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ABSTRACT 

This presents the results of Phase I of a program to design a 2kw 
high reliability wind turbine for use in remote locations and harsh en­
vironments. In Phase I of the program, a predecessor of the proposed 
design was procured and tested in a wind tunnel and in the freestream 
to observe operational characteristics. An analytical procedure was 
developed for designing and modelling the proposed variable axis rotor 
control system (VARCS) This was then verified by extensive mobile test­
ing of pre-prototype components A low speed three phase alternator with 
a Lundel type rotor was designed Prototypes were fabricated and tested 
to refine calculation procedures and develop an effective alternator with 
appropriate characteristics. A solid state field switching regulator was 
designed and tested successfully. All necessary support elements were 
designed and engineered. A complete of system reliability was 
conducted, including failure mode and effects analyses and reliability, 
maintenance and safety analyses. Cost estimates were made for a mature 
product in production rates of 1000 per year. Analysis and testing con­
ducted throughout the first phase is included in this . Final pro­
totype fabrication and testing will be covered in a subsequent Phase 
II report. 
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NOME CLATURE 

AC - ~l ternating cu r r ent 

AOM - annual operating and maintenance (cost) 

ASTI1 - Amey. · can So iety fo r Tes ing of Materials 

@ ~- at 

C - cen igrade 

- cubic nt ' meter 

CDR - Cr ' ti a1 0 sign Rev ' ew 

em - centimeter 

dBA - decibels (A-wei~l ted scale ) 

DC - direct c rrent 
o - degrees 

F Fahrenh i t 

FeR - fixed charge rate 

FDR - Final Desiou R view. 

ft or ,- foot or f eet 

gm - gram 

Hz ~, hertz 

Ie - installed cos t 

in or II - inch 

kg - ki l ogram 

KVA - k ' lovolt amperes 

b.;r -, kilowat t 

kwhrs - kilowatt hours 

lambda ( ~ ) - failure rate 

lb - pound 

m - me ter 
2 m - square meter 

mm - mi l limeter 

mph - miles per hour 

MTBF - mean time between failure s 

N- m - newton mete r 

NWPCo - North Wind POvler Comp any 

it; 
Editor's note : While this report contains unconventional nomenclature , 

internal consistency has been maintained . 
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Nomenclature (cont'd) 

% - per cent 

+ - plus or minus 

PDR - Preliminary Design Review 

ph - phase 

r/R - v ar iation (r) from blade chord line at nondimensional radial station 
(R) of blade 

REA - Rural Electrification Administration 

RFP - request for proposals (when used in text) 

RPM - revolutions per minute 

SWECS small wind energy conversion system 

t - one year 

v - volt 

VARCS - variable axis rotor control system 
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FOREWORD 

North Wind Pm.,er Company (NlolP Co) was funded in 1974 wit h t he goal of 
des igning and d ve 0p '-ng a high p erformance, cost effec tive small wind 
energy conversion sys tem (SWECS) for c ommerc i al ization in the remote 
and r s idential power ma r kets. 

This Executive Summary d escribes the Pha se I design of a 2kw h igh reli­
ability vdnd t urbine for use in remote l ocations and harsh environments . 
Complete details of Phase I are presented in Volume II , Techn ical Discu s ­
sions of the North Wind POvler Company, Inc., 2kw High Reliability v.lind 
Turbine . This program was conducted under Contract No . PF- 7l768 - F , a ­
warded by Rockwell I nternational Energy Systems Group in January 1978, 
as a part of the United States Department of Energy's Federal Wind Pro­
gram. Warren Bo llmeier was the Rockwell Te chnical Monitor and L .D . Cullen 
was the Rockwell Contract Administ r ator . Each of these men prov ided val ­
uable r ev iew and gu i danc e throughout t he program . 

The North Hind per sonnel who c on t ri:t:mt ed to this effort "\vere: Donald 
Mayer , Da vid Sellers, John H. Nor ton, Jr . , Arnold Johnson , John Kueffner, 
Douglas Livingston and Gl enn Ga z ley. Numerous consultants also assisted 
in the program; among them were Professor John Dugundji of MeI.T. , Dutch 
Greimann, Professor Philip Trickey , James McGuigan , Clint Coleman and 
Hugh Curr in . 

