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Abstract— The purpose of this paper is to describe the desigif a
direct-drive, permanent magnet synchronous generatoto be
used in the addition of electrical generation capality to water-
pumping windmills. A characterization of the exising turbine
structure is given in order to determine the generr's nominal
mechanical input parameters. Electric machine toplogies
currently used in wind energy conversion are discised and the
machine structure is selected for this application. Finally, the
initial design is presented and a brief discussioaf the remaining
work is given.
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. INTRODUCTION

Water-pumping windmills have historically been dises
the primary means of obtaining water for both ddimesnd
farming (or ranching) uses in rural areas of thétedhStates,
where connection to electric power lines was nodption. In
modern times, with the help of the Rural Electdfion
Administration, most farms and rural homes haveegssto the
electrical power grid and so electric water pumpms/eh
replaced these windmills in many instances. Howenespite
of their neglect, lattice towers with multi-bladadbines atop
them are still a common sight, especially acrossvilestern
and mid-western regions of the U.S.

The purpose of this project is to investigategbssibility
of retrofitting electricity generation capabilitieto these
disused windmills, whereby using existing strucsute help
offset the energy requirements of individual faranshomes.
It should be noted that while the ultimate goal tfus project
is to develop an entire energy-capture systemljustrated in

Fig. 1, the focus of this paper is solely on theegator design.

At the time of writing this paper, the manner in igrh
electricity is to be pulled from the turbine hast rmeen
determined. However, because most existing wirldnaite
situated close to the homestead and utility cabiiese
previously been laid in order to power electric evgbumps,
the assumption henceforth is that the system ibetagrid-
connected.
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Figure 1. Proposed system for the addition of afgtt generation
capabilities to water-pumping windmills.

Il.  TURBINE CHARACTERIZATION

The purpose of this project is to develop an eperg
capture system that can be commercially marketexh&add-
on” package by a manufacturer of water-pumping wiitid.
As such, the capabilities of the electric generatarst be
appropriately matched to those of the turbine fitsél should
be noted that the physical structure of these witkslns
optimized for water-pumping, not electricity gertéra,
specifically, they are designed to provide highytms at low
rotational speeds. While mechanical redesign efttitbines
would surely yield improved electrical power outptliis is
not an option in the context of this applicatioMoreover, a
typical windmill company offers a variety of turlgrsizes; for
example, Dempster Industries, LLC offers turbineth wotor
diameters ranging between 6 and 18 feet in 2-foceiments.
For the initial design iteration, the generatorgmaeters are
based on the characteristics of the most populding size
(8-ft. diameter), but the final design will be augmied to
perform sufficiently with the other rotor sizes.

The maximum mechanical power output of the turbine
can be calculated by the standard equation:

Pmer?: = Epﬂ Cp U! = Cpﬁf[nd (1)

wherep is the density of air (1.223 kgfnA is the area swept
by the turbine blades and is the wind speed. The power
coefficient C,) is a measure of the fraction of kinetic energy
in the wind P,ing) that is converted to mechanical energy via
the turbine. Its value is a function of the tipegd ratio X),
defined as
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wherer and o are the rotor’s radius and angular speed, oe

respectively. For simplicity in determining the ngeator B
design parameters, it is assumed that it is passidicontrol

the tip speed ratio such that maximum mechanicalepo //\
conversion is achieved; therefoi®, will be considered S T T
constant at its maximum value. Soonis

During the research process, it has been discowibia
there are discrepancies in the published literaasréo what
the maximum power coefficient is for the Americanltia
blade turbine structure. Fig. 2 shows a plot ofv@o
coefficients for different turbine structures tas taken from
[6] and is also found in [10]; it demonstrate€@e,~ 0.15 for
the turbine of interest. A similar plot is incluan [12], [17] ° i : : 7 : 5 :
and [18], however the curves for the Savonius antfi+blade
rotors are transposed; these sho@,a.x ~ 0.3 for the water-
pumping windmill. Experimental data in [3] and [1& well
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Figure 2. Power coefficient versus tip speed fatiozarious turbine
structures as given in [5].

as theoretical calculations in [11] indicate thht tpower Probahility and Power Densities vs Wind Speed

coefficient of the Savonius rotor turbine does edigeak at pagp ey TTER AR TR TR TR TaeR TR
around 30%, though it is, of course, dependent ufien Py .
specific blade geometry. Furthermore, measureda dai ** / \

(adopted from Aeromotor Co.) regarding the watemping % om0 ~_ \ 0 @
capacities for various rotor and pump cylinder diters and £ \ P — <00 i
flow rates for wind speeds between 7 and 9 m/sbeafound g =0 / ¥, \ | turbine diameters — ;
in [7]. From this data, the pump power output H@en 3 _ | wosseeo \ Ot
calculated and averaged over the pump specificafioneach ;? probabifty w0 %
size turbine and the maximum conversion efficiengy & «o o
determined based on the available wind power (TBbl&dhe

average efficiency (over all turbine sizes) of thial system is “ e
~11%. If it is assumed that the pump and gear lieve a o Lo
combined efficiency of ~80%, then the average powe T e ®

conversion coefficientd,) of the turbine itself is ~14%. In
conclusion, a maximunC, of 15% is assumed for the Figure 3. Probability and power density as a fiomodf wind speed for
purposes of this design exercise; however, it & dhthors’  different turbine sizes. Both curves sets areeschy 8760 hours per year and

recommendation that experimental aerodynamic the probability distribution shown is for a meamdispeed of 5.35 m/s.
measurements be performed on these multi-bladéthas in

