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ABSTRACT 

The el ectromagnetic interference to tel evision reception  caus ed 

by the 1 7 m Darrei us at Al buquerque , NM, has been studi ed by carryi ng 

out measurements at a number of s ites in  the vici ni ty o f  the VAWT . The 

RF sources used were the commercial VHF and UHF TV signal s avail abl e in 

the area . 

Ambient field s trength meas urements showed that the signa l s  on  

al l TV Channel s except one were stro n g , and provi ded good reception at 

a l l test sites . With the antenna ( properl y ) o ri ented for maximum 

direct signa l , unacceptabl e i nterference was obs erved o n  some Channel s  at 

sites out to 3 3 m from the WT in  the forward and backward regi ons . Wi th 

the antenna beam di rected at the WT , interference varying from s l i ght 

to v io l ent were obse rved-at al l s it es on s ome or al l TV Chann el s .  

A simpl e  theoretical model has been devel o ped for anal yzing the 

TVI produced by a VAWT li ke the Darri eus . Us ing  the model i n  conjuncti on 

with meas ured data , an approximate expression for the equ i va l ent 

scattering area A o f  the Darri eus has been deve l o ped . I t  is found tha t 

A is wavel ength (A) dependent and vari es as 
11/2• 

The equ i va l ent 

scatteri ng area of the Darrieus on  l ow VHF Channel s is found  to be  of  the 

same o rder as that o f  a HAWT having  a s imi l ar power ra ting . I t  appears 

that the Darrieus produces the same amount of i nterference on the 

l ower VHF Channels but l ess  on al l others . The modulation waveforms· 

produced by the Darri eus are more compl ica ted than for a hori zonta l axi s 

machine and are not yet ful l y  understood . 



EXECUTI VE SUMMARY 

Electroma gneti c i nterference  to televi s i o n  recepti on caused by 

the 17m Darrieus at Albuquerqu e ,  NM , has been s tudi ed by carrying  out 

measurements at  a number of s i tes in  the vi ci n i ty of the WT.  The RF 

sources used were the commerci al TV s i gnals on  VHF  Channels 4,5 ,7 and 

1 3 ,  a nd UHF Channels 23 and 48 avai lable i n  the area . The transmi t ters 

of all s i x  are located on Sandi a Crest ( a pproximately 3 . 2  km above s ea 

level) about 21 km from the WT . E i ght tes t s i tes a t  vari ous di s tances 

from the WT were chosen  i n  di recti ons havi n g  angles meas ured clockwi s e  

from the WT- transmi tter di recti on as  follows : one s i te i n  the backward 

di recti on ( 0°) , two s i tes i n  the forward ( 1 80°) di recti on , one  s i te 

each i n  the 45° and 135� di recti ons , and three sites i n  the goo direction . 

Seven o f  thes e were located wi thi n 45 m o f  the WT , close  to the 

s urroundi ng  fence , and the ei ghth ( i n  the goo di recti on ) was outs i de 

the VAWT control bui ldi n g  about 1 33 m from the WT.  

At each s i te s ome or  all of the followi ng types of meas urement 

were performed : 

( i ) Ambi ent Fi eld Strength . Wi th the WT s tati onary ,  the s trength 

of the recei ved s i gnal was meas ured by rotati ng  the ma i n  beam of the 

recei vi ng  antenna unti l the output was a maxi mum . Th i s  provi ded 

i n formati on about the expected quali ty of TV recepti on  i n  the a rea , 

and als o  the average fi eld strengths o f  the vari o us TV Channels at the 

WT rela ti ve to those at  the test sites . The latter a re i mportant i n  

predi cti ng  the i nterference produced by the WT. 
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( i i } Dynamic or  Tel evi s i on Interference ( TVI ) . These tes ts 

were performed wi th the WT rotating ( at 50.6 rpm) by recordi ng the 

received s i gnal  vs . ti me with the antenna beam directed at th e desired 

transmitter or  at the WT , whi le observi ng the received pi cture o n  the 

screen for any vi deo distortion. Video recordi ngs were made whenever 

i t  was felt des i rabl e to preserve the video effects for future 

evaluation .  In addition, the recei ved s i gnal vs . antenna beam 

pointing direction was obtained for each TV Channel. These measure

ments provided substantial i nformatio n , and were used to judge the 

fol lowing : ( a ) the hori zonta1 p1 ane pattern o f  the antenna i n  the 

actual test envi ronment  under dynami c  conditions; (b) the effect of 

·the WT and/o r  its blade rotation on  the s i gnal received from any 

di rectio n , and (c ) the amount of signal modulation caused by the 

blade rotation. At one site (#7) a photograph of the oscil loscope 

display o f  th e modulati on waveform on Channel 13 was obtained for 

future analys i s. 

The equi pment setup and the meas urement procedures were 

si milar to thos e employed i n  our previ ous studi es . The recei vi ng 

antenna was a typical TV antenna purchas ed from a Radi o Shack store 

in Albuquerque . 
The ambi ent fie l d strength meas urements showed that in th e 

vi cinity of the VAWT th e  s i gnals on all TV Channeis except 23 were 

strong enough to provi de good reception at all of the tes t s i tes . 

The Channel 23 s i gnal was generally weak , and i ts reception was 

considered poor at all s i tes. 
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Wi th the antenna beam di rected a t  the transmi tters ( i . e . , 

th e antenna properly  ori ented ) ,  th e s i gni fi cant fi ndi ngs from th e 

dynamic  meas urements were : ( i )  i n  the forward di recti on  (180°) , 

thres ho l d l evel vi deo di stortion  was o bserved on  Channel s 2 3  and 4 8  

at a distance o f  33 m from the WT : ( i i ) i n  the bac kward di recti on  ( 0° )  

there was no vi deo d i stortion o n  any Channel at a di s tance o f  about 

3 7 m; ( i i ) a t  the s i tes in th e 90° di rect ion  2 1  and 2 3  m from the 

WT, u nacceptab l e v i deo d istorti on  occurred on  Channel 2 3; and ( i v )  at 

two s i tes 2 3 m from the WT and i n  the 45° and 1 35° di recti ons , there 

was i nterf erence above acceptabl e  l evel s on Channel s 1 3  and 2 3 ,  

respecti vely .  

Wi th th e an tenna beam di rected a t  the WT ( i.e . , antenna improperly 

di rected for backward reg i on s· i tes ) ,  i nterference rang i ng from slight 

to viol ent was o bs erved on  some or  a l l  Channe l s at  a l l e ight s i tes. 

The  modul ati on  waveforms produced by t h e  rotati ng Darri eus were 

more compl i cated than fo r a HAWT and are not ful l y  unders tood. The 

waveforms vari ed from s i nuso i dal  to pul s ed , wi th s i gni fi cant components 

repeati ng at twi ce the rotati on frequency o f  the b l ades. The vi deo 

di storti o n  occurred i n  synchroni sm wi th  th ese components. 

A s impl e theoreti cal model has been developed for anai yzi ng 

the TV! produced by a VAWT l i ke the Da rri eus. Us i ng th i s  model and the 

measured data , an approximate expres s i on for th e equi val ent sca tteri ng 

area A of  the  1 7 m Darri eus has been deri ved . I t  i s  found  that A i s  

wavel ength (A) dependent and varies at A1/2• The  equival ent area o f  

the Darri eus o n  l ow VHF Channel s i s  found to b e  o f  the same order 

as that for a HAWT havi ng  s i mi l ar power rati ng. I t  appears tha t  the 
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Darri eus produces th e same amount of interference on the 1 ower VHF 

Channels but l ess on a1 1 other Channels . 

The test program was successful , and yielded valuable infor

mation and understanding of the TVI effects caused by the Oarri eus. 

Further work is recommended so that the interference phenomenon 

associated with a Darrieus or other VAWT can be unders tood with the 

same degree of confidence now possible for a HAWT. 
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CHAPTER 1 .  I NTRODUCTION 

Verti cal axi s wi nd turbi nes are a possi ble al ternati ve to th e more 

conventional  hori zonta l  axi s  machi nes for wi nd  energy conversi on , a nd a 

number have been erected or  are i n  the process of erection  throughout 

the U . S .  Li ke hori zontal a.xis machi nes ,  they are a l so a potenti a l  source 

of i nterf�rence with el ectromagneti c systems operati n g  i n  the vi ci n i ty ,  

and televi si on i s  one type of system that coul d be a ffected. 

To date , most s tudi es have been di rected at l arge hori zontal axis 

wi nd turbi nes ( HAWTs) such  as the Moo�oA and MOD- 1 sa nd it has been 

demonstrated [1 ,2] that these can i nterfere wi th tel evi si o n  recept i _o n  i n  

a nei ghborhood o f  the sit e .  The tel evi s i on i nterference (TVI ) i s  due to 

scattering  o ff the rotating  b l ades o f  the turbine , produci ng  pul se 

ampl i tude modul at i o n  of the total recei ved si gnal , and man i fests i ts el f 

as vi deo di storti o n  of the received pi cture . Depending o n  the l ocati on  

and ori entati o n  o f  th e recei v i n g  antenna a nd t he state o f  the  wi nd turb i ne 

(WT) , the amount of observ
'
ed v i deo di stortion  can range from wea k  ( or  

acceptabl e) to  very strong  ( or  unacceptab l e) . It  has been found that 

i n  the worst case th e MOD- 1 WT at Boo n e ,  NC , can produce unacceptabl e 

i nterference out  to 4 to 5 km from the mach i ne. 

A prel i mi nary i nvesti gati on [3] usi ng  a l aboratory mi crowave TV 

system and sca l e model s o f  vert i ca l  a.xi s wi nd turbi nes ( VAWTs) showed 

that the Gi romi l l  and Darri eus can cause TVI. Al though the genera l 

nature of  th e i nterference was simi l ar to t ha t  o f  a hori zontal axis 

mach i ne ,  there were some di fferences i n  magni tude and deta i l , but the 
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study was limited in extent and simulated only a single UHF TV Channel. 

It is there fore of interest to examine the nature and severity o f  the 

TVI caused by a full sca l e VAWT in an actual (as opposed to laboratory) 

environment. To this end, a series of on-site measurements was carried 

out during the period 10-14 November 1980 using the 17m Oarrieus machine 

at the Sandia Laboratories in Al buquerque , NM . The specific objectives 

were to measure the form and magnitude of the interference to actual TV 

signals caused by a full  scale VAWT, and to compare them with tho$e for 

a comparable HAWT. The tests were conducted by receiving the commercial 

TV signals available at selected sites in the vicinity of the machine. 