The fi nal vers ion of this report was edited by Rockwell Internat ional 
personnel at Rocky Flats to increase internal consis tency and help 
clarify the presentation of important infonnation. 
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1.0 PROGRAM HISTORY 

To achieve des 
existing SWECS 
era machines to 

ion of 
from the pre-rural 

manufactured units such as the Australian Dunlite 
and the Swiss Elektro The conclusion of this ,..;;ra that certain de-
sign features in the most successful of these wind machines 
ought to be assimilated 
proven the desirabil 

into any new SWECS design. Past ience has 
of the following design features 

ion 

The upwind rotor avoids of tower shadow and is responsive 
to wind direction variations" 

2 Three Bladed Rotor 

The three bladed rotor has proven to be a responsive stable and dur-
able in both the upwind and downwind conf ions. 

3 

The most successful pre-REA machines utilized direct drive DC 
which proved more reliable and ef icient than geared units. 
The technical feasibility of designing a low generator which 
operates effect with a rotor RPM range from 150-300 is well estah-
lished. 

4 Rotor Pitch or Blade Pitch Control 

Some older machines utilized blade 
systems Each of these methods 
but the rotor tilt-back method 
the conf 

,..;;rith 
of a reduced number of 

parts stressed in motion and automatic shutdown in high winds. Thus 
the rotor tilt-back method was chosen for the NWPCo high reliability 
des 

An ent NWPCo survey has identified a and cost-effective 
market for SWECS providing a remote pr power supply to commercial 
users Possible ications in this market include supplying power for 
remote microwave repeaters, seismic monitor stations, navigational aids 
and protection systems. The of many remote sites 
and the harsh environmental conditions encountered demand that 
the SWECS be able to operate reI without frequent maintenance. All 
specifications will cover expected environmental conditions. 

tment of Energy issued an RFP in of 1977 for the des 
and d of a high reI for remote power ications, 
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the experience which North Oind had with reconditi oned lder m'l hi n s at r mote 
sites led to the proposed of a has eline design which emphasized t he need 
for simple yet durable components, a minimum of parts stressed in motion, 
and complete protection from the elements . In order to meet the strin-
gent demands for reliability (see Tables I and II) without compromising 
performance or cost-effectiveness ,NTtJPCo propo ed a nd was con tracted to 
develop a three bla ded, horizontal axis, d 'rec.t lr iv e s ystem "vith fixed 
pitch blades and a tilt-back c ontrol system. 

TABLE I 

Design and Performance Specifications 

A) RELIABILITY 

II) i'lA1 ~TAINABILITY 

c) DUR.A.B ILITY 

D) PO\\TER OUTPL!T 

E) POHE R FORN 

F) CVT-IN WI~D SPE ~D 
(of the generator) 

G) Cl1T -OUT HPW SPEED 

H) SURVI VAL ~I~D SPEED 

I) ROTOR SPEED CONTROL 

J) YAh) CONTROL 

K) SYSTEM LIFE GOAL 

L) TARGET CAPITAL COST GOAL 
(For mass-produ ced unit 
consisting of rotor, 
gear train & controls) 

The goa l is to d esig n for the utmost r e­
liability, The ?'lTB"' s hal l he no l ess tha n 
t e n years, 

The desig n goal s hall be a maximum of one 
schedul ed ma intenance day p e r year. 

The wind mac hin e shall b e d es i g ned to op­
erate continuously in ext r eme weat her con­
dition s . 

11<.",]- 21(\0] minimum generat ed in an air den­
s ity of 0.00120 gm/cc and at a wind speed 
of 9 mls (20 mph) wh e n mea sured at the 
height of th e cen ter of the swept area of 
the rotor 

The output shall b e 26± 2 volts DC, with 
voltage regulation to cont rol charg ing of 
a ~4 volt hatter y system. The wind mac hine 
shall be designed to operate independent ly 
of the battery storage sys tem, i.e. th e 
wind mach ine must s tart and control it­
self without r equir ing powe~ f rom th e hat­
teries. 

Minimize with regard to pO\.Jer produc tion 
and system cost. 

