT array sit e .  Bi conical and logconical receiving 
antennas were used to receive the VHF and UHF signals, respectively. The 
video and audio carrier f ield st rengths on the channels of interest , obtained 
at the bases of 'iiT Nos. 1 and 3, are given in Table 4- 1 .  The corresponding 
resul ts obtained at the base and on top of WT No . 2 are sho wn in Table 4-2. 

Received signal levels shown in Tables 4- 1 and 4-2 indicate that they would 
general ly provide a poor to unacceptable quality of reception wi th simi lar 
receiving antennas. Signals on all of the channels received at the bases of 
WT Nos. 1 and 2 were generally of the same order of magnitude ; VHF and UHF 
signals received at the base of WT No. 3 were gene rally larger and smaller, 

Table 4-1 .  Received Field Strengths at the Bases 
of WT Nos .  1 and 3 with the Receiving 
Antenna Located 38. 5  ft Above the 
Ground 

TV Channel Number 

2 
6 
8 

1 2  
1 9  
25 
42 

WT 

Ev dB �V 

32. 0  
33 . 0  
25 . 0  
28. 0  
42. 0 
4 1 . 5  
3 7 . 0  

20 

No. 1 

dB rlV 

34 . 0  
29. 0  
21. 5 
26.5 
39. 0 
34. 0 
36 . 0  

WT No. 3 

dB f.tV dB p.V 

38. 0 38. 0 
39. 0 36 . 0  
4 1 . 0  35. 0 
38. 0 34 . 0  
22. 0 20. 0 
1 7. 0  1 6 . 0  
1 3. 0  8 . 0  
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Table 4-2. Received Field Strengths at the Base and 
on Top of wr No .  2 

Bas e of the WT Top of the WR 
TV Channel Number Ev E E Ea dB !-LV dB�V dB�V dB !-LV 

2 27 . 0  27 . 0  34 . 0  30 . 0  
6 45 . 4  4 1 . 0  4 7 . 5  4 2 . 0 
8 29 . 0  20 . 0  35 . 0  2 7 . 0  

1 2  2 9 . 5  2 3 . 0  3 2 . 0 3 1 . 0  
1 9  42 . 0  38 . 5  46 . 0  46 . 0  
25 4 1 . 0  3 7 . 0  4 6 . 5  3 9 . 0  
42 4 1 . 5  36 . 5  4 7 . 0  45 . 0  

respectively , than those at the other two turbines . Signals received on top 
of WT No . 2 were found to be slightly larger than those at the base .  Thes e  
variations in received signal strengths in various cases are not well under
stood ; this may be due to the hilly nature of the terrain and the TV transmit
ters of interest being far away . 

4 . 3  SIGNAL STRENGTHS AT SITES A, B, AND C 

Field st rengths measured with the biconical ( for VHF channel s )  and the logcon
ical (for UHF channels ) antennas located 38 . 5  ft above ground at the three 
remote test sites are listed in Table 4-3 , which indicates that the quality of  
reception on all of  the TV channels at  the three sites is extremely poor to  
unacceptabl e .  In a few cases , we have used the Winegard antenna to receive 
the VHF signals ; thi s  antenna has a higher gain than the biconical antenna 

Table 4-3. Field Strengths at the Remote Test Sites Received with Biconical 
(VHF) and Logconical (UHF) Antennas Located 38.5 ft Above the Ground 

Site A Site B Si te c 

TV Channel Ev Ea TV Channel Ev Ea TV Channel Ev Number dB!tV dB !-LV Number dB !-LV dB !-LV Number dB !-LV 

2 3 2 . 0  3 1 . 5  2 3 1 . 0 27 . 5  2 2 1 . 0  
6 35 . 0  29 . 5  6 26 . 5  22 . 5  6 3 1 . 0  
8 40 . 0  36 . 5  8 27 . 0  24 . 0  8 1 2 . 0  
1 2  39 . 0  3 1 . 5  1 2  2 8 . 0  1 9 . 5  1 2  6 . 0  
1 9  27 . 5  24 . 5  1 9  4 2 . 5  40 . 5  1 9  1 5 . 0  
25 25 . 0  1 8 . 0  25 44. 5  40 . 5  25 1 2 . 0  
4 2  1 3 . 5  1 3 . 5  42 3 9 . 5  3 7 . 0  4 2  1 0 . 0  

2 1  

Ea dB !-LV 

20 . 0  
26 . 5  
1 4 . 0  

4 . 0  
7 . 5  
6 . 5  
6 . 0  
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( s ee Table 3-1) and generally pro vided received signals about 9 to 1 2  dB 
s tronger . However , even wi th the use of the high�gain antenna , the reception 
on VHF channels at the three s ites was considered to be poor to unacceptable.  

4 . 4  CONCLUSIONS 

It is evident from the above result s  that (i ) at the WT array site and its 
surrounding area,  the field strengths of all of the available TV channels are 
weak . The quality of TV reception in the area is generally poor to unaccept
abl e ,  and even with the WTs s t ationary and a high-performance antenna such as 
the Winegard , it did not become good.  ( i i )  Considerable variations in the 
field s trengths were observed at the three remote test s ites , and also at the 
bases of the three turbines . The weak nature of the received signals and 
their variations between s ites are attributed to the combined effects of the 
TV transmitt ers being far away and the rolling hi lls in the surrounding area . 