The following chapters describe these on-site measurements, and discuss 

the results and their implications. 



CHAPTER 2 .  BACKGROUND INFORMATION 

2 . 1  Descri pti on o f  the Darri eus VAWT 

Fi gure 1 shows a photograph of  th e 1 7  m Darri eus i n  i ts two-bl aded 

confi guration . It is l ocated at the NE corner o f  Ki rtl and Ai r Force Bas e 

on the west s i de of th e Sandi a Mountains i n  New Mexi co .. The blades and 

the central supporti ng torque tube ( tower ) form the  rotati ng part o f  the 

turb i ne referred to as the rotor. The uni que feature o f  the turb i ne i s  

the s peci a l  shape o f  th e bl ade formed b y  s trai ght-ci rcul ar-stra i ght  

bl ade s ecti ons that  a pproximate a troposkei n curve ( the shape that  a 

perfectl y fl exi bl e bl ade woul d ass ume under centrifugal forces ) [4,5]. 
The bl ades are o f  NACA-0015 aero fo i l  sect ion  and. are pi n-attached at al l 

points i ncl udi n g  the central rotati ng s teel tower , wh i ch i s  suppo rted 

at the top and bottom by tapered rol l er bearings . The metal l i c blades 

are uni formly 24 i nches w i de and have a chord th i cknes s o f  3 . 6  i nches 

over their enti re l ength . Fou r  guy cabl es attached to th e hous i ng of  

the  top beari ng  provide th e necessary tower s upport . Vi s i bl e  i n  Fig. 1 

is a sl ender pole projecti ng from th e top beari n g  whi ch holds anemometers 

and w ind di rect ion  sensors to record th e wi nd condi t ions near the 

turbi ne duri ng testi ng . The rel evant  parameters of th e Da rri eus shown 

in Fi g .  1 are presented i n  Table 1 .  More detai l s  about  th e WT can be 

fo und i n  [4,5]. 

- 3-
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Fi g. 1 The i7 m Darrieus machine. 
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Tabl e 1 

Rel evant Parameters o f  the Darri eus at  Al buquerque , NM 

Rotor Di ameter 1 7 m ( 54 . 9 ft) 

Total Hei ght 28 .7  m ( 94 ft) 

Total Wei ght 37 ,000  l bs 

Aero foi l  Secti on NACA 001 5 wi th 2 ft chord 

Rated Power 50 kw with 2 b l ades at 50.6 rpm 

and 28 .7 mph wind 

Peak Turbi ne Effi ci ency 41 percent 

2 . 2 )Physical Envi ronment 
;.t 

The turbine i s  l ocated on  a fl at secti on  o f  ground at an  

el evati on o f  5 ,450 ft  above sea l evel . The immedi ate v i ci n i ty of the 

turbi�ne s ite , and a secUon of  th e U . S .  Geo l ogi cal s urvey map o f  th e 
.-. 

l arg�� regi on  s urrounding the turbines are shown i n  Fi gs . 2 and 3 .  As 

s een from Fi g .  2 ,  the  1 7 m Darri eus i s  s urrounded by a metal l i c ( s ecuri ty) 

fence about  1 5 0 ft square , and there are also  two smal l er Darri eus machi nes 

5 m and 2 m i n  di ameter about 2 60 and 400 ft away res pecti vel y i n  th e 

SE  d irecti on from the WT under test. 

The area avai l abl e for carryi ng  out the meas urements extended out 

about  0 . 5  mi l e  from the WT an d was ci rcul ar a part from the  regi on to th e 

west occu pi ed by Kirtl and Air  Force Bas e .  The o nl y  oth er major obstructi ons 

i n  the area were two tal l water towers and a metal l i c tower about  500 ft 

away i n  a northerl y di recti on . 
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Fi g .  3 :  U.S. Geo l ogi cal Survey map o f  the area show ing  th e WT s i te (0 ) 
and the Sandi a Cres t ( X ) where the TV transmi tters are l ocated . 
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2.3 TV Stati ons 

Four VHF and two UHF comme rci al TV s i gnal s cou l d  be recei ved in 

the area. The i r  transmi tters are al l l ocated on Sandi a Crest (10 ,600 ft 

above sea level ) which i s  12 .7 mi l es from the WT i n  a di recti on 10° east 

of magneti c north (2° west of true north ) . Informati on concerni ng the 

TV transmi s s i ons is gi ven in Table 2, wh ere the bl anks i ndicate that the 

data was not ava i l abl e. It is understood that the Channel 48 transmi ssion 

is a re-broadcast of a satell ite-recei ved s i gnal . 

TV Channel 
and 

Affi l i ation 

4 KOB 
NBC 

KNME 
5 EDU 

7 KOAT 
ABC 

13 KGCM 
CBS 

23 ---

48 ---

Tabl e 2 
Avail abl e TV Channel s i n  Al buquerque , NM 

( Transmitting Antennas: 12.7 mil es from the WT) 

Audio Carrier Peak Effecti ve Radiated Power 

I I 
I 
I I I 
I I I 

Freq. Wavelength (t4Hz) (m ) 

71 . 75 4 . 2  

81 . 75 3 . 7  

179 . 75 1 .7 

21 5 . 75 1.4 

529 . 75 0 . 6  

679 . 75 0 .4 

( kw ) 
Video Audi o 

27.0 2 .7 -
26.9 5.4 

89 . 0  1 7.8 -
89 . 0  ---

I 922 . 0  184 . 0  

22. 0  2 . 8  
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2 . 4  TV I nterference Phenomenon 

To better apprec i ate the tests and the res u l ts to be descri bed 

l ater , i t  i s  conveni ent to begi n wi th  a genera l  des cri pti on  o f  TV 

i nte.rferen.ce n ear  a l arge horizontal axi s WT [1 , 2 , 6, 7]. I t  i s  natural 

to expect  that the gross  character of the i nterference produced by a 

VAWT wi l l  be s i mi lar  to thi s , but di fferences can a l so  be  anti ci pated . 

After a l l ,  the Darri eus i s  a very di fferent phys i ca l  structure , a nd some 

i n formation  whi ch i s  rel evant to the Darri eus a nd was obta i ned  from our  

previ ous l aboratory s tudy [ 3 ] wi ll a l s o  be given . 

The rotating b l ades  o f  a hori zonta l  ax.is WT can i nterfere wi th TV 

recepti on by produci ng vi deo di storti on. At a given distance from the 

WT the i nterference i ncrea s es w i th i ncreas i ng frequency , and i s  therefore 

worse on t h e  upper TV Channels . I t  a l so decreas es wi th i ncreas i ng di stance 

from the machi ne. For a�bi ent ( pri mary ) s i gnals wel l above the noi s e  

l evel o f  the recei ver , there i s  l i ttl e o r  n o  depe ndence o n  the ambi ent 

fi el d strength, and no audi o distorti on  has been found . 

The i nterference i s  caus ed  by the t ime-varyi ng  amp l itude modul ati on  

of  the recei ved  s i gnal produced by the rotati ng b l ades . In a nei ghborhood 

of a WT the s i gnal s scattered by the b l ades combi ne wi th the primary s i gnal 

to create a fonn of time- varyi n g  mul ti path , thereby ampl i tude modu l at i ng 

the total recei ved s i gnal . With a hori zontal axi s  WT havi ng  two di st i nct 

(coned ) bl ades , each b l ade contri butes s eparatel y ,  and the modul ati on  

waveform general ly cons i s ts o f  s i ne puls es whose wi dth i s  i nverse l y  

proportional t o  t h e  el ectrica l  l ength o f  a b l ade, repeati ng a t  twi ce the 

rotation frequency of th e bl ades . I f  suffi ci ently strong , thes e 

extran eous pul s es can distort the recei ved p i cture , wh ereas the audi o 
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i nformati on , bei ng  transmi tted by frequency modul ati on , remai ns 

unaffected . 

Genera ll y ,  the nature of the observe d  i n terference depends on 

the l ocati on  o f  the recei ver wi th respect to the WT , the state and 

ori entation  of the bl a des , and  the di recti on of arrival of the pri mary 

s i gnal. When the WT  bl ades are s ta ti onary, the scattered s i gna l  may 

appear on the TV screen as a ghost whose  pos i ti on or separati on from 

the mai n  picture depends on  the di fference between the time del a ys · 

suffered b y  the primary and sca ttered s i gnal s .  A ro tati on o f  the b l a des 

then causes the g host  to fluctuate , and i f  the ghost  i s  s uffici ently 

s trong ,  the resul ting i nterference can be qui te o bjecti onabl e .  In s uch  

cases , th e recei ved pi cture di s pla ys a hori zontal jitter in  s ynchroni s m  

with the bl ade rotati on .  As the i nterferen ce i n crea ses the enti re 

pi cture s ho ws ·  a pulsed  b ri ghtening,  and s ti l l  s tro nger i nterference can 

di srupt the TV recei ver's vert ical  s yn c, pro ducing  pi cture break-up . 

Thi s type  of i n terference o ccurs when the i nterferi ng s i gnal reaches the 

receiver primari ly as a result o f  specul ar scatteri ng  o ff the broad faces 

of  the bl a des , an d is cal l ed backward regi on i nterference . I n  the 

forward scattering regi on when th e WT i s  a lmos t i n  l i ne between the TV 

transmi tter and the recei ver , there may be l i ttl e or  no di fference i n  the 

ti mes of  arri val  o f  the pri mary and scattered s i gnal s at the recei ver, 

an d the vi deo di sto rti on then appears as an i n tens i ty ( or  bri ghtnes s) 
fluctuati on o f  the pi cture i n  synchro n i sm wi th the b l ade rota ti on .  Thi s  

type o f  i nterference i s  termed fo rward regi on i nterference .  I n  both cas es , 

the a mo unt of  i nterference depends on the strength o f  th e scattered si gnal 

rel ati ve to the primary one , and thi s  decreases wi th i ncreas i ng di stance 
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from the WT. Th e backward regi o n  i nterference shows no s i gn i fi cant 

dependence on  the ambi ent s i gnal strength and appears to be i ndependent 

of the recei ver i f  the s i gnal is well above the no i s e  l evel of the 

recei ver . I n  the forward regi on , however , the i nterference do es depend 

on  the ambi ent s i gnal strength , and a recei ver l ocated i n  a l ow signal  

l evel area i s  more vul nerab l e to thi s  type of i nterfere nce . 