Hax imi ze Hi th regard to pO\.Jer production 
and s y s t em cost. 

54 mls (120 mph) minimum for steady wind s. 
Some applications for these s y stems could 
result in their being expospd to severe 
hurricanes and/or wind storms \.Jit h gus ts 
to 75 ml s (165 mph) and the system should 
be designed to withstand this condition. 
An appropriate safet y factor should be cho­
sen to assure this p e rformance. 

Optional design. 

Optional design . 

25 years (minimum). 

$1500/kw ( m~l< imurn based on the output in 
a 9 mls Hind). (lq77 dollars) 
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TABLE II 

Extreme Environmental Conditions 

RAI:~ 

DUST 

HIND 

CORROSIVE ATMOSPHERE ___ ~_c·_~ 

14 no . ) 

Torrential downpour by 

Ice buildup to 60 mTI! on 
rotor, vane, etc. 

Impact inches) 

Heavy ocean 

sand dust 
tent ,.;rinds gusting 

steady 
Hithstand £;usts 

such as would occur 
severe hurricanes. An appropriate 

safety factor will be to 
perfonnance. 

industrial atmosphere coupled 
salt fog or 

Repeated strikes during severe 
storms. 

no more than sn 
base 12 m 

(40 ft.) tower in a wind of 9 m/s (20 mp~). 
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.0 

The critical 
d 
VARCS. 

from the 

mov 
tenance 
of 

of 

of the 

NhTPCo Sl-JECS reliab is enhanced 
design in which three assemblies 

1 ). Each of these assemblies 
which re r attached, thus 
The of 

the alternator case (see 
of older units indicated 
blade tch governor due 
were also noted 

failures 
maintenance shutdown and 

wind 
VARCS method of 

and rapid 
control minimizes these pot ial 

of a ixed pitch rotor and a ixed tail 

The 
es 
el imin--

a separate shutdowl1 and reorientation mechanism The 
second ssembly consists of the alternator the stator and the 
plat, Both of the t\VO semblies pitch the vertical to the 
horizontal at hed in. This pitch mot 
is estrained by torsion spring (see Figure ). 
automat reor s the rotor as wind decreases. The 

is a cast steel saddle to which the tail connected in a ixed 
position. This as is free to move in yaw in order to or the 
machine to wind direction Il t hree overall con~ 

ifies cept not only enhanc system eliab , but also 
manufactur installation and maintenance edures. 

icity and ruggedness of the l'n-Jpco esign is only ective if it 
does not 
wind. 

the machine' ab to t maximum power from the 
e and saf require successful integration of 

ential \vith the alternator torque requ ements. Rotor 
imized at five ( The rotor to 
alternator 5 KVA 250 RPN at the ecified 

The N60 airfoil 12.5%) section was sel ted for the out 
the radius. This airfoil exhib s excellent 
istic at low s 100,000) dur 
bine root structure is enhanc 
airfoil (thickness The blade twist goes from 12. 

two-thirds of 
charact 

tur-
a 

at the root 
/R =. to at the t 

up torque, thus maximiz low wind output 
increased rotor start­
Each blade s from 

an 8" chord at the root to a 3" chord at the whic"h imiz pm"rer 
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1. Rotor 

----ttl ~ c: _':___ J I 
_· v 

Figure 1 

System Schematic 
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3.Saddle 
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STATOR 

Figure 3 

Sys tem eu taway 
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output and minlffilzes blade r oot stress . This blade design i s readily 
fabricated t h r ough the use o f a ircr aft grade Sitka spr uce which of fer s 
an ex cellent s tr eng t h- t o - weight r atio and is easily carv ed and fini s h e d . 
NHPCo has identified a moisture per meable polyuret hane coa t ing with ex cel ­
lent adhesion and durability which c a n be easily applied . A 3- M self ~ad ­

hering polyurethane tape provides the n ecessar y additional leading edg e 
pr otection . 