2 2  
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SECTION 5 . 0  

BLADE SCATTERING (STATIC TESTS) 

5 . 1  COMMENTS ON THE BLADE SCATTERING PARAMETERS 

STR-2086 

The interference produced by the rotating blades of a WT is direct ly 
proportional to the scat tering from a blade [4-7 ] . It has been shown in 
Ref .  [ 4 ]  that a knowledge of the equivalent s cattering area ( Ae) and 
equivalent length (11 ) of a blade is required to determine the interference 
distance and interference zone of a given WT. For the rectangular plate model 
o f  the WT blade , which has been found useful in our previous studies [ 2 , 5 ], 
the equivalent s cattering area of a blade is defined as 

Ae = 1112 ' 

where 11 and 12 are the equivalent length and width, respectively , of the 
blade . 

The s cattering parameters of MOD-O , MOD-OA and MOD- 1 blades have been 
dete rmined f rom laboratory ( scale-mode l )  and full-s cale s cattering 
measurements reported earlier [3  , 5 ] . Similar information about the MOD-2 
blades was obtained in the laboratory using the results of laboratory s cale 
model measurements [ 1 0 ]  carried out in our anechoic chamber . No confi rmation 
of these results by means of full-s cale measurements has been available until 
now . 

The MOD-2 blade appears to have five distinct secti ons : a center section , two 
outer sections , and two tip sections . The proj ected areas of the center , 
outer , and tip sections are approximately 88 , 60 , and 26 m2 � respectively , 
leading to a total blade proj ected (physi cal) area Ap = 260 m , of whi ch the 
tips make up 52 m2 • The overall length is 91 m, but only 64 m if the tips are 
excluded . Laboratory measurements at 3 .  034 GHz , carried out with a 1 :  1 0 0  
s cale model of a MOD-2 blade , yielded the following resul t s  [ 8 ] : 

Ae = 1 84 m2 , 11 = 84 m • 

Under full power conditions , the tips are usually twisted (pitch * 0) , and it  
was found that the tips cont ributed very little (or nothing) to the peak 
s cattering return . Therefore , it appears that the result s  for the tips 
twis ted ( or removed) are appropriate to the practical s i tuation. It was 
f ound , then , that 

which implies a s cattering effi ciency TJ = 0 . 67 (note: Ae = r]A ) whi ch was 
identical to the efficiency for the MOD-O or MOD- 1 blade l3 , 5 ]. The 
s cattering parameters Ae = 140 m2 and 11 = 63 m, obtained under the as sumption 
of negligible return from the tips , have been used to  calculate the 
interference distance and zones of a MOD-2 WT [ 4 ] . 
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The present program provided an opportuni ty to check these values 
experimentally by taking static measurements of the blade scat tering at a few 
sites . In the following sections , we discuss the results and describe how the 
equivalent scattering parameters have been determined from the measured data.  

5.2  PROCEDURE 

As we mentioned in Se ction 3. 3 ,  the blades of the WT were maintained at zero
degree pitch ( full power condition) and lo cked in a hori zontal position 
throughout these tes t s . For convenience , only WT No . 2 was used during the 
tes t s . Using local TV transmitters as the rf s ources , and wi th the receiving 
antenna directed at the WT , the received signals were recorded in dB iJ.V as 
functions of time as the machine was yawed in azimuth. Inf ormat ion about the 
yaw position (i . e . , the position of the blade with respect to the receiving 
antenna) was received from WT personnel and was inserted later on the s ignal 
record . This informati on was then used to obtain the nace lle (or blade) 
pointing direction, in effect , to produce a plot of the received s cattered 
signal vs . blade rotation angle . 

5 .. 3 RESULTS 

Data were recorded on Channel 6 at Si te A,  and on Channels 6 and 8 at Si te C ;  
both sites were such that backscattered signals were obtained . Figures 5-1 , 
S-2 , and 5-3 show the port ions of the received signals vs . time (or blade 
rotation angle) , and showing the scattered signals received from the front 
s ide of the blade (i . e . , the blade facing the test site) . Although the 
s cattered signals were st rongest at Site A, the scattering patterns were 
clearly identifiable in all three cases . 

Additional tests were conducted wi th the blades vertically oriented ; however , 
we were not able to  detect appreciable scat t ered signals during these 
measurement s .  It is believed that this was because ( i )  the s cattering pattern 
( in the vertical plane ) of the vertically oriented blade is very narro w ,  and 
its maximum is generally directed in a direction normal to its face ; and 
( i i )  the teetering mechanism (beyond control) may di rect the maximum direct ion 
upward . Because the receiving s ites are below the phase center of the blade , 
the combination of the two effects above was responsible for the reception of 
weak s cattered signals when the blades were vertical . 