The amount o f  vi deo distorti on  obs erved depe nds o n  the rati o o f  

the scattered and ambien t  fi el d strengths at  t h e  i nput o f  th e recei ver , 

i . e . , on the modulat i on i ndex m o f  the total recei ved s i gnal , and the 

modul ati on threshold m0 i s  defi ned to be  the l argest val ue of m for 

whi ch the di storti o n  i s  s ti l l  judged to be acceptabl e� The t hre�hold is 

obvi ous l y  s omewhat  s ubjective ,  but as a res ul t o f  l aboratory s i mulati ons 

[ 7] ,  scal e model measurements [3] and fi el d tests using  the MOD-O 

machi nes at Plum Brook  [-1] and on  Bl ock Is  1 and [1 ] ,  i t  has been 

establ i s hed as 0 .1 5  for a receiver i n  the backscatteri ng  di recti on from 

the WT , i ncreas i ng to 0 . 35 for a recei ver i n  th e forward scatteri ng 

di recti on . The l atter val ue is for strong ambi ent  s i gnal s and could be 

as smal l as 0. 1 5  i n  a l ow s i gnal area . W i th th e WT b l ades ori ented to 

di rect the maximum scattered signal s to the recei ver , th e reg ion  wh ere 

m > m i s  defi ned as the i n terference zone whose shape i s  determi ned by 0 

the hori zontal pl ane scatteri ng pattern of  a blade . A method for 

computing the i nterference zone of l arge hori zontal axi s WT i s  descri bed 

i n  [8,9]. 
Most  o f  the above comments a l so  apply to the i nterference caus ed 

by a VAWT l i ke the Darri eus , but there are di fferences i n  detai l .  I n  

parti cul a r ,  o u r  l abo rato ry study [3] showed that th e modu l at i on waveform 
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i ntroduced by a Darrie us contains broad pul ses and narrow s pikes , both 

repeati ng  at twi ce th e b l ade rotati on frequency. The pulses produced 

vi deo distortion with a threshold m = 0.28 , but the spikes did not 

produce any observabl e di s torti on . 

2 . 5  Test S i tes 

The measurements were carri ed out at eight test si tes at various 

distances and directions from the WT. The locations of the s i tes are 

shown in Fig. 4. The farthest ( s i te 1 ) was outs i de the IH control 

buil ding ( buil ding No. 899) 450 ft east  of the WT. The remaini ng s even 

sites were all within or just outside the fenced area around the machine. 

The distances r of the s i tes from the WT and thei r  d.irections a in 

degrees measured ·clockwise from the direction of the Sandia Crest ( 10° east 

of magneti c north) are l i sted in Tabl e 3. Since e = 0 i s  the (common) 

direction of the TV transmi tters , the sites can also be characterized 

as regards thei r positi on i n  a n  i nterference zone: see Table 4. We 

note that si tes 6 ,  4 and 1 were all located approximately o n  the 90° 

radial from the WT-transmitter di rectio n ,  but at i ncreas i ng di s tances 

from the ma chine. 
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Table 3 

Coordinates of the Tes t S i tes with Res pect to the Darri eus 

Distance r Angl e e Site No. (in feet) (in degrees ) 
1 437 90 

2 123 0 

3 103 180 
4 109 90 
5 88 1 80 
6 68 100 
7 78 45 
8 7 4  1 35 

Tabl e 4 

Characterizati on o f  Test S i tes for I nterference 

S i te No. Locati on 

2 back scattering di recti on ( al mos t  
exactly) 

3�5 I forward scatteri ng di rection ( a l most 
exactl y ) 

1,4,6 ,7,8 backward i nterference regio n  



C HAPTER 3. EXPERIMENTAL ARRAN GEMENT AND DESCRI PTI ON OF MEAS UREMENTS 

3.1 Experimenta l  Setu p 

The equ ipment used to perform the meas ure ments was s imil a r  to that 

o f  our previous TV! ·tests [ 1  , 2 ] .  A schematic bl ock di agram of th e s ys te m  

is s h own in Fi g .  5 where o nl y thos e  components pertinent to the da ta 

col l ectio n  have bee n  incl uded. With any given TV transmitter, a portio n  

of the s ig na l  is scattered b y  the WT a nd this ,  together wit h  the des i red 

s igna .l , was p icked up b y  a n  a ntenna and fed to a s pectrum a na l yzer a nd a 

TV receiver. The receiv ing a ntenna,  to be  describ ed l ater, was a 

co mmercial l y  ava il ab l e d,irectio na l  a ntenn a  l ocated 25 ft above ground .  

The vertical output o f  the  s pectrum a na l yzer was connected to a 

chart recorder wh ich pro vided a record o n  paper ta pe for l ater eva l uat io n. 

The combinati o n  of  the s pectrum a na l yzer a nd t he recorder was used to 

measure the amb ient l evels o f  the recei ved video a nd audi o s ig na l s  

without the WT in operatio n, and to record the total signal received as 

a function  of t ime, incl udi ng a ny modu l at io n  pro duced by s cattering from 

the operating WT. The general  qual ity  o f  t he amb ient TV receptio n  a nd 

th e ex iste nce o f  any WT- pro duced video d istort io n  were o bs erved o n  th e 

scree n o f  a 1 7- inch Zenith TV receiver , a nd th e video recorder was 

empl o yed whenever it was fel t  des irab le to record the program . I n  s ome 

s pecial  cases , the combinatio n  of  the os cil l oscope a nd camera ( s hown 

dotted in Fig. 5} was used to photograph the modula tion waveform o f  the 

received s igna l . The test ins truments were powered from a commerciai 

60 Hz power suppl y ava il ab l e at  a l l of the test s ites . 

- 1 5-
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Al l the test ins truments fitted comfortab ly  inside a van . The 

�ntenna was rotatabl e in azimuth and was mounted on a tower whose 

hei ght was adjus tabl e from 25 to 50 ft , as shown in Fig . 6. Th e tower 

and the antenna were mounted on a bracket ass embl y  resting on four 

wheel s so  that the combi nation coul d be  readil y moved ( s ee Fig . 7 ) . 

The Sandia Laboratories provided us with a van in w hich the tes t 

equipment was housed , and a pickup truck for moving the  antenna and 

tower assemb l y . The combination  of the van a nd truck  s erved as a mobi 1 e 

l aboratory for carrying out the meas urements . The s pectrum analyzer , 

paper chart recorder , video recorder � oscil l os cope a nd camera were 

al l provided by the  Sand i a  Laboratories . 

3.2 Th e Receiving Antenna 

The receiving antenna was an Archer Model VU60 purchased from . 
a Radio Shack Store in Al buquerque , and was a typical  VHF/UHF antenna , 

basica l l y  of l og-periodic design . For the appropri ate TV Channel 

frequencies , the azimuth a nd el evation pl ane  patterns were s ubs equently 

meas ured at our Wil l ow Run Facil ity and  are pres ented in Figs . 8 

through 1 3 . The cal ibration  marks on the azimutha l patterns corres pond  

to  a gain o f  2 dB  above isotropic , and from th es e the gain of th e receiving 

antenna can be fo und for each TV Channel . 

At a l l of the tes t sites the horizontal ( azimuth ) pl ane  patterns 

of the antenna were meas ured in the actual tes t environment by recording  

the antenna res pons e as a function o f  the beam pointing direction . 

Typical  of  th e results obtain ed are thos e shown in Figs . 14 thro ugh 19 
for site 1 ,  and these shoul d be compared with the corres ponding 

pa tterns in Figs . 8 through 13 . 
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Fig. 6: Antenna mounted on the tower. 
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Fi g .  7:  Antenna and i ts tower stowed for movement from s i te to s i te .  
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Fig. 8: Azimuthal (top) and elevation (bottom) plane patterns of the 
Radio Shack (VU6 0) receiving antenna at 6 9  MHz (Channel 4). 
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Fig . 9: Azimutha l  ( top ) and el evation  ( bottom) pl a ne patterns o f  the 
Radi o Shack ( VU60) recei vi ng antenna at 79 MHz ( Channel 5 ) . 

\ 
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Fig. J 0: Azimuthal (top) and e J evation '(bottom) pJ ane patterns of the 
Radio Shack (VUSO) receiving antenna at 177 MHz (Channel 7). 
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Fi g .  1 1 : Azi muthal ( top ) and el evation  (bottom) pl ane patterns o f  the 
Radi o Shack ( VU60 ) recei vi ng antenna at 21 3 MHz (Channel 1 3 ) . 
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Fig. 1 2 :  Azi muthal  (top) and elevati on (bottom) plane patterns of the 
Radi o  Shack (VU60) recei vi ng antenna at 527 MHz (Channe1 23 ) . 
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Fig. 13: Azimuthal (top) and elevation (bottom) plane patterns of the 
Radio Shack (VU60) receiving antenna at 677 MHz (Channel 48 ) . 
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Fi g .  1 7: Hori zonta l  pl ane respons e o f  the tes t antenna 0� Channel 1 3  obtained 
at s i te 1. 
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Fi g .  18: Horizontal plane response of the test antenna on Channel 23 obtained 
at site 1 .  
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Fi g .  19 : Hori zontal p l ane  res po ns e o f  the  test anten na on Channe l  48 obtained 
at s i te 1 .  
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3 .3 Types of Measurement 

At each test site, some or all of the following types of 

measurements were performed for every TV Channel of interest: 

i ) Received Signal Strength: With the WT stationary, the strength 

of the received signal was measured by rotating the main beam of the 

antenna until the output was a maximum. By tuning the spectrum analyzer 

through the TV Channel band of frequencies, a chart recording of the 

output versus frequency was obtained from which the video and audio 

signal strengths, Pv and Pa, respectively, in dBm (dB above one milliwatt ) 
could be foun d. 

ii ) Antenna Response: As the antenna was rotated, the output Pa 
of the spectrum analyzer tuned to the audio carrier frequency was 

recorded as a function of time · (and:hence,. the antenna position ) with 

and without the WT operating. These measurements served to determine 

(a ) the horizontal plane pattern of the antenna in the actuai test 

environment, ( b ) the effect of the WT on the received signal and (c ) the 

a mount of signal modulation produced by the blade rotation. 

iii) TV Interference: These dynamic tests were carried out with 

the VAWT operating at its normal speed, i.e., at 50.6 rpm. The antenna 

beam was positioned to receive the maximum audio signal (this generally 

occurred when the antenna beam was directed at the TV transmitter ) and 

the spectrum analyzer was tuned to the audio carrier frequency of the 

desired signal. The output was then recorded as a function of time, 

and the received picture on the TV screen was also observed for any 

video distortion. In a few cases, the measurements were repeated with 

the antenna beam poi nted at the WT to simulate the worst possible 
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situation of a mis positioned antenna . This general l y  provided a higher 

l evel of interference , and enabl ed us to see the modul ation waveforms 

more cl earl y .  