The sizin g of the r otor and alter nato r wa s der ived thr ough analysis of 
t he wind r egime at a mic r owave r epeater site h aving a 350 kwhr lmonth load 
r equir ement . The speed range and to r que requ irements of the alter n a tor 
clo s ely match po t ential r o tor ou tpu t in an average wind r egime . Power 
p r oduc t ion beg ins a t 4 . 5 mls (10 mph) , with full power being achieved at 
9 mls (20 mph). Rot or s peed cont r ol begin s wit h initial pitchbac k at 
9 . 1 mls (21 mph). Power output decreases t hrough cutout a t 22 . 3 mls ( 50 
mph) , and complete system shutdown at 105 mph (see Figures 4 and 5.) 

I ndependent s t udies by the NHPCo electr ical design team have demon st r at ed 
the feasibility of achieving reliabil i ty and cost goals thr ough the design 
of an alter n a tor hav ing a Lundel int e r digitated r oto r and a standard lamin­
ated s t ator . The Lundel- t ype ro t or consists of two six-fingered cast i ngs , 
opposed on the a lter nator shaft , with a solenoid- type field coil wound 

2500 -

J~ 

! I, ~ '\. ; 

I I 
I "\ 
~ 

/ I 1\ 
; ~ 

/ \ V 

P 2000 
0 
\I 
E 
R 

1500 

I 
N 

\4 
A 1000 
T 
T 
S 

50S 

0 4.48 8 .96 13.44 17.92 22.4 
2 .24 6.72 11 .2 tS.68 28.16 

\.l INDSPEED~ mIt; 

Figur e 4 

No r th Wind HR2kw SWECS Power Curve 
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Figure 5 

Variable Axis Rotor Control System (VARCS) Operational Modes 

1, STANDARD nPERATIONAL MnDE 

50 PITCH AT START - UP Tn ACCOUNT FOR 
BLADE DE~LECTION 

CUT - IN WIND SPEED: l~MPH 
MAX WIND SPEED THIS MOD E: 71MPH 
'1AX POWER OUTPUT TH I S MODE: 7?fJ3wATTS 
MAX RPM THIS MODE: 250RPM 

2, AXIS ROT~Trn~1 VERTICl\LLY 

OVERS PEED cnNTRnL 
CQNTROL INITIATION: 21MPH 
SHUTDOWN: lOSMPH 

3, SHU T n O\~ ~ 1 - - - 1 n 5 MPH 

AXIS ROTATION TO gnO 

POWER AND RPM'S AP PROACH ~ 
SPRING TENSION REALIGNS ROTOR AS GUST S 

SUB SIDE 

SERVIC E AND MAINT ENANCE 

around a steel core between them (see Figure 6) . The ease of manufacture 
and cost - effectiveness of the Lundel have been demonstrated by its use 
within the automotive industry. The elimination of permanent magnets , 
rotor laminations and centrifugally stressed windings has further enhanced 
alternator reliability. The final alternator specification calls for a 
three-phase, twelve- pole unit, producing 2 . 9 kw, 32 VAC at 250 RPM.~:· The 
AC power is rectified for battery charging . Self - excitation of the alter­
nator occurs at approximately 200 RPM, and line voltage rapidly rises to 
match battery potential. Since the unit is direct drive, shaft torque 
requirements prior to self - excitation are minimal (less than 2N- m) , al ­
lowing easy start - up--a major advantage over geared or permanent magnet 
machines. 

32 vDC is required to charge a 24 vDC battery bank due to diode drop 
(2 vDC) , slip- ring losses, and line losses. The 32 vDC alternator will 
provide 26.4 vDC to the batteries. 
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stator --------~~~ 

rotor coil --------1:~~~~~~ 

rotor Gor e 

rotor 
tooth ~-------.-

Figure 6 

Lundel Alternator Schematic 
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(arrows indicate 
flux path from 
positive to 
negative Lundels) 



3. 0 SYSTEM COSTS AND CO ST OF ENERGY 

In order for a SWECS t o be c ost eff e ctive in this ma r ket , the following 
criteria must be met : 

1) The system must be h ighly relia b le so that power output is c ons i stent , 
and difficult and expensive repa i r s are not nec e s sary . 

2) Initial cost goals must be compet i tiv e with other energy s our c es. 

3) Annual operating and maintenance costs must not be out of proportion 

with syst em base c o st s a nd performance. 

4) System life must be long enough to allow amortization of inita1 costs. 