For the data analysi s  dis cus sed later , we would also need the ambient signal 
s trengths ( on Channels 6 and 8) at the phase center of the blade of WT No. 2 
( i . e . , on top of i t ) . Thes e  ambient field strengths measured with a 
logconical receiving antenna were given in Table 4-2 . The static measurements 
at Si tes A and C were conducted with the Winegard as the receiving antenna . 
Therefore , it is necessary to obtain the ambient f ield st rengths on top of WT 
No . 2 when a similar antenna is used there to receive the signals . With the 
gain characteristics of the Winegard antenna ( s ee Table 3-1) , the results 
given in Table 4-2 were used to obt ain the required ambient s i gnal strengths . 
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Figure 5-l . Ea (dBjlV) vs. WT No . 2 Yaw Angle (blades horizontal) on 

Channel 6 ,  Obtained at Site A 

( � = 0° at Ea = Em . )  
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Figure 5-2. 
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E (dB �V) vs. WT No . 2 Yaw Angle (blades horizontal) on 
CCannel 8, Obtained at Site C 

( � = 0° at Ea = Em. ) 

2 6  



I 

STR-2086 

Figure S-3 . E3 (dB p.V) vs. W'f No .  2 Yaw Angle (blades horizontal) on 
Channel 6 ,  Obtained at Site C 

( � = 0° at Ea = Em. )  
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5 . 4  THEORETICAL EXPRESSIONS 

Before analyzing the meas ured data to determine the s cat tering parameters of 
the blade , it is appropriate to dis cuss the geomet ry involved and give the 
required theoretical expressions which were derived in our earlier 
report [ 3 ] . Figure 5-4 shows a hori zontal plane view of the geometry where R 
and B represent the receiving point and the phase center of the blades , 
respectively . The bistatic angle between the transmitter and the receiver 
with respect to the blade center is represented by the angle 2 �0 in 
Figure 5 -4 . The blade rotation angle is represented by � such that � = 0° 
( shown in Figure 5-4) corresponds to blade orientation when R receives signals 
specularly s cattered off the blade.  The corresponding elevation plane view of 
the geometry is shown in Figure 5-5 , where a represents the elevation angle of 
the blade center B as viewed from R .  With the above conven tions , the received 
signal data given in Figures 5-l through 5-3 may be interpreted as the 
received field strength E vs . the blade rotation angle � '  with � = 0° yielding 
the maximum s cattering return . We have identified the following parameters in 
Figure 5-l:  

where 

with 

E average or ambient level av 

Em maximum level 

6 = Em - Eav = maximum deviation from the ambient level 

width in degrees of the main s cattering lobe between the first 
nulls . 

Ae "" 
Ea( B )  
Eav 

cos 

L l "' 
cos 

mf.r 

<l>o sinc 1 

0 . 5  
<!>0 sin �0 

sinc z 

sincz 

' 

sin rcxz 
rcxz 

L l X l  = r { ( 1  - COS a)s in <l>o } , 

Lz . X2 = r S l.n a , 

A = wavelength of the audi o  carrier signals 

audio carrier signal s t rength at B 
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S i g n a l  from a 
di s tant T V  s tati o n  

R = re ce i v i n g  p o i n t  
B = cente r o f  t h e  b l a de ( s h own h o ri zonta l l y o ri e n t e d ) 

L 1 = e ffecti ve l en gth o f  the b l a de 
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Figure 5-4 . Horizontal (or Azimuthal} Plane Geometry of the Blade , 
the Receiver , the Incident and Scattered Field Directions 

Re ce i v i n g  l 
An te n n a  "a 
He i gh t  

·�-------------------------------------------------+ R. 
B B '  = WT towe r h e i g h t  
R ' B ' ' = h o ri zonta l d i s tance between t h e  rece i ve r a n d  t h e  vJT 
B '  B "  = h e i g h t  o f  th e WT b a s e  a b o ve th e rece i ve r 

Figure 5-5 . Elevation Plane Geometry of the Blade , the Receiver, 
the Incident and Scattered Field Directions 

29 



STR-2086 

r = distance between B and R 

the equivalent length and width of the blade (i . e . ,  Ae 

and the other parameters are as defined earlie r .  

The expressions given above are i n  terms o f  measured parameters and wi ll be 
used in the following section to determine the required blade scattering 
parameters . We should mention here that because ' of the rugged nature of the 
terrain surrounding the WT, the effects of ground reflection have been 
neglected in obtaining Eqs .  5-1  and 5-2 . 

5 . 5  DATA ANALYSIS 

The equivalent scattering parameters for the MOD-2 blade can be determined 
from the data presented in Section 5 . 3 by applying the theoretical relations 
given in Section 5 . 4 .  The symbols used are defined earlier, and we show the 
detailed calculations for one case only . 