As mentioned earl ier , the s ignal  s cattered by th e rotating b l ades 

combi nes with the direct signal to produce a n  ampl itude modulated s ignal 

at  the inputs to the  s pectrum ana l yzer and the TV receiver . Thus , as 

a functi on of time , the output of the spectrum a na l yzer varies above and 

bel ow the ambient l evel , and it is conventional to quote the total 

variation (a ) of th e  received s ignal ampl itude in dB from whic h  the 

ampl it ude modu l ati on  index - (m ) can be obta ined by us ing  the rel ationship 

a =  20 l og ( l +m) / ( 1 -m) . For future referenc e ,  the rel ationship between 10 
the percent modu l ation (m x 1 00 )  and the total dB variation of th e 

received signa l is shown graphical l y in Fig . 20 . 
iii ) Video Recordi rrg :  This was done whenever it was fel t des i rab 1 e 

to preserve the video effects . 

iv ) Photogr.aph o f  the Modul atio n Waveform : I n  one  case ( site 7 ,  

Cha nnel 1 3) ,  the modul ation waveforms produced were photographed for 

l ater eval uatio n .  This was do ne wi th th e o s cill oscope and camera 

combi nation shown in Fig . 5, and wit h  the antenna beam directed at the 

operating WT . 
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Fi g .  20 : Percent modu l ation  as a functi on o f  the total dB vari ati o n  
o f  the observed s i gnal . 



CHAPTER 4. t1EASURED AMB IENT FIELD STRENGTHS 

To determi ne  the qual i ty o f  TV recepti on poss i bl e  i n  the area , 

th e ambi ent fi el d s trengths were measured at al l o f  the test s i tes o n  

a l l o f  th e ava i l abl e TV Channel s .  There was a l s o  a second reason for 

the meas urements . The s everi ty o f  WT i nterference wi th TV recepti o n  

depends o n  t h e  rati o o f  the WT-s cattered s i gnal  to the amb i ent s i gnal 

at the s i te i n  questi on , and the WT-scattered s i gnal i s , i n  turn , 

proportional to the ambie nt fi el d strength at  the  WT . 

At each s i te and for al l o f  th e des i red TV Channel s ,  th e re:cei ved 

vi deo and aud i o  powers P and P , res pecti vel y ,  were obta i ned  from the v a _ -

recordi ngs o f  the s pectrum anal yzer output i n  th e manner descri bed i n  

Section  3 . 3. I n  addi ti on , the qual i ty o f  recepti on  was exami ned 

us i ng the TV rece i ver .  Wi th the antenna ori ented to recei ve  th e maximum 

s i gnal , the s pectrum analyzer was tuned through the TV Channel ba nd of 

frequenci es a nd the out put  recorded . Typ i ca l  o f  the  res u l ts obta i ned 

are thos e s hown i n  Fi g .  21 for Channel  4 at s i te 1 . As tru e  for al l 

TV Channel s ,  the  aud i o  power peak occurs at a frequency 4 . 5 MHz above the 

vi deo power peak . Th e recei ved vi deo and audi o ca rri er s i gna l strengths 

can be o bta i ned di rectl y i n  dBm ( dB above one mi l l iwatt ) , and from 

Fi g .  21 we have P
v 

= -29 dBm . 

Recordi ngs s imi l ar to thes e were made at al l s i tes , and i t  i s  

s u ffic i ent to pres ent o n l y  the key quanti ti es determi ned from th em . 

Pv and P
a 

are o f  parti cul ar  i nterest , and thes e are gi ven i n  Tabl es 

5 and 6 ,  res pecti vel y .  
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Fi g .  21 : Vi deo and audio carri er s i qna 1 s trengths rece i ved on Channel 4 
at  s i te 1 .  
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Tabl e 5 

Recei ved Vi deo Carri er S i gnal S trengths at the Test S i tes 

TV 
Pv ( -dBm) 

Channel s Tes t  S i tes 

1 2 3 4 5 6 7 8 

4 29 29  2 5 2 7  29 30 38 30 
5 31 29 24 2 5 29 28 2 9  30 
7 32 2 7  33 30 2 7  2 7  29 30 

1 3  40 2 7  30 24 29 30 28 28 
23 53 47  56  6 5  6 9  70 60 75 

48 53 I 47 50 43 47 46 46 50 

Tabl e 6 

Recei ved Audi o Carri er S i gnal S tren gths at  the Tes t S i tes 

TV 
P a ( - dBm ) 

Channel s Test S i tes 

1 2 3 4 5 6 7 8 

4 36 36 32 33  �6 38 35 36 

5 34 35 30 32 36 36 34 34 
7 31 27 30 26 30 28 30 26 

1 3  36 31 37 31 32 34 33 30 
2 3  5 9  6 5  70 71 75 76 69 82 
48 5 9  5 6  60 5 2  5 7  5 6  54 54 
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The data i n  Tabl es 5 and 6 i ndi cate that the VH F si gna l s 

( Channel s 4 ,  5 ,  7 and 1 3 )  were no t s i gni fi ca ntl y s i te- s ens i t i ve , 

a l though P was l ower than P for Channel 7 at some s i tes , and for v a 
Channel 13 at s i te 1 .  No reason for th i s  i s  known . Th e UHF  s i gna l s  

( Channel s  2 3  and 48}  were typi cal ly  20 dB l ower than the VHF ones , and 

di d show some vari a ti on from s i te to s i te .  The VH F Channel s i gna l s  were 

qui te stro ng at a l l s i tes and provi ded good qual i ty TV recepti on . 

Channel 48 , though weaker than  th e VHF Channel s ,  was al so  strong enough 

to provi de good recepti on  except at si tes 1 and 3 wh ere th e qual i ty of  

recepti on was poor but acceptabl e .  The Channel 2 3  s igna l was wea kes t o f  

al l ,  and i ts recepti on qua l i ty at the test s i tes vari ed from poor to 
. 

unacceptabl e .  



CHAPTER 5 .  DYNAMI C ANTENNA RES PONS E 

Thi s was meas ured by record i n g  the audi o s i gnal  ca rri er s trength 

Pa as a functi on of the antenna beam poi nti ng  di rection  with  t h e  WT i n  

o perat i o n . The res ul ts ob ta i ned a t  s i te 3 with the  Da rri eus rotati ng  

at 50 . 6  rpm ( peri od � 1 . 2 sec ) a re s hown i n  Fi gs . 22 through 27 .  The 

modul ati on  pul ses introduced by the b l ade rotati on  are cl earl y s een . Th e 

pul s es occur every 0 . 6  s ec ( hal f the bl ade rotati on  peri od ) , and because 

the site is  in  the forwa rd i nterference regi on  ( see Fi g .  5 ) , thei r 

ampl i tu des are i ndependent of  t h e  antenna beam di recti on . As expected , 

the ampl i tudes i ncrease wi th TV Channel frequency . On the VH
.
F Channe l s  

the total s i gnal  vari ati on  b. caused by t h e  pul ses vari ed from 0 . 5  to 

1 . 5 dB , but was about 3 �B on  Channel s 23 and 48 . I n  vi ew o f  these l evel s 

i t  i s  not s urpri s i ng  that no s i gni fi ca nt v i deo di s to rt ion  was observed 

at VHF frequenci es whereas on the  UH F Channel s the di storti on was c l ose 

to the thres ho l d .  

S i te 2 was i n  the backscatteri ng  di recti on and the res ul ts obta i n ed 

here are shown i n  Fi gs . 28 th ro ugh 33 .  Becaus e  of the di scrimi nat ion  

between t h e  di rect and  WT- scattered s i gnal s which the  antenna now 

provi des , the ampl i tudes of th e modul at i o n  pul s es vary wi th t h e  antenna 

beam poi nt i n g  di recti on and are l a rges t when th e antenna i s  poi nted at 

th e WT . Wi th the antenna properly ori ented to recei ve the di rect s i gna l , 

there shoul d be no vi deo d i s torti on  on any of the s i x  Channel s at this  

s i te , and th i s  was i n  fact th e cas e .  
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I I I . I 
A. 