. . p . . TABLE 1. POWEROQUTPUT AND EFFICIENCIES OPWATER PUMPING
order to verify or disprove this assumption. WINDMILL SYSTEMS

An additional consideration in the determinationté

generator design parameters is regarding the wimekbds Rotor Diameters
profile. One common tactic is to assume that thedvgpeed Parameter ot oft | o | 12 | 61t
adheres to a Raleigh distribution, with a probapitensity : : : : :
function expressed as: Pump power output (W) 98 147 219 314 51
. e Wind power input (W) 939 1467 2112 2875 37p5
) =Z(Z) exp (-2 (2)) 3 -
N 4 System effficiency (%) 10.4 10.1 10.4 10.9 13.6
= . . . vy NOTE 1 — Based on data listed in [7] from AeromdEar.
wherell is the mean wind Speed- The convenience of itss | NOTE 2 — The wind power input is calculated for mavspeed of 7 m/s.

in that the probability of occurrence for any wisgeed )

can be calculated with knowledge of only the medndw  TABLEII. POWER AND ANNUAL ENERGY OUTPUT OF THETURBINES

speed. The majority of the state of Nebraskadkss 3 wind AVAILABLE FROM DEMPSTERINDUSTRIES LLC.

site and so at a height of 10 m (approximate tdwesght for

the 8-ft. diameter turbine), the mean wind spedd fetween Parameter Rotor Diameters

5.1 and 5.6 m/s [9]. The wind speed distributisrsthown in 61t. 8ft. | 10ft. | 12ft. | 14ft. | 16ft. | 18ft.

Fig. 3; the vertical axis values are scaled byatofaof hours | p () 85| 150! 230 330 450 590 750

per year in order to more readily interpret theadatThe I ]

maximum mechanical power output of the turbine dory | Prx(W) 70 125 195 28¢ 38, 500 635

wind speed is calculated via Eq. 1 and multiplied the E(Wr?}’) 615 | 1095| 1710 245 3370 4330 5580
i ; Y

probablllty (_)f occurrence for that Speed (Eq _sbmam the NOTE 1 —Prey is calculated via Eq. 1 for a wind speed of 8.5.m/

power density curves that are also shown in Fig. 3. NOTE 2 —Energy indicates the integral of the power density curstemwn in Fig. 3.

NOTE 3 —P, indicates the integral of the power density curescaled to W.




The wind speed at which the power density curvakpe

indicates the speed for which the majority of emgerg

conversion occurs. Thus, as seen in Fig. 3, theergéor
should be designed to operate most efficiently atral speed
of 8.5 m/s. The optimal tip speed ratio for thagbines falls
just under unity (Fig. 2). Accordingly, if it issaumed that

has a value of 0.95, the nominal wind speed cooredp to a
rotational speed of 65 rpm for the 8-ft diameteioro Each
power density curve can be integrated over windedp®

yield the annual energy production for each turbgiee;

equivalently, the value of the integral can be aé=t (by
hours per year as before) to yield the averaganerpower
output. These values are shown in Table I, aloty the

maximum mechanical power output for each turbinea aind

speed of 8.5 m/s. This analysis results in theinahsizing

characteristics for the generator of 265 W at hihe speed of
65 rpm.

1.  GENERATORDESIGN

A. Electric Machinesin Wind Energy Conversion Systems

sheer number of variables involved. However, i$ feeen
shown that for a given power requirement, when cmexqb
with an inner-rotor RF machine, an AF machine do@ge a
lower mass and takes up less volume when the maebiial
length is short and the pole count is adequatelly 4,14].

This means that for a given power requirement, ARe
machine will have a lower materials cost than anivedent
RF machine. Additionally, as a consequence ofAkeslot
geometry, the phase coils are planar which makegerny
simple to form the coils around an external bokdnd slide
them onto the teeth (Fig. 4). This last point megve to be of
importance for this application in which relativébw-volume
production is expected and specialized manufagurin
equipment may not be available.