( i ) Si te A, Channel 6 .  Known parameters : 

A ( audio carrier wavelength ) 

elevation (above sea level) of the receiving site (i . e . ,  R' 
in Fi gure 5-5) 

height of the receiving antenna above ground ha (in 
Figure 5-5) 

elevation of WT No . 2 base (i . e . ,  of B' in Figure 5-5) 

WT No . 2 tower height � ( i . e . ,  BB' in Figure 5-5 ) 

horizontal distance between the WT and the receiving site 
( i . e . ,  R'B" in Figure 5-5) D 

bistatic angle between the transmitter and the receiver 
( Figure 5-4) 2 �0 

Measured parameters (see Figure 5-1 ) : 

Eav 20 dB !-lV 

Em 25 . 47 dB p.V 

� 1 5 . 47 dB 

2 �0 2. 9 2° 

m Antilog ( �1 / 20 )  - 1 0 . 88 • 

30 

3 . 42 m 

744 m 

1 1 . 7 m 

783 m 

6 1  m 

1 6 0 0  m 



Using Tables 4-2 and 3- 1 ,  obtain Ea( B )  as 

Ea( B )  = 42 ( Table 4-2 ) + 8 . 5  ( Table 3-1 )  = 50 . 5  dB �V. 

Calculations: 

ht � + ( 7 8 3  - 7 44) = 6 1  + 39 

1 / 2  
r = [D2 + (ht - ha ) 2 ] � 1 600 m 

1 00 m 

a: = -1  1 00 - 1 1 . 7  3 . 1 60 tan 1 600 
� 

cos �0 0 . 8 1 9 2 ,  cos a: = 0 . 9985 , sin �0 = 0 . 0255 

0 . 5  
cos �0 sin �0 

L 1 23 . 9  x 3 . 42 8 1 . 7  m 

nL l . 
X l = ( 1  - COS a:) -x- S1n �O � 6 . 4 6  X 1 0-2 

s in 'ltX l sinc 1 1 . 0  = --- � 

since L2 << L1 , sinc2 � 1 . 0 

E ( B )  a 50. 5 - 20 = 30 . 5  dB = 33 . 5  �-av 

Ae 
0 . 88 X 3 . 42 X 1600 1 75 . 7 3  1 7 6  m2 

• 3 3 . 5  X 
� 0 . 8 1 92 X 0 . 9985 

( ii )  Site C 

( a )  Channel 8.  

A. = 1 . 62 m ,  ha 1 1 . 7  m, ht = 222 m, 2 �0 

r � D = 6096 m 

a: =  1 . 98° , cos a: =  1 ,  cos �0 = 0. 9749 , sin �0 = 0 . 0094 

Eav -0 . 4  dB �V ,  Em = 5 . 24 dB�V Ea( B )  = 27 + 6 . 5 = 3 3 . 5  dB �V 

3 1  
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E a( B )  
-

E
-

av 
L1 
-r.-

( b )  

A. 

Ea( B )  

Eav 

Other 
L1 
r 

5 . 6 4 dB, m 

54 . 3, L 1 = 87 . 9  = 88 m 

186 . 22 = 1 8 6  m2 
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0. 9 1  

Channel 6 .  Signals we re received with a Yagi antenna . The 
received ambient signal at B, therefore, was adj usted to correspond 
to the same antenna . 

3. 42,  �0 = 1 . 1 7° ' .  �0 = 1 1 . 5° 

48 . 5  dB �-tV, E = 2 1 . 2  dB tJ.V m 

1 9 . 2, 
Ea ( B )  

29 . 2, 61 2 . 0, 0. 26 Eav 
m . 

parameters are the same as those in (i i ) ( a ) : 

86 m 

190. 42 

For future reference, the scattering parameters for the MOD-2 blade obtained 
f rom the static measurements are p resented in Table 5-1 . As we mentioned 
earlier, the correspondinf values obtained from laboratory scale-model 
measurements are Ae = 1 84 m , L 1 = 84 m. The agreement between the results of 
the two measurements is excellent . 

Table 5-l . Equivalent Scattering Parameters for the MOD-2 Blade 
Obtained from Full-Scale Measurements 

Distance from WT TV Wavelength A L e Site (IIi) Channel No . (m) (m2 ) (m� 
A 1 6 00 6 3.42  1 7 6  8 2  
c 6 096 8 1 . 62 1 86 88 
c 6096 6 3. 42  190 86  
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5 . 6  DISCUSSION 

Based on the measurements carried out on TV Channel 6 at Sit e  A ,  and on TV 
Channels 6 and 8 at Site C, the following observations can be made: ( i )  The 
average of the measured values for the equivalent scattering area Ae and 
length L1 of the front face of the MOD-2 blade with its pitch adjusted for 
maximum power are in excellent agreement with the values obtained from 
laboratory s cale-model measurements .  The tes ts provide confidence in the 
validi ty of the theoreti cal model and the s cale-model measurement s .  ( i i )  As 
menti oned in Section 5 . 1 , it is recommended,  therefore, that in practical 
s ituations when the pitch is not adjusted for maximum power Ae = 140 m2 and 
L 1 = 63 m should be used for the s cattering parameters of the MOD-2 blade . 

3 3  
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SECTION 6 . 0  

TELEVISION INTERFERENCE MEASUREMENTS (DYNAMIC TESTS) 

The nat1.1re and degree of television interference caused by the operation WTs 
were determined by carrying out dynami c measurements at test Si tes A, B ,  and 
C .  As indicated earlier ( Section 3 . 3 ) ,  the tests involved the measurement of  
the received signal vs . time for the antenna beam pointed toward the WT array 
and , on a f ew occasions , at the TV transmi tter. Whenever it was felt desir
able , the quality of TV reception was also simultaneously monitored using the 
TV receiver .  