�--------��--------�----------�-----------' - 1 80 0 1 80 
e ( degrees ) 

Fi g .  22 : Antenna respons e  P
a 

( i n dBm) as a functi on o f  the poi nti ng  
di recti on a t  s i te 3 , Channel 4 .  
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Fi g .  23 : Antenna res ponse Pa ( i n  dBm ) as a functi on  o f  the po i nt i n g  

di rect ion  a t  s i te 3, Channel 5 .  
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Fi g .  24 : Antenna res po ns e  Pa ( i n dBm )  as a iuncti o n  o f  the po i n ti ng  
di rec tton a t  s i te 3 ,  Channel  7 . 
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Fi g .  25 : Antenna res ponse Pa ( i n dBm ) as a functi on o f  the poi nti ng  

di recti o n  at  s i te 3 , Channel 1 3 . 
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Fi g .  26 : Antenna response Pa ( i n  dBm) as a function o f  the poi nti ng 
di recti on at s i te 3 ,  Channel 2 3 . 
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Antenna res ponse P ( i n  dBm ) as a functi on o f  the  po i nt i ng 
. a 

di recti on at s i te 3 ,  Channel 48 . 
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Fi g .  28 : Antenna res ponse P a ( i n  dBm ) as a functi on of  th e po i nt i ng 

di recti on at si te 2 ,  Channe l  4 .  
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Fi g .  29 : An tenna res pons e Pa ( i n  dBm ) as a functi on  o f  the po i nt i ng 
di recti on at s i te 2 ,  Channel 5 .  
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Fi g .  30 : Antenna res pons e Pa ( i n  dBm ) as a funct ion  o f  the poi nti ng 

d i recti on at  s i te 2 ,  Channe l  7 .  
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Fi g .  31 : Antenna r
_
es pons e  Pa 

( i n  dBm) as a function o f  the po i nt i ng 

di recti on at s i te 2 ,  Channel 1 3 . 
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Fi g .  32 : Antenna res ponse Pa ( i n  dBm ) as a functi on o f  the po i nt i ng 
di recti on at  s i t e 2 ,  Channel 2 3 .  
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Fi g .  3 3 : Antenna res ponse Pa ( i n  dBm ) as a functi on of  the po i nti ng 

di rec ti on  at  s i te 2 ,  Channel 48 . 
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Resul ts s imi l a r to thes e were o btai ned at the other s i tes . B y  

averagi ng out the modul ati on p u l s e s , the smoothed vers ' o n s  o f  the 
antenna res ponses can be us ed to j udge the hori zonta l  p l a n e  patterns 

of th e antenna in th e tes t envi ronment , and th e dynami c da ta were used 

for thi s  purpos e  as welJ  as to investi gate the .  interference . However , 

to study th e TVI per s e ,  more deta i l ed measurements of th e modul ati on 

pul ses are requi red , and these are di scussed in the next s ecti on .  



r y 

, ,  / 

I' 
r 

CHAPTER 6 .  TELEVIS ION I NTERFERENC E ( TVI ) 

For a deta i l ed exami nati on  o f  the i nterference produced by 

th e o perati ng  Da rri eus , recordi ngs o f  Pa vers us t ime were made at the 

var ious s i tes wi th the antenna beam poi nted in  an  a ppro pri ate di recti o n . 

At s i tes 3 and 5 i n  the forward i nterference regi on , th e transmi tter 

and the win d  turb i ne were a l most  exactl y  i n  l i ne ,  and the antenna 

was po i nted at the transmi tter/WT . The rema i n i ng s i tes were in the 

backward i nterfe rence reg ion  and th e antenna was then poi nted 

s uccess i ve ly  at  the transmi tter ( fo r  optimum recepti o n )  and the WT 

( to enhance the i nterference e ffects ) .  Th roughout thes e measurements , 

the recei ved  pi cture was mon i tored for any vi deo d is torti on . 

6 . 1  Forward Regi on r'nterference 

Porti ons  o f  the recordi ngs of Pa vers us ti me at s i tes 3 and 5 

are presented i n  Fi gs . 34 and 35 res pecti vely ,  and the res u l ti n g  val ues 

of the ambi ent fi el d s trength and total s i gnal va ri ati on  A a ttri butab l e 

to the WT a re l i s ted i n  Tab l e 7 .  Al though th e two s i tes a re cl ose 

together, the ambi ent  fi el d strengths di ffer from s i te to s i te on  a l mos t 

every Channel . Th i s  may be  due to re fl ecti ons from n earby obj ects . 

Al l th e VHF s i gna l s  were qu i te s trong  at  both s i tes and s i nce 

A <  1 . 5 dB i t  i s  not s urpri s i ng  that no vi deo di s torti on was obs erved . 

At s i te 3 the Channel 48 s i gna l was rather weak  and there was s ome 

vi deo d i storti on . There was no  di s tort i on at  s i te 5 ,  how�ver , showi ng  

that a s i gnal vari ati on A �  1 . 5 dB  i s  too sma l l to  produce the 
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Fi g .  34 : Pa ( in d8m)  versus time at s i te 3 .  
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Tab l e  7 

Recei ved Ambi ent Fiel d Strengths and S i gna l Va ri ati ons 

( caus ed by th e Turb i ne Rotation ) at S i tes 3 and 5 

S i te 3 S i te 5 

TV Channel No . Ambi ent Pa 
� Ambi en t  P a ( -dBm) ( dB ) ( -dBm) 

4 32 1 . 0 36 

5 30 0 . 5  36 

7 30 0 . 7  30 

1 3  38 1 . 5 32 
-

23  69  4 . 0 75 

48 • 60 2 .  5- 3 . 0  5 7  

A 
( dB ) 

I 0 . 6 

1 .0 

1 . 0 

1 . 0 

5 . 0 

1. 5 
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forward regi on type of vi deo di s to rti o n  when the amb i ent  si gnal 

s trength is -57 dBm . The Channel 2 3  s i gnal s were much wea ker , a nd 

the qual i ty o f  recepti on was poor at  s i te 3 and unacceptabl e  at  s i te 

5 .  The s i gnal vari a ti ons were a l so  l arger than el s ewh ere . At s i te 3 ,  

� = 4 dB and the vi deo di stort i on was a l most  a t  the th resho l d l evel . 

At s i te 5 ,  on  the other hand , the di s tort ion  was qui te unacceptabl e 

an d wel l  above the th reshol d l evel i n  s pi t e  o f  the fact that � was 

only 1 dB l arger than  at s i te 3 .  Thi s c l ea rly demonstrates tha t  i n  

the forward regi on  the vi deo di s tort i on i s  a functi on  o f  the ambi en t  

fie l d  strength as wel l a s  th e total s i gna l vari ati on , w i th a wea k 

s i gnal be ing  more vul nerab l e to d i storti on . Bas ed o n  th ese results 

we concl ude that  i n  th e forward i nterference reg i on for a Darri eus th e 

thres ho l d l evel o f � i s  approximately 4 dB , i mplyi ng  m � 0 . 2 2 , for a 

s i gnal l evel Pa � - 70 dBm ,  but i s  hi gher for s tronger fi e l ds and 

l ower for weaker . 

From the s tri p chart recordi ngs o f  th e modul ati on  waveforms i n  

Fi gs . 34 and 35 i t  i s  evi dent that the i nterference i s  peri odi c .  I t  

was obs erved that  the i nterference and the res ul t i n g  vi deo di s tortion  

occurred whenever the  ' l oop • formed by th e Darri eus b l ades was 

a pproximately i n  l i ne  w i th the rece iver- transmi tter di recti on , and 

thi s  ha ppens twice  per rotati on . However , the  stri p c hart recorder has  

a rel atively s l ow res ponse  and does not reveal th e fi n e  detai l s  of the 

waveform . When the o utput of the s pectrum ana l yzer was o bs erved , i t  

was found that the waveform cons ists of broad pul ses and narrow s pi kes , 

and on ly  the broad pul ses a ppeared i n  Fi gs . 34 and 35 . Cons is tent 
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wi th the fi ndi ngs i n  [3] , th e narrow spi kes are l a rger i n  ampl i tude , 

and were we to have bas ed th e s i gnal vari ati ons on thes e ,  the val ues 

of � woul d have been much l arger , e . g . , � 1 0  dB on Channel s 23 and 

48 . As j udged by the rel ati onshi p between A a nd the vi deo di storti on 

found [ 1 -3] for a HAWT , the di stortion  obs erved wi th the Darri eus was 

nowhere near that ass oc i ated wi th a total s i gnal variati on exceedi ng 

1 0  dB , but was cons i s tent w ith  the val ues of  A determi n ed by the 

broad pul s es . I t  waul d therefore appear that th e narrow s p i k es seen 

in the output of  the spectrum ana lyzer are not res pons i bl e  for the 

obs erved di storti on .  Thi s  fi ndi ng  is cons i stent wi th the concl us i ons 

of our previ ous l aboratory study [3] of  VAWTs , and al so  carri es over 

to backward regi on i nterference . 

6 . 2  Backward Reaion  I nterference 

Tests s i mi l ar to those  descri bed above were conducted at the 

rema i ni ng six s i tes ( 1 , 3 , 4, 6 , 7  and 8) l ocated i n  the backward i nter

ference regi on . At each s i te reco rdi ngs o f  Pa versus time were obta ined 

wi th th e antenna beam di rected at the transmi tter and at the WT . The 

former max i mi zed the di rect s i gnal recei ved , wh i l e  the l atter reduced 

the di rect s i gnal by th e dis crimi nati on factor of the antenna , thereby 

enhanc i n g  the interference . Th e res ul ts are s ummari z ed i n  Tabl es 8 

and 9 where the TVI effects are characteri zed by the fo l l owi ng parameters : 

Qi 
' qua l i ty of vi deo recepti on o f  grades i = 0 , 1 , 2  or 3 under 

normal condi ti o ns , i . e . , wi th th e WT stat ionary ;  

o1 vi deo d i s tortion  of grades i = 0 , 1 , 2  or 3 obs erved i n  the 

received pi cture . 
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The four grades o f  vi deo recept i on and observed vi deo di s tort i o n  

were estab l i s hed as fol l ows : 

vi deo recepti on qual i ty :  

Qo good 

Ql fa i r  ( l i ttl e s nowy) 

Q2 poor ( s ubs tanti al s now ) 

Q3 very poo r  and unacceptab l e 

o bserved vi deo di storti on : 

00 none o r  barely vi s i b l e 

o1 vi s i bl e but  bel ow thresho l d 

( extremely s nowy ) 

comparabl e  to the threshol d 

above thres hol d/unacceptabl e . 

I n  general , th e four grades o f  vi deo recepti o n  were i n  accordance 

wi th recei ved ambi ent fj el d l evel s i n  the fol l owi ng ranges : 

P > - 56 dBm a -

- 56 dBm > Pa � -65  dBm 

-65 dBm > P > - 70 dBm a -

Q3 - 70 dBm > Pa 
a nd the four grades o f  vi deo dis torti on corres ponded approximatel y to 

a total s i gnal vari ati on � as fol l ows : 

Do 0 . 0  dB < A < 0 . 5  dB 

01 0 . 5  dB < A < 2 . 5  dB 

o2 2 . 5  dB < A < 3 . 0  dB 

03 A > 3 . 0 dB . 

We note that the thresho l d range i s  cons i s tent wi th the 

previous ly  establ i s hed val ue  �0 = 2 . 6  dB for the backward regi on , 

di scus s ed i n  Secti ons 2 . 4 and 3 . 3 .  
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The data i n  Tabl e  8 show that with the  antenna properly ori ented 

to recei ve the maximum des i red s i gnal , the on ly  v i deo di s torti on  obs erved 

was on Channel 2 3  at s i tes 6 and 8 ,  wh ereas with the antenna beam 

di rected at the WT ( Tabl e 9)  there was di storti on varyi ng from acceptab l e  

to unacceptable on al l Channel s a t  al l s i tes . I t  was o bs erved that 

the di s torti on general l y  occurred when the pl ane formed by the b l ades 

bi s ected the angl e between the WT-transmi tter and WT- recei ver di recti ons , 

corres pondi ng  to the case o f  s pecul ar refl ecti on off the bl ades . 