5) System power output must be suitable to t he int end ed application. 

The NWPCo design i s dir ec t ly responsive to t hese criteria. 

The target cost goal for t his cont rac t is $1500/kw , with a system life 
of 25 years ( Table I). At the present t ime , NWPCo's 1 000 t h unit co st 
projec t ions indicate tha~ the system bet ters the target co st goals. Pro ­
jected 1000t h unit co st for NWPCo's 2kw high rel iabil ity wind tu r bine is 
$2,867.00 (1977 dollar s). Ut ilization of t he VARCS met hod of speed con­
trol yields significant cost saving s i n the fixed pitc h rotor and alter ­
nator which is projected at $319/kw at 1000 units. NWPCo's exper ienc e 
in the design , fabrica t ion and testing of low s p eed alternators has led 
t o an alt ernator which achieves cost- e f f ectiveness t hroug h such i nnova ­
tions as t he Lund el rotor, without compromising rel iability or performance . 

Sys t em Cost ( lOOOth Un it) 

Unit 

Tower 

Storage 

Insta lla tion 

TOTAL 

Cost of Ener gy i~ 

Ins talled Cos t 

Fix ed Char ge Rate 

Annual Operation & Maintenance Cost 

Annual Kilowatt Hours Produced 

COE 
Ie (FCR) + ADM 

kwhrs 

$286 7 

$ 700 

$2 000 ( 24 volts) 

$1200 (site dependent) 

$6767 

$6 767 

. 085 

$l35 

10,981. (assume 6.7 m/s 
(15 mph) average) 

COE 6767 (.085)+ 135 
7800 

$ . 091 per kil owatt hour 

* The fixe d c h arge rate cos t o f en r gy calculation me thod use d in 
this rep or t was specified by Rochlell Int.ernational to allm, 
comparis on of the No rth Wind High Re liability wind s ys t e m wi th 
other machines developed under DOE sponso r sh i p . The r eade r 
should be aHare t ha t life cycle cos ting provides a more accu rate 
cost of e nergy determination. A good introduction to this 
method- -as it is applied t o Hind systems--can be found in SHECS 
Cos t of Energy B.y c d on Lif e Cyc l e Costing, ~;r.R . Briggs, R~-dY 
Flats Wind Sy s t ems Program, RFP-3 261, May 1980 (available from 
NTIS. ) 
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4.0 SYSTEM RELIABILITY 

Reliability studies indicate t hirt een years MTBF, with a minimum 
of maint enance-- fiv e bearings to Lea se; fas teners to check ; and brushes 
to r eplace (depend i ng on the site , blade set s may have to be rotated for 
ref inishing) . (See Table III . ) The. SWECS share of a repe.ate.r s tat 'on ' s 
annual ma intenanc e and operation c o t i s projected t o b e approxima t ly 
$135 p e r year. The system vol tage and power f o rm , a s well as i ts l ow wind 
speed performance , are specifically designed , based on NWPCo's experien'e, 
to mee t the needs of the commerc ial primary power suppl y market . 

This wind system repr esent s the suc cessful cu l m ' nat ion of a d esign philos ­
ophy which emphasizes the use of proven concep ts enhanc ed by advanc es in 
technology and analytical modelin g techniqu e s. Simp l icit y of design and 
maintenance r educe annual operat i ng costs while dependab ility of t h e dir ec t 
drive alternator, t he VARCS mec hanism and the fixed tail and rotor insur e 
t hat syst em life goals will be met. 

Table II I 

Reliability Data 

System failure rat e (per million hour s) ...... .. . . ......... .. ,. 8.8 

System mean time between failures .... .... ....... . .. ... , ... .... 1 3 . 0 

( MTB F 

System r eliability after I year ... .. .... .. .... .... .. ...... .. . 

Sys t em reliability a fte r 5 y ear s ........... ... . .... .... ..... . 

" " after 10 years .... ..... .... ... ...... . .... . 

" " after 25 years .. ...... ... .. .... . . .... .... . 

Note: 

Reliability figures are based o n the maintenance schedule . 

All non-moving s tructural parts (i . e . bo lts, laminations, and f i xed cast­
ings ) are a ss igned a minimum lambd a of .001 failures/million hour s . 