Dynami c data were collected with the turbine blades rotating at 17 . 5  rpm and 
for the wind conditions available at the t ime of the tests .  During the t ime 
period of the measurements , wind generally was coming from the west , thereby 
causing the axes of rot ation of the operating WTs to line up along the east 
wes t  line . During TVI measurement s at Si tes A and C ,  this generally provided 
backward and forward zone conditions , on TV channels originating from Portland 
and Pasco , respectively (s ee Figure 2-8) . 

Typi cally , data were collect ed with one WT operating at firs t , then two . Nor
mally these results were obtained with WTs No . 2 and No . 3 .  Only ·in a few 
cases were we able to collect some data with all three machines operating. In 
the following sections , we give the result s  of the dynami c measurements con
ducted using the avai lable TV channels at the three test sites and for various 
operating conditions of the WTs . 

6 . 1 SITE A 

Ambient signals on all of the available TV channels at this site were very 
weak (see Table 4-3) and generally provided extremely poor-to-unacceptable 
reception under normal conditions . Of the three UHF TV channels , Channel 1 9  
had the strongest ambient s ignals ;  therefore, we selected this channel for 
collecting the initial set of dynamic data.  As menti oned earlier , Test  Si te A 
was in the forward interference zone of the WTs for the reception of Channel 
1 9 .  Results obtained under various dynamic conditi ons are shown in Fig
ures 6-1 through 6-3 . 

Figure 6-1 refers to the results obtained with only WT No . 2 operating ; the 
average spacing between the puls es is about half the rotation period ( 1 . 7 2  s ) 
of the blades rotating at 1 7 . 5  rpm . The total signal variation caused by the 
pulses i s � � 7 . 4  dB , whi ch produced considerable video interference ; in fact , 
because the ambient signals are extremely low , the TV interference consisted 
of the received pi ctures fading in and out of the TV s creen in synchroni sm 
with these puls es . 

Simi lar results obtained wi th WTs No . 2 and No . 3 operating are shown in Fig
ure 6-2 . During the time these results were collected , it was observed that 
the blades of the two operating turbines were rotating in synchronism , whi ch 
is also evident from the results shown in Figure 6 -2 .  The total s ignal varia
t ion obtained in Figure 6-1 is � � 15 . 7  dB , whi ch indicates that the ampli tude 
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Figure 6-1 . Ea (dB !lV) vs .  Time on Channel 19, Obtained at Site A. WT No . 2 
operating at 1 7 . 5  rpm. Recei ving antenna d i re cted towar d the WT . 
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Figure 6-2 . Ea (dB�V) vs .  Time on Channel 19, Obtained at Site A. WTs No . 2 and No . 3 operating in synchronism at 1 7 . 5 rpm. Receiving antenna di rected toward the WT array . 
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of the received puls es was almost twi ce that of the pulses obtained wih only 
one WT operating . 

Figure 6-3 shows the result s  obtained with all three turbines operating , dur
ing which it was again observed that the blades of WTs No. 2 and No . 3 were 
rotating in synchronism . It is now argued that the larger amplitude puls e s  
shown i n  Figure 6-3 were caused by the combined effects of s cattering by the 
blades of WT No . 2 and No . 3 ,  and the smaller amplitude pulses were caused by 
the WT No . 1 blade s cattering . 

Figure 6-4 shows simi lar data obtained on Channel 4 2  when the blades of the 
three turbines were rotating out of synchroni sm . Using a visual technique 
during the measurement , we were able to  locate the individual pulses caused by 
the s cattering by each of the machines , and these are identified in Fig
ure 6-4 . These results tend to be consi stent with the geometry of the mea
surement at Site A. Referring to the map shown in Figure 2-2 , we can s ee that 
WT Nos .  3 ,  2, and 1 are at increasing distances from Si te A.  In addit ion , 
from this site the WT No . 1 was part ly shadowed by the WT No . 3 .  This may 
explain the decreasing amplitude of the interference pulses ( Figure 6-4) 
caused by the WTs No . 3 ,  2, and 1 ,  respectively . 

The results presented in Figures 6-3 and 6-4 are unique in the sense that this 
was the only occasion where we were able to collect data wi th all three WTs 
operating . On that particular day , WT No . 1 operated about half the time , 
along with the other two machines .  Later in the evening of that day , it was 
shut down and was not operated again during the rest of our test program .  

6 . 2  SITE B 

At this site, dynami c data were collected with WTs No . 3 and No . 2 operating 
singly and together.  No appreciable TVI was observed on the UHF channels , and 
this was apparently because the WTs were located in the back lobe region of 
the antenna and oriented to receive maximum s ignals on the UHF channels origi
nating from Pas co .  

Figure 6-5 shows the result s  obtained where WT Nos .  2 and 3 are operating 
together and when the receiving antenna was oriented to receive s ignals on the 
VHF Channel 12 originating from Portland . The total variation in the received 
s ignals due to WT-interference,  shown in Figure 6-5 , i s  � � 2 . 46 dB; s ome TVI 
effects were observed under these conditions . 