I t  may be hel pful  to pres ent some of  the recordi ngs o f  P a versus  

time that were made wi th the antenna b eam poi nted at the  WT . The res u l ts 

for s i te 2 are s hown i n  Fi g .  36 . Barel y v i s i b l e amounts of d i stortion 

were s ee n  o n  al l Channel s ,  the l arges t bei ng on Channel 48 for wh i ch 

t. = 1 . 5 dB . S i nce s i te 2 was i n  th e backscatteri ng di recti on , th e 

antenna served to dis crimi nate aga i nst  th e di rect s i gnal as i ndi cated by . 
the dynamic antenna res ponses i n  Fi gs . 28 through 3 3 ,  and thi s  expl a i ns 

the di fferi ng amounts of  vi deo d i storti on i n  Tab l es 8 and 9 .  

Si tes 6 ,  4 and 1 were l ocated at i ncreas i ng di stances from th e 

WT on the 90 ° radi al approximatel y .  At s i tes 6 and 4 va ryi ng degrees 

of vi deo di s tort ion  were observed on  al l Channel s ,  and th e data are 

pres ented i n  Fi gs . 37 an d 38 res pecti vely . Under s i mi l ar condi ti ons 

no s i gn i fi cant di stort i on was o bs erved at si te 1 on any Channel , 

though i t  i s  perti nent to remark that v i s i b l e ( s l i gh t ) distorti on •.vas 

s een on Channel 4 (6. = 1 . 0 dB ) for P
a 

= -50 dBm and on Channel 48 

(t. = 1 . 5 dB ) when the ambi ent fi el d strength was Pa = - 7 3  dBm . 

S i tes 7 and 8 are al so compa rabl e  i n  being  l ocated on  the 45°  

and 1 35 °  radi al s res pecti ve , and t h e  data for thes e s i tes are  shown 

in  Fi gs . 39 and 40 . At s i te 7 the l ow s i gnal l evel s on 
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Tabl e 8 

Summary o f  Backward I nterference Regi on  TVI Data : 

Antenna Beam Di rected at the Transmi tter , wi th WT Runn i ng  at  50 . 6  rpm 

TVI Parameters 
TV Channel 

Number S i te 1 S i te 2 S i te 4 S i te 6 Si te 7 S i te 8 

I i I 
! : 

4 Qo D
o Q

o 
D
o I Qo D

o 
Q
o 

Do Qo 
D
o 

Q
o 

D
o I I I : 

I ' l i I ; 
5 Qo Do Qo Do 

i Qo Do Qo - Do 
I 

Qo 
D
o 

i Q
o 

Do I I ! 
I I ! ' I I I ; ! ! 
! -r- - ! I ! : I I 

7 Qo Do Qo Do 
I Qo Do i Qo Do Qo Do Qo Do l I I : 
; : i ; I 
i I l I 

1 3  Qo 
D
o ! Q

o 
D
o 

I 
Qo D

o 
Q

o 
D Q

o 
D I Qo 

Do 
I 
I 0 I 0 I i I I ! 

i j i I ,. ! 2 3  Ql Do Ql D
o 

Q3 D
o 

Q3 D3 
! Q2 D

o 
Q3 D

3 
I I I I : I � ! i , 

: I i 
48 Ql Do i Qo Do 

I Qo D
o 

Ql 
D
o ! Qo D

o 
I Qo D

o 
I I I i I : ! I 

i 

I 
( 
I 

I )' 
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Tab l e 9 

Summary o f  Bac kward I nterferenc e Regi o n  TVI Data : 
Antenna Beam Di rected at th e WT , Runni n g  at 50 . 6  rpm 

TVI Pa rameters 
TV Channel Number S i te 1 S i te 2 S i te 4 S i te 6 S i te 7 S i te 8 

4 Qo o, Qo o, Qo 03 Qo 02 I Qo o, 
i Qo o, I ! I 

I 1 I 5 Qo o, Qo o, Qo o, Qo 03 I Qo o, Qo o, 
I 

7 Qo Do Qo o, Qo o, I I I Qo o, Qo o, I Qo o, 
i ! I I 

1 3  
I Qo o, I o, o, 03 i Qo o, Qo Do I Qo Qo Qo I I I [ i 

1 ·Q 3 
r I I I I ' j 23 Q3 o, o, Q 3 0 3 Q3 03 I Q3 03 Q3 03 I 
I I i I 

48 Q3 o, Q3 02 l Ql 02 Q3 02 Q3 02 Q 3 02 i 



Channel  4 

Channel 5 

Channel 7 

Channel 1 3  

Channel 2 3  

Channel 48 
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Fi g .  36 : Pa ( i n  dBm )  vers us time at s i te 2 .  

-40 

- 50 

-40 

- 50 

- 35 

45  

35 

45  

- 75 

-85  

- 70 

- 80 
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Fi g .  38 : Pa 
( i n  dBm ) vers us t i me at s i te 4 .  



Channel 4 

Channel 5 

Channel 7 

Channel 1 3  

Channel 48 

-66-

i I · - ·  

� � 

� 
I 

- I  . r - .. - 55 

-40 

- 50 
- 30 

. 1  f'iY'f"'tN".f·iTn'f � t ."'r,rrr�rJ • .,r.-;·,-,-( rrrrl·trl"'.-·rrrtriY .. --: I f· i ··· -4o 

I I 
� 10 sec__. I I 

- 50 

-65 
- 70 

- 80 

Fi g .  39 : P
a 

( i n dBm )  vers us time at s i te 7 .  



I t / 

l 
t 

) y 

Channel 4 

Ch annel 5 

Channel 7 

Channel 1 3  

Channel 23  

Channel 48 

- 6 7-

I . . . .  : I' . .. . -� -�- j · --. : � : : . ' I I : . .  - -- - - . .  ·t -- . . 
l . : . - .  : 

i I · . : 1 . 

i 

� .• f • 

.. i . . . I - · - . ---
' 

- - -- l - -
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Channel 2 3  made i t  i mposs i bl e  to o btai n a va l i d  recordi ng of  Pa vers us 

time , and th e l argest s i gnal  vari ati o ns found were on Channel 1 3  where 

the vi deo di storti o n  was strong and unacceptab l e .  

The modul ati on waveforms i n  Fi gs .  36 thro ugh 40 appear s i te and 

frequency ( or  Channel number) dependent ,  and  are more compl i cated than 

thos e  produced by a hori zontal axi s  WT [1 , 2 ] .  They vary from al mo s t  

s i nuso i da l  t o  pul sed i n  nature , wi th a domi nant component repeati n g  at  

twi ce the rotati o n  frequency o f  the b l ade . To i l l us trate the deta i l ed 

structure , Fi g .  4 1  i s  a photograph o f  the modul ati on waveform recei ved 

on  Channel 1 3  at  s i te 7 obtai ned us i ng the osci l l os cope-camera combi nation  

( see Fi g .  5 }  whose respo ns e  i s  fas ter than the  s tri p chart recorder , 

c . f . , Fi g .  39 . The fol l ow i n g  features can be i denti fi ed : an a l mos t 

s i nusoi dal vari ation of peri od 0 . 3  s ec = T/4 where T i s  the period  o f  

the bl ade ' s  rotati on  ( 1  . 2  sec a t  50 . 6  rpm) , o n  top o f  whi ch ri de ( i )  

smal l amp l i tude and rapi d1y varyi ng no i se- l i ke s i nusoi ds ; ( i i )  a broad 

pu l s e  50 to 75 ms wi de repeati ng at i nterva l s  of T/2 ; ( i i i ) a strong 

narrow s pi ke s eparated from thi s  pu l s e by T/4 and repeati ng at T/2 ; and 

{ i v )  a pai r  o f  s trong  narrow spi kes at th e bas e o f  the pul se  i n  ( i i )  

and repeati ng at T/2 . 

From the correl ati on and synchron ism o f  the s i gnal vari ati ons � 

i n  Fi gs . 36 throu gh 40 wi th the vi deo di sto rti on , i t  wo ul d appear that 

the di storti on  is produced by the broad pul ses ( i i )  in the wavefo rm ; 

however , thi s  i s  by no means certai n .  The ori gi ns o f  the vari ous 

compo nents i n  the modul ation waveform are not pres ently unders tood ,  

and unti l they are , i t  wi l l  be imposs i b l e to s peci fy those features 

of a VAWT wh i ch are most res pons i b l e for TV! . 
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0 . 1  �ec p er hori zo ntal di vi s i on 
- 1 0  dBm per vertica l  di v i s i o n  

Fi g .  41 : Photograph s howi n g  the modu l at i o n  wavefo rm recei ved on  
Channel 1 3  at s i te 7 .  
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� . 3  Theoreti cal Cons i derati ons 

The scatter ing  from the rotati ng  bl ades of  the Darri eus modu l ates 

the tota l recei ved s i gnal , and the observed modul ati on  waveforms are 

quite compl i cated . I n  addi t i o n  to the peri odi c features whos e frequenci es 

are 2n and i ts harmonics where n i s  the radi an  frequency of bl ade rotati on , 

there are vari ati ons from s i te to s i te and Channel to Channel , wi th th e 

waveform i ts e l f varyi ng  from almost s i nus o i dal  to pul s ed i n  nature . 

The modul ati on i s  the source of the TV i nterference and i s  i nt imately 

rel ated to the scatteri ng produced by the Barri.eus b:l ades . I n  order to 

predi ct the interference and , i n  parti cul ar ,  to compare i t  w i th that o f  

a HAWT , i t  i s  therefore n ecessary t o  devel op  a theory for the scattering  

from the bl ades . Thi s  has  not yet been done , but  some prel imi nary results  

have been obta i ned based on  a simpl i fi ed model of  the scatter ing ,  and 

these wi l l  now b e  presented . 