All moving components subiect to failure and \vea r are as s i gned a minimum 
lambd a of .07 failures/10 hou rs (excep t where contrary data is ava ilable). 

Slip rings , brushe s a nd blad es will be replaced and/or ref ini s hed as 
n ecessary , 

Calculations of bearing failure rates ar e correct e d for load s and rota­
tional speed s. 

Compo nent lambdas are corrected for estimated real life cyc les per hour . 

12 
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5 . 0 SYSTEM SPECIFICATIONS 

The final design specifications fo r the North Wind Power Company 
2kvl High Reliability Wind Tur bine are given below . 

Genera l Description 

Physical Description 

Weight (less tower) 

Ro t or Diameter 

Tmoler Height 

Operational Char acteristics 

Cut- in Wind Speed 

Speed Con trol I n itiation 

System Shutdown 

Survival Wind Speed 

Rated Ou t pu t @ Wi nd Speed 

Rotational Speed @ Rated Ou t pu t 

Yearly Ou tput in V 5.36 ml s (1 2 mph) 

Rotor 

Weight (Blades, Hub) 

Diameter 

Capture Area 

Solidity 

Tip Speed Ra t io 

Cp at Rated Output 

Blades 

Material 

Planform 

Twist 

Airfoil 

6 . 70 mls (15 mph) 

7.15 mls (16 mph) 

8 . 04 mls (18 mph) 

13 

3 bladed , horizonta l ax is , 
upwind 

356 kg (785 Ib ) 

5 m (16 . 4 f t ) 

12.2 m (40 ft ) 

3.6 mls (8 mp h ) 

9.4 mls (21 mph) 

47 mls (105 mph) 

73.7 mls (165 mph) 

2.2 kw @ 9 . 3 mls (21 mph) 

250 RPM @ 2.2 kw 

6 , 000 kwhrs 

7,800 kwhrs 

8~400 kwhrs 

9,600 kwhr s 

41 kg (90 lb) 

5 m (16 . 4 ft) 

19.63 m2 (2.11.2 ft 2) 

.04 

7.5 

.41 

Sitka spruce (aircraft grade) 

Linear taper from 200 mID (8") 
@ r/R=.3 to 80 mm (3 . 1") 0 tip 

Non- linear from 12.50 @ r/R= . 3 
to .50 @ tip 

G625 from r/R=. l to r/R=.3, 
N60 from r/R= . 3 to t ip 



Hub 

}!aterial 

Type 

Generator 

Nominal Voltage 

Size 

Number of Poles 

Synchronous Speed @ 25 Hz 

Rated Power @ 

Efficiency 

Weight 

Type 

Pitch 

Tower 

Type 

Material 

14 

Cast and steel 
148-73 Class 80-50) 

Fixed Pitch 

synchronous alternator 
e1 rotor) 

24 vDC 

458 rom 

12 

250 RPN 

) by 368 rom (14.5") 

2 2 kw @ 250 RPN (150' trans-
mission 

70% @ rated speed and output 

133 (295 1b) 

Variable Axis Rotor Control 
System ) 

Spiral Torsion 
K = 71 in.1bs/degree 

50 to 900 (from horizontal to 
vertical) 

Free yawing 

Unarco Rohn 45 GSR db1. guyed 

Galvanized Steel 

122m (40 t) 

545 kg 00 1b) 
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NORTH WIND PO'dE R COMPI\NY, INC. 

Project Organization - Phase I 

PROGRAl-I MANAGER - - .---- CONSULTANT 
Mayer (Th or Stephenson) 

1 

1 

CHIEF ENGINEER 

DESIGN TEAN LEADER ___ s_e_l_l,--e_r_s _ _ RELIAB I LITY-------PRODUCT ION 
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Groff 
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LEGAL 

_ __ DRAFTING 
Eshel 

Norton 
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----r--
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(C. Coleman) 
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~~ Test Al ternator #1 
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E-C Tes t Alternator #2 

0-7 CDR . -

M- 2 VARCS TruckTest 

R 5 Reliability Calculations 

0-11 FOR 

[-10 Tes Lt.l ternator #3 

7-4 Draft F ina 1 Reoort 
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