6 . 3  SITE C 

As shown in Table 4-3 ,  the ambient signal levels on all of the available TV 
channels were ext remely low at this site . As a resul t ,  the TV reception at 
Site C even under normal conditions was unacceptable , and no meaningful TVI 
measurements could be conducted with the receiving antenna pointed t oward the 
desi red TV transmitter.  However , we obtained some dynami c results with the 
receiving antenna pointed toward the WT array so that the received scattered 
s ignals were appreciable and could be identified . These data were collected 
during the initial phase of our dynamic measurement program, and their purpose 
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Figure 6-4 . Ea (dB !lV) vs .  Time on Channel 42 � Obtained at Site A. WTs No . 1 
and No . 3 operat ing at 1 7 . 5  rpm, not in synchronism .  Rece iving 
antenna directed t oward the WT array . 
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Figure 6-5 . Ea (dB jJ.V) vs .  Time on Channel 12, Obtained at Site B. WTs No . 2 
and No . 3 operating at 1 7 . 5 rpm. Receiving antenna directed 
toward the transmit ter . 
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was to study the general effects of the s cattering by the WT . Received s ignal 
vs . time obtained on Channel 6 with WT No . 1 operating is shown in Figure 6-6 , 
where the interference signals can barely be identified . Similar results 
obtained with WTs No . 1 and No . 3 operating are shown in Figure 6-7 , where the 
pulsed signals caused by the s cattering by the two machines may be clearly 
identified .  

6 . 4  DISCUSSION 

The quality of the TV reception on all of the available channels and in the 
vicinity of the WT array was poor to unacceptable, even under normal condi
t ions ; i . e . , when the turbines were not operating and the receiving antenna 
beam was oriented in the direction of the desired TV station. Extremely weak 
ambient signals in the area made it  very difficult to make complete TVI mea
surements at all of the test sites and on all the TV channels . With the 
antenna directed at the TV transmitter , although we did obtain interference 
pulses caused by the WT blade rotation, in many cases it was very difficult 
( i f  not impossible) to make any meaningful observations of the interference 
effects on the TV s creen, because the signal strength was of the s ame order or 
below that of the noise level of the TV receiver . In one instance (at Si t e  B ,  
whi ch was about one and one-half miles from the WT array s i t e ) , we observed 
interference effects on the TV s creen when the antenna was directed to receive 
signals from the Channel 12 transmitter at Portland. 

The results obtained with the antenna beam directed toward the WT array are 
quite s ignificant . It has been f ound that multiple WTs operating in synchron
i sm tend to enhance the interference effects ; in fact , our resul t s  indi cate 
that two WTs operating in synchronism produced interference pulses whose 
amplitude was about twi ce that of the pulses caused by a single WT . When the 
machines do not operate in synchronism, they produce interference individu
ally , and the interference pulses caused by each machine could be identi fied . 
Because the three WTs did not operate continually together, our results 
regarding the interference effects of the present WT array are not complet e .  

To fully understand the dynamic result s ,  i t  i s  often neces sary t o  have infor
mation regarding the yaw position and the pi t ch of the blades of the operating 
machines . During our measurement program, we es timated the yaw position of 
the WTs visually and found fai r  correlation with observed dat a .  Since the 
teetering angle of the blades was variable and beyond control ,  it was imprac
tical to try to determine the pitch of the blades . It is believed that the 
reduced amplitude interference pulses received at the test s ites and on many 
channels were caused by the upward teetering of the blades ( such blades s cat
ter signals in directions above the hori zon , thereby causing reduced amplitude 
s cattered signals at the test s ites which were below the elevation of the \VT
blade centers ) .  

Further study is recommended to evaluate the influence of the teet ering angle 
of the blade and that of more than two WTs on the TVI effects produced .  
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SECTION 7 . 0  

CONCLUSIONS 

The interference effects on TV reception caused by the MOD-2 WT array at 
Goodnoe Hills have been investigated by measuring the ambient f ield s trengths , 
static (or blade) s cattering , and TV interference at a number of locations in 
the vi cinity of the WT array . 

The most significant achievement has been the determination of the electromag
netic s cattering parameters of the MOD-2 blade , whi ch are required for esti
mating their interference effects on any electromagnetic system .  The blade 
s cattering parameters have been obtained from the results of s tatic measure
ments by using an approximate theory based on the rectangular metal plat e  for 
the blade . Under zero pitch condition, the average s cattering parameters 
determined from three independent static measurements are Ae = 184 m2 ; 
11 = 85 , which should be compared with the value Ae = 1 84 m2 ; and 1 1 = 83 m ,  
obtained from laboratory scale-model measurement s . There is excellent agree
ment between the results obtained from the two types of measurement s . 

Because the ambient signals are extremely weak at all test locations , the 
quality of TV reception under normal conditions ( i . e . , receiving antenna beam 
oriented to receive maximum desired signal and the WTs not operating) was 
f ound to be poor to unacceptable there . Consequently , it was very dif f i cult 
( i f  not impossible ) to conduct meaningful dynamic or TVI measurements with the 
receiving antenna directed at the desired TV transmitter.  Under this condi
tion , we observed appreciable TVI effects on Channel 12 only at one location 
1-1 / 2  miles from the WT array . 