The theory ass umes" that  i n  di recti ons other than forward , the 

scatteri ng i s  produced by two di ametri cal l y  o pposed porti ons of  the b l ade 

surface a di stance 2a apart , an d th e model cons i s ts o f  two poi nt scatterers 

each havi ng an equi val ent  scatteri ng area A/ 2 sep arated by a d i stance 

2a i n  a hori zontal  pl a ne .  Th e pai r  rotate in  a ho ri zontal pl ane at 

an  angu l a r  frequency n about a fixed po i nt B ( s ee Fi g .  42 ) whi ch wi l l  

l ater be i denti fi ed wi th the phas e center of  the Darri eus , and are 

i l l umi nated by an i nci dent pl ane wave . The sca ttered fi el d at  the 

poi nt R di s tance r from B i s  th en 

B f - i kr ' k 1 Es ( R)  = AE i ka cos nt  e 1 - i ka cos nt 9 " 1  r2 ( 1 )  
2A. e 

r + e r l 2 
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whe re E8 i s  the ampl i tude o f  the i nci dent fi el d at  B ,  k = 2� /A i s  the 

free s pace propagati on factor , a time factor eiw t has been ass umed 

and  omi tted , and 

r = 
1 , 2 

r2 + a2 + 2ar cos (<P - n t )  1 • { ] 1 12 

i nci dent p l ane wave 

t t i t ' I I I Scat . #l 
t-nt, .J\. I 'V \ k ... a \ 

B i� ,. \1 
� ..... .... 't' \ ,. ..... r ..., \ 

• � a '';:::). R 
ttf!.:.- . r - __ .... 

Scat . #2 - - - 2 

Fi g .  42 : Geometry for the s i mpl i fi ed scatteri ng  model . 

I n  the Fres nel regi on  o f  a scatterer o f  overa l l dimens i o n  2a , r can 1 ' 2 
be approximated as 

a2 
r = r + a  cos ( <P  - n t )  + 2r  s i n2 {<P - n t )  1 ,2 

and by fol l ow i n g  the us ual  procedure o f  negl ecti ng the  q uadratic  term 

i n  the amp l i tude factors , the expres s i on for the scattered fi el d becomes 
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( 2 )  

wi th 

tan r o ( t )  . +  �;2 s i n2 (o- nt) l = � cos ( o  - at ) tan f· cos ( ! - nt )l 
= t 1 - �� cos2 (o  - at) J - l  [ cos2 fp cos ( ! - at)l 

and 

l /2 
+ ;: cos2 ( o  - o t ) s i n2 fo cos ( ! - n t )  J J 

p = 2ka cos ! . 
Mos t  o f  the s i tes. were i n  the Fresnel ( near fi el d )  regi on o f  the 

Darri eus , and ( 2 )  s hows that the rotation  produces ampl i tude and phase 

modul ati on wi th modul ati on funct ions fm( ,p ,nt )  and c ( t )  res·pecti vely . 

Both functi ons have components whose  frequenci es are 2n and i ts 

harmoni cs , and i n  the parti cul ar  cas e o f  forward scatteri ng , � = 1r ,  

mos t  ( but  not a l l )  of  the phase modul ati on  di sappears . The expres s i on 

( 2 )  s impl i fi ed cons i derably i n  the far fi el d wh ere r >> a and ka2 /2 r << 1 ,  

and we then have 

Es ( R) = �� E8 e·i kr cos [ p cos ( ! - at ) } ( 3 ) 

In  the parti cul a r  cas e of  forward scatteri ng ( 9  = 1r ) , p = 0 and the 

bl ade rotati on produces no modul ati on at a l l .  Th i s  is unreal i s t i c  and 
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woul d not occur wi th a more refi ned model  o f  th e scatter ing  i n  whi ch , 

fo r examp l e ,  th e s catterers were treated as non- i s otro pi c .  

To determi n e  the e ffect o f  the  scattered fi el d ( 3 ) o n  the 

recepti on o f  the TV s i gnal at  R , i t  is necessary to compute the ampl i tude 

envel ope o f  t h e  total ( di rect pl us  s ca ttered) fi el d at R and then study 

the i n fl uence o f  the vari ous  frequency components a fter fi rst detecti on  

o f  the comb i ned s i gnal  by the  TV  recei ver .  Thi s  has  not yet been done ,  

but  as a fi rst step i t  woul d s eem reasonab l e to assume that th e i nter

ference i s  primari l y  determi ned by th e amp l i tude o f  the scattered fi el d 

rel ati ve  to the di rect fi el d at  R .  I t  was o bs erved that th e maxi mum 

i nterference occurred when q, = 2nt ,  and  the res ul t i ng modul ati o n  i n dex 

i s  

B 
m = = �r 

E R I cos ( 2ka cos t ) I E ( 4 ) 

where ER i s  the ampl i tude o f  th e di rect fi el d at R . 
The l as t  s tep i s  to ta ke i nto account the pres ence o f  th e earth 

and the use of a di recti onal  rece i vi ng antenna . For a p l ane  perfectl y 

co nduct i n g  ground th e extens i on i s  rel ati vely s trai gh tforward , and i f  

hs and hr are the hei ghts abo ve ground o f  th e scatterers and th e 

recei v i n g  antenna res pecti vel y ,  we have ( s ee [2] )  

A .  EB 

cp . I I  2"Trhsh r I m = J..r R j cos ( 2ka cos 2 )  2 s i n  ( >. r  ) F( B , T) 
E 

where F (B , T )  i s  the vol tage res ponse  o f  the antenna i n  the di rect ion  

o f  the  WT rel ati ve to  that  i n  the di recti on o f  the transmi tter . The 

( 5 ) 
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expres s i on for the modul ati on i ndex i s  s imi l ar to that obta i ned for 

a HAWT. In ( 5 ) , A repres ents the equi val ent scatteri ng area for a 

Darri eus machi ne ,  and i s  c l early the key parameter i s  speci fyi ng th e 

i nterference .  We s hal l now use ( 5 )  to deduce thi s parameter from 

the measured val ues of the modul ati on i ndex at one  o f  the s i tes .  

6 . 4  Data Anal ys i s  

Equati on  ( 5 )  was derived under the ass umption  o f  a recei v i ng 

antenna i n  the far fi el d o f  a scatterer of di ameter 2a . S i nce 

a =  8 . 5  m for the Darri eus , the onl y s i te whi ch ful fi l l s  thi s condi tion 

i s  s i te 1 for the two l ower VHF Channel frequenci es . At thi s  sti e r = 
1 32 m ,  <P = 90° and hr = 7 . 6  m with h5 = a + 4 . 3  = 1 2 . 8 m .  Fo r the 

vari ous Channel s the antenna response functi ons F( B , t )  can be o btai ned 

from Fi gs . 1 4  through 1 9 .  Wi th the antenna beam po i nted at the WT , 

the s i gnal  var iati ons � �an  be found from the Pa vs time recordi ngs 

( they can a l s o  be read from Fi gs . 1 4  thro ugh 1 9 ) , and the corres pondi n g  

val ues o f  t h e  modu l ati on i ndex deri ved us i ng Fi g .  20 . The res ul ts 

are presented i n  Tabl e 1 0 ,  a l ong wi th the val ues o f  the equi val ent 

sca tteri n g  area A computed from ( 5 )  under th e assumpti on  E
6 = ER , i . e . , 

th e ambi ent fi el d strengths are the same at th e WT and th e si te .  The 

Channel s for which no data are gi ven i n  Tabl e 1 0  are those  for wh i ch 

there was no obs ervabl e s i gnal vari ati on . 

The ambi ent fi el d strengths were not measured at the WT 

i tsel f but they were meas ured at the ei ght s i tes , and showed 

consi derabl e vari a ti on ( see Tab l e 6 ) . I t  i s  therefore probabl e that 

E
B 

f E
R at s i te 1 ,  and to obta i n  a better estimate of E8 we have 
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Tab l e 1 0  
Equi val ent area o f  the Darri eus obta i ned from the meas urements 

at  s i te 1 w i th E8 = ER , r = 1 32 m 
TV Channel A. (m )  !:::.. ( dB }  m F ( BT )  A (m2 ) 

4 4 . 1 8  1 . 0 0 . 057 5 . 01  4 . 9 5  
5 3 . 67 0 . 3  0 . 01 7  7 . 08 3 . 86 
7 1 . 6 7  �- -- - - - -

1 3  1 . 39 0 . 9  0 . 050 7 . 08 5 . 89 
2 3  0 . 5 7  - - - - -- --

48 0 . 44 1 . 5 0 . 085 3 . 98 1 .  72 

Tab1  e 1 1  
Equi val ent area o f  th e Da rri eus obta i ned 

from meas urements at  s i te 1 
E
8 ( a v )  ER 

ER/ EB A wl2a.A 
TV Channel ( - dBm) ( - dBm) (m2 ) . ( m2 ) 

4 36 . 30 36 1 . 04 5 . 00 5 . 1 4 
5 35 . 00 34 1 . 1 2  4 . 34 4 . 82 

1 3  32 . 25 36 0 . 65 3 . 82 2 . 96 
48 55 . 25 5 9  0 . 65  1 . 1 2  1 . 66 
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averaged the val ues meas ured at the four  cl osest- i n  s i tes 5 , 6 , 7 and 8 .  
The resul ts o f  the rev i sed ca l cu l ati ons a re shown i n  Tabl e 1 1  where 

we a l so l i st  the physi ca l  opti cs es timate wi2aA fo r the sca tteri ng  area 

of a stri p of wi dth w = 0 . 6m ( =  24 i nches ) bent i nto an arc of radi us a .  

In  s p ite of  the fact that the procedure by whi ch the equi va l ent 

scatteri ng area A was deduced cannot be  fully j usti fi ed at  the two 

hi gher frequenci es ( s i te 1 was not then i n  the far zone of  the scatterer) ,  

the a greement wi th the theoreti ca l  formul a  i s  amazi ngly good . I n  

parti cu l ar ,  the formul a  expl a i ns why A decreases w i th i ncreas i n g  Channel 

number , i n  contrast to the case of a HAWT whose scatter i ng area i s  

i ndependent of frequency . 

Al l o f  the other s i tes were i n  th e near fi el d o f  the WT on a l l 

of the TV Channel s ,  and  the s i mp l e express i on ( 3 ) for the scattered 

fiel d i s  no longer appl i cab l e .  I nstead o f  havi ng a 1 /r dependenc e ,  

the amp l i tude of t h e  scattered fi el d now vari es s i nusoi dall y wi th 

di s tance as a resul t  o f  the changi ng  phas e re1 ati on  between the contri 

buti ons from the two poi nt scatterers , and i t  i s  not s urpri s i ng tha t 

the measured s i gnal vari ations di ffer from those  predi cted us i ng ( 5 ) . 
To i l l us trate thi s  fact ,  the va l ues o f  m deduced from the meas ured 

s i gnal variati ons A at s i tes 5 and 2 ( s ee Fi gs . 35 and 36 ) are l i sted 

i n  Tabl es 1 2  and 1 3  res pecti vel y ,  a l ong wi th th e val ues computed from 

( 5 )  us i ng the equ i va l ent scatteri ng areas from Tab l e 1 1 . I n  most 

i ns tances th e measured val ues are l ower than th e computed ones by a 

factor of  2 or more . 
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Tabl e 1 2  

Cal cul ated and measured val ues o f  m at s i te 5 

( r = 27  m)  

m x 1 00 m x 1 00 
TV Channel F ( BT )  Cal cul ated Meas ured 

4 1 . 0 6 . 6  3 . 4  

5 1 . 0 6 . 3  4 . 6  

1 3  1 . 0 1 3 . 1  5 . 7  

48 1 . 0 1 9 . 0 8 . 6 

Tab l e 1 3  

Ca l cu l ated and meas ured va l ues o f  m a t  s i te 2 

( r = 3 7  m )  

m x 1 00 m x 1 00 
TV Channel F ( BT}  Ca l cul ated Meas ured 

4 3 . 2  1 3 . 0  5 . 4 

5 .  2 . 8 1 1 . 0 6 . 0 

1 3  3 . 2  4 . 2  7 . 0  

48 8 . 9  4 7 . 0  1 4 . 0  

l 
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6 . 5  Comparison  wi th a HAWT 

The above ana l ys i s  sugges ts that i n  di recti ons other than � = 0 

and rr th e fi el d scattered by a Darri eus machi ne can be attri buted to 

two " s pecu l a rly  refl ected contri b uti ons from di ametri cal l y  oppos i te 

porti ons o f  the l oo p  b l ade , and at  the l ower VH F frequ enci es at 

l east ,  an adequate approximation  to the equi va l ent scatteri ng area A 

i s  provi ded by the phys i ca l  opti cs estimate 

A = wiDr ( 6 ) 

where w and D are the b l ade width and b l ade (l oo p )  di ameter res pecti vely . 

I n  the back and forwa rd di recti ons i t  i s  expected that the enti re bl ade 

wi l l  contri bute . \�e note that A decreases wi th i ncreas i ng Channel 

numbe r  ( or frequency )  an.d tha t  for the 50 kW mach i ne at th e Sandi a 

Laboratori es 

A = 2 . 5/f m2 

where the wavel ength A i s  i n  meters . 

( 7 ) 

It  i s  of  i nterest to compare the TV i nterference produced by 

compa rabl e- s i zed hori zontal and verti cal a.xi s  wind  turb i nes , but i s  

shoul d b e  emphas i zed that the concl us ions are o n l y  tentati ve . Al though 

the present study has provi ded val uabl e i n formation  about th e 

i nterference caused by a Darri eus mach i n e ,  our unders tandi ng  o f  th e 

modu l ati on wavefo rms and thei r effect on the vi deo recepti on i s  l ess  

compl ete than for a HAWT ( see [7] ) . The modu l ati on  wavefo rms caused 

by the rotati ng  b l ades of  th e Darri eus are much more compl i cated 
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than  thos e o f  a HAWT , but there are a l s o  s imi l ari t i es , e . g . , s i gn i fi cant 

components repeati ng  at twi ce the rotati on  frequency of the b l ades . 

The vi deo di storti on  observed was a l so s imi l ar and occurred i n  

synchroni sm wi th the repeti t i ve pu l s es ,  and i t  a l s o  appears that th e 

threshol d modul ati on i ndex i s  comparabl e for the two types o f  mach i ne .  

On the assumpti on that the threshol d i s  actua ll y  the s ame , a prel imi nary 

comparison  i s  poss i b l e .  

The rated powers o f  the  MOD-OA and MOD- 1 hori zontal axi s  machi nes 

are 200 kW and 2 MW respecti vel y ,  and s i nce  the i r equi val ent s catteri ng 

areas are [7] 1 2  and 40 m2 , i t  is  reasonab l e to assume that for a 50 kW 

HAWT , A = 6 m2 • To conform wi th the 1 7  m Darri eus , th e he i ght o f  its 

rotor axi s  above th e gro und i s  taken to be  1 2 . 8 m .  S i nce , to a fi rst 

approximati o n , th e i nterference d i stance i s  proport i onal to the 

sca tteri ng  area , th e d i stances ry and rH for vert i ca l  and  hori zontal  

axi s machi nes res pecti vely are rel ated by 

and for the 50 kW machi nes 

wv'Dr 
-

A
- ( 8 )  

( 9 )  

Th e i nterference i s  therefore i denti cal ( ry = rH ) wh en A =  5 . 8  m ,  i . e . , 

on Channel 2 ,  b ut as th e frequency ( o r  Channel number )  i ncreas es , the 

Darri eus produces progress i ve l y  l ess  i nterference than the HAWT , e . g . , 

by a factor o f  2 on Channel 1 3 , and by a factor o f  4 on  Channel 74 . 
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The i nterference to TV recepti on  caus ed by th e operati ng 1 7 m 

Darri eus at Al buquerque has been  studi ed us i ng measurements carri ed out 

at ei gh t  test si tes in the vi ci n i ty of  the WT . The RF  sources were 

the commerci a l  TV Channel s 4 , 5 , 7 , 1 3 ,23 and 48 ava i l ab l e  l oca l l y .  

The s i gnal strengths o n  Channel s 4 ,5 , 7 , 1 3 and 48 were qui te 

strong and , wi th th e WT stati onary ,  th e qual i ty of recepti on  was good 

at all s i tes . Th e Channel 23 s i gnal was much wea ker and i ts reception 

was found to be poor at a1 1 o f  the s i tes . On some of  the Channe l s the 

ambi ent s i gnal strengths vari ed cons i derabl y  from s i te to s i te .  

Wi th the antenna beam di rected at the  transmi tter to  recei ve the  

maximum ( prima ry ) s i gnal , the  s i gni fi cant fi ndi ngs from the dynami c 

measurements wi th the WT rotati ng  were : 

( i ) I n  the forward .di recti on  { <P  = 1 80 ° ) , acceptabl e v i deo di storti on 

was observed on  Channel s 23 and 48 at a d i s tance of  33 m from th e WT . 

( i i ) I n  the backward di rection  ( q,  = 0 )  there •tJas no vi deo di stortion  

on any Channel at a di s ta nce o f  37 m .  

( i i i ) At two s i tes an the  90 ° radi al  2 1  and 33 m from the WT , strong 

( unacceptabl e ) vi deo di sto rtion  occurred on Channel 2 3 .  

( i v ) At two s i tes 23 m from the \H on  the 45 ° and 1 35 °  ra di a l s , 

there was i nterference above acceptabl e l evel s on  Channel s 1 3  and 23 

respecti vely .  

When the antenna beam was di rected at th e WT , i nterference rangi ng 

from s l i ght to viol ent was observed on some or a l l Channel s at a1 1 

ei ght tes t s i tes . The modul ation waveforms produced by th e ro tating  

-80-
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Darri eus are more compl i cated than  for a hori zonta l axi s  mach i ne 

and are not yet ful l y  understood . Th e waveforms vari ed from 

s i nusoi da l to pul sed , wi �h s i gni fi cant components repeati ng  at twi ce  

the  rotati o n  frequency o f  the  WT . The vi deo di s torti on  occurred i n  

synchroni sm wi th thes e  components . 

As wi th al l WTs , a key factor that a ffects the i nterference 

is the equ i va l ent  scatter i n g  area of the mach i ne .  A s i mpl e theoreti ca l  

model has  been devel o ped for ana lyz i n g  the TV I produced by a VAWT l i ke 

the Darri eus . Us i ng the model and the meas ured data , an approximate 

expres s i on for the equ i va l ent s cattering  area A o f  th e 1 7 m Darri eus 

has been deri ved . It is found that A is wavel ength ( A. )  dependent and 

vari es as 
11.112 . When compared with a HAWT havi ng  a s imi l ar power · 

rati n g ,  i t  now appears that the Darri eus produces the same amount o f  

i nterference on the l owest VH F Channel , b u t  l ess  on  a l l other 

Channel s ,  e . g . , by a factor of  2 on  Channel  1 3 . 

Overal l the test pro gram was succes s fu l . I n  addi t ion  to provi di ng  

speci fi c data for the  Darri eus machi ne , i t  has a 1 so  produced a b etter 

understandi ng of  how the i nterference i s  produced , and yi el ded val uabl e 

i n formati on about the equi val ent scatteri ng area . Neverthel ess ,  further 

work i s  requ i red in o rder to predi ct the i nterferen ce cau s ed by a 

Darri eus or other  VA\H wi th the same degree o f  confi dence that i s  now 

poss i b l e fo r a HAWT . I n  parti cul a r ,  

( i ) the bi stati c scatteri ng  properti es o f  Darri eus - l i ke bl ades 

shoul d be i nves ti gated to determi ne the dependence  on  the phys i ca l  

dimens i ons , as pect and wavel ength ; 
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( i i ) the vari ous modul ati on waveforms produced by the rotat i ng  

b l ades shoul d be studi ed to better unders tand thei r key featu res and , 

hope ful l y ,  to enab l e them to be predi cted ; and 

( i i i ) those  features o f  the modul ati o n · waveform whi ch a ffect the 

s i gnal a fter fi rst detec:ti on by a TV recei ved shoul d be determi ned . 

The res ul ti ng theoreti cal model o f  the i nterference process  shou l d  

then be veri fi ed us i ng on- s i te measurements wi th a n  appropri ate VAWT . 
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