With the antenna beam directed at the WT array , some signifi cant result s  were 
obtained with regard to the TVI effects produced by multiple WTs :  

• Multiple WTs when operating in synchronism tend t o  enhance the TVI 
effects ; in fact , our results indicate that two WTs operating in s yn
chronism produce interference pulses whose amplitude was about twice that 
produced by a single WT .  

• When the WTs do not operate in synchronism , they produce interference 
individually ,  and the interference pulses caused by each machine could be 
i dentified . 

Our results regarding the interference effects of the present MOD-2 array are 
not complet e .  It is recommended that further dynamic measurements be con
ducted to 

1 .  Obt ain more detailed TVI effects produced by the WTs operating singly or 
in an array . 

2 .  Evaluate the influence of the yaw position and the teetering angle of 
the blade . 

3 .  Analyze the dynami c result s  using the approximate theory developed in 
Ref . 3 .  
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APPENDIX 

THEORETICAL CONSIDERATIONS 

Theoretical express ions used in Section 5 . 0 to determine the s cattering param
eters of the WT blade from static measurements are derived f rom the considera
tions of s cattering of time harmonic plane electromagnetic waves by a rectan
gular metal plat e .  

A. l SCATTERING BY A RECTANGULAR METAL PLATE 

Let a rectangular metal plate of Length L1 in the x-direction and width L2 i n  
the z-di rection be located in the x-z plane of a rectangular coordinate system 
with origin 0,  as shown in Figure A-1 .  The center of the plate is placed at 
0 ,  whi ch is als o  the origin of a spherical coordinate system (r , e ,  $ ) . The 
plate is illuminated by a plane electromagneti c  wave incident from the direc
tion ei , $i with the electric vector polarized in �he ho�;zontal x-y plane such 
that the incident electric and magnetic vectors E1 and H1 are given by 

where 

+ z cos e. 1 , 
1 

( A- 1 )  

(A-2 ) 

E0 , H0 = E0/ �0 are the ampli tudes of the elect ric and magnetic vectors , 
respectively , 
�0 is the intrinsic impedance of the medium 
k = 2n/ f... is the propagation cons tant in the medium, being the wave
length in the medium , 
x , y  , z  are the unit vectors in the. x , y ,  and z directions , respectively , 

and a time dependence exp ( i wt )  is suppressed . 

According to the physi cal opt1." cs approximation, the surface current dens i t y  + . 
K at an arbi trary point on the illuminated s ide of the plate is 

·+ A + • I  K = 2n x H1 s , (A-3)  

where lii l s is the incident magnetic field at �he point on the plat e ,  n(=y )  i s  
the unit normal on the illuminated side and K = 0 on the shadowed s ide . In 
the present cas e ,  using Eqs . (A-2) and ( A-3 ) , we obtain the induced current 
densi ty at a point r '  on the plate as 
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Figure A-1 .  Rectangular Metal Plate with the Incident Field Direction 
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-+ -+ K( r 1 )  2Ho (x sin 9i + Z COS 8i COS <!>i ) exp ( ik ( x  1 Sin 8i COS <Pi + Z 1 COS 8i ) , 

for ..; x l  
(A-4) 

..; z l  12 ..: 2 = 0, otherwis e  

where x 1  , z 1 refer t o  the coordinates o f  a point on the illuminated side of 
the plat e .  

The electric Hertz vector at a far field point R(r , 9 , <!>) due to the current 
distribution K( r 1 )  [ 1 1 ]  is 

where 

-+'It = � exp ( -ikr ) '1 -+ -+ "' -+ 
4irk r S K( r  1 )exp (ikr • r 1 ) d S  1 , 

r = X sin 9 COS <j> + y S in 9 Sin <j> + Z COS 9 

-;1  = xx 1 + zz 1 

dS 1 = dx 1 dz 1 

S = the surface area of the plate • 

Hence , f rom Eqs .  (A-4) through ( A-6 ) , 

[11 x sine T ( s i n  

[12 
x sine T ( co s  

where 

ei cos <l>i + sin 

ei + cos e) J , 

sin 1tX sine [x] = --'ltX 

e cos 
<!>

)
] 

Since the s cattered elect ric f ield [ 1 1 ]  is 

E = -k2 [; x(; x �] , 
and the transverse components of the scattered electric field at R are 

E e 
exp ( -ikr ) --''-'---"- ( sin ei cos e cos <!> - cos ei sin e cos <!> )  r 

5 1  

(A-5 ) 

(A-6)  

( A-7)  

( A-8) 

( A-9) 



X sine [ �l ( sin 9i COS 4>i + sin 9 COS <!> J 
X Sine [ �2 ( COS 8i + COS 9 )] , 

E e 
L 1L2 exp ( -ikr) ( sin ei iE0 --A.- r 

[ L1 x sine -::;::- ( s i n  ei cos cl>i + 

sin 

sin 

[ L2 x sine -::;::- ( cos ei + cos e)  J . 
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(A- 1 0) 

4>)  

e cos c!>) J (A-l l ) 

To apply the above to the case of s cattering by the WT blade , we assume ei = 

rc/ 2 ,  e = rc/ 2 + ex ,  and obtain the s cattered fields as 

E iE 
L1L2 exp (-ikr) . "' . [ L 1 ( ,t-. + "')l e 0 ---A.- r s �n a cos � s�nc -::;::- cos �i cos a cos � J  

x sine [�2 sin a] , ( A-1 2 ) . 

. L1L2 exp (-ikr) [L 1 J E 4> �E0 --A.- · r s in 4> sine -::;::- ( co s  <h + cos a cos ¢ )  

x sine [�2 sin a J . ( A- 1 3 )  

For the purpose o f  analyzing the results o f  static measurements , it is of 
inte rest to obtain the s cattered fields under conditions when the plate is 
slowly rotating in the horizontal plane , and the incident and s cattered field 
directions are constant . It is now as sumed that the bistatic angle ,  2 cp0 = 

4>i - cp ,  between the s cattered and incident direction is cons t ant , and that the 
plate rotation angle � is measured anticlockwise from the meridian plane 
bisecting the bistatic angle ( s ee Figure 5-4) . Under these conditions , it can 
be shown that Eqs .  ( A- 1 2) to (A- 1 3) reduce to 

E <l> 

where 

E e 

iE �� �_pJ-ikr ) 
o A. r 

. [L2 . J x s �nc -:;:- s1.n a 

. Ae exp ( -ikr ) . -�Eo x- ---r- s�n a sin( c!>o - M 
x sine [ �1 {sin( cp0 + � ) - cos a sin( ¢0 - p ) } J 

. [Lz . 

J x s �nc -:r- s�n a , 

cos (cp0 - i3) s ine [�1 {sin ( .�0 + p) - cos cc s in 

5 2  

(A- 1 4) 

C t1lo - � ) }] 
(A- 1 5 )  



It can be seen from Eqs .  ( A-1 4) and (A- 1 5 )  that 

1 :9 1 = I sin a tan( $0 - j3 )  I • 4> 
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( A- 1 6 )  

(A- 1 7 )  

Usually , a "' 0 and 4>0 < < n/ 4 .  Thus , (A- 1 7 )  indicates that near the specular 
position of the plate ( i . e . , j3 = 0) , 

which means that the hori zontal component ( E q,) of the s cattered f ield is pre
dominant at R, and which is of interest in the present case . 

A.2 RECEIVED FIELD DURING STATIC MEASUREMENTS 

The rectangular plate in Figure A-1 is now identi fied as the WT blade with 0 
coinciding with the phase center B of the blade . Figures S-4 and S-5 are hor
i zontal and verti cal plane views , respectively , of the geometry where R and B 
are the (phase)  centers of the receiving antenna and the plate , and T is the 
transmitter . Under f ree space conditions , the s cattered f ield at R is given 
by Eq . (A-1 5 ) . On the assumption that the entire system is located above a 
homogeneous flat earth, the amplitude of the scattered f ield at R as a func
tion of j3 [ 3 , 7 ]  is 

where 

F 

r = 

FEa ( B )  � cos ( 00 - � ) 1 1 sinc[�l {sin( 00 + � )  

- co s a sin( 00 - � ) } ] • I sinct�2 sin "] I ·  

ht - h 
a = tan- 1  ---� D 

( A- 1 8 )  

( A- 1 9 )  

E ( B )  is the ambient (incident ) field st rength at B ,  l r l  is the amplitude o f  
t�e reflection coeffi cient for grazing incidence on the ground, and other 
parameters are indi cated in Fi gures 5-4 and 5-S . The quantity F includes the 
eff ects of reflection f rom the ground at near grazing angles [ 1 2 ] . 

The s cattered field at R is a maximum when 
blade rotation, the amplitude modulation index m 
directional antenna having its main beam pointed 

Es (R)  l s=o m = ----...!-Eav ' 

0,  and as a function of the 
of the signal received wi th a 
at B [ 7 ]  is 

( A-20 )  

whe re E av is the received ambient field s t rength at R .  
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In the present cas e ,  the terrain conditions are such that l r l  = 0 .  Under this 
condition from Eqs .  (A- 1 8 )  and (A-20) , the equivalent scattering area Ae and 
the length L1 of the blade are 

L 

where 

mA.r Ae = Ea ( B )  
----- cos �0 sinc 1 sinc2 Eav 

( 1 - cos a) sin 4>0 cos �0 + ( l + cos a: )cos �0 sin �0 

0 . 5  A. � ----�
�
--�

-
--�no 

, for a cos 'I'O s1n t-' = 0 , 

sin 1tXl 
mq 

sinc2 
sin 'fCX2 

L l x 1 = T {0  - cos a)sin ad , 

L2 . x2 = T s1.n a • 

(A-2 1 )  

(A-22)  

(A-23) 

(A-24) 

(A-25)  

2 �0 = the angle between the nulls of the main scatter
ing lobe of the received field . 

Equations (A-2 1 )  through (A-25 )  are the same as Eq s .  (5-1 ) through (5-5)  in 
Section 5 . 4 .  
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