AF machines can be designed as either single-sided
which there is a single rotor disk, or double-sidiedwhich
there are either two rotor disks (with a singleafaor two
stator disks (with a single rotor) as seen in Big.It is shown
in [14] that the single-sided machine has a mughéni torque
density, in terms of torque per unit active matemass, than
its double-sided counterparts. For this applicgtithere has
not been a constraint placed on the outer radiughef

By far the most common type of electric machined9enerator and so the design will focus on the sisgled AF

currently used in wind energy conversion systemshis
induction machine. This is a well-established niaeh
topology and is therefore relatively cheap and &mim
manufacture. The doubly-fed induction generatoFI® is
often preferred over the more traditional singlyited
(squirrel-cage) type because it is possible to atpeDFIGs at
variable speed for fixed electrical frequency, whil
concurrently maintaining efficiency. This is acqaished by
the addition of a rotor-side power electronic ifdaee to the
grid to extract and process the slip power. Thihhelogy
necessitates a gearbox in order to step-up thdéawéh speed
of the turbine rotor (i.e. 60 rpm) to a speed nmirigable for a
60 Hz generator (i.e. 1800 rpm for a 4-pole machine

The DFIG system configuration is well-suited tagkeuscale
wind applications where the system complexity isadfed by
its size. A more viable option for small wind apptions, and
one that has recently garnered much research iatieiig to
make use of a direct-drive generator. The need fprarbox is
eliminated, thereby increasing system reliabilibd aeducing
costs associated with maintenance. Machines desidor
direct-drive operation are typically larger for aven power
output and naturally require a high pole count bseathey
operate at very low rotational speeds [5]. Permaneagnet
machines are the most common choice for directedvitnd
applications due to the ease at which these higghqounts can
be achieved [16]. Thus, for the application coessd here, the
generator is chosen to be a direct-drive, permameginet
synchronous machine (PMSM).
electronics and associated controls alluded toigqn E are
necessary to cope with the variable speed natutedfystem.

B. Machine Topology

PMSMs can be most broadly categorized into raftlia
(RF) or axial flux (AF) topologies. A comprehensiv
comparison between these structures is dauntingtalube

Note that the power

structure. The primary concern with the implemgata of
this machine type is that there is a very largalaattractive
force between the stator and rotor; however, édaizorrectly,
standard deep groove ball bearings can easily &g tescope
with this load.

The use of non-overlapped windings (NOW) in lielu o
traditional winding schemes has become prevalenmeaent
years because of the benefits in terms of coppss, Ifault-
tolerance and manufacturability, among others (Fighows a
machine with a single-layer NOW). However, it Hasen
recognized that a result of employing a NOW schésna
higher harmonic content in the winding MMF disttiiom and
a subsequent reduction (albeit slight) in the wigdiactor of
the main harmonic as seen in Table lll. These baros

Double-sided AF
(dual-stator)

Single-sided AF

©

Figure 4. (a) Photograph of a sample AF machiagsand (b) a close-up to

show the planar nature of the (non-overlapped¥cdllonceptual drawings of

both a single-sided AF machine and dual stator ldesided AF machine are
shown in (c).



TABLE IIl. MAIN HARMONIC WINDING FACTORS FORSEVERAL

COMMON SLOT-POLE COMBINATIONS

Slot-Pole Combination Winding Factor
9-slot/8-pole 0.946 (DL)
9-slot/12-pole 0.866 (DL)
12-slot/8-pole 0.866 (DL)

12-slot/10-pole 0.966 (SL), 0.933 (DL)
12-slot/14-pole 0.933 (DL)
NOTE — SL denotes a single-layer winding in whtbbre is a coil
placed around every other tooth and DL denotesualddayer winding
in which there is a coil around every tooth.

rotate asynchronously with the rotor and causenarease in
eddy-current loss there [2]; however, AF machingscally
employ open slots whereby the rotor loss due tdtistp
swamps the loss associated with MMF harmonicsh&is
not of primary concern in the context of this apation.

C. Design Secification

The sizing of any electric machine is based uptorgue
specification. As described in section I, the e
operating point for this generator is an input 662V at a
speed of 65 rpm, indicating a torque requiremen8®MNm.

TABLE IV. GENERATORDESIGN PARAMETERS
Parameter - Qenerator
Direct-drive Geared (5:1)

Rated speed 65 rpm 325 rpm
Rated torque 38.9 Nm 7.8 Nm
Outer diameter 290 mm 170 mm
Inner diameter 174 mn 102 mm
Axial machine length 49 mm 39 mm
Airgap 1 mm 1 mm
Magnet thickness 4 mm 4 mm
Rotor back-iron thickness| 4 mm 4 mm
Slot width 7.6 mm 8.9 mm
Slots 48 24
Poles 40 20
Material mass 14 kg 4 kg
Bulk material cost $69.55 $22.07

For comparison, the same generator design haako
performed for the case when a small 5:1 gear system

Torque ¢) is commonly expressed as a function of theincluded between the turbine rotor and the machifath

electromagnetic air-gap shear stregg &ir-gap surface area
(A) and the average air-gap radiig) as:

4

For an axial-flux machine, it has been shown thaakp
performance occurs when the inner radius is apprately
60% of the value of the outer radius [8]. Substity this
constraint into Eq. 4, an expression to calculbte rhachine
outer radius is obtained:

T=o-A-Rg.

z T
[ .

3 B5LIne

Ry, = (%)
Then, assuming an air-gap shear stress of 8 kRBageherator
would have an outer diameter of 290 mm (11.4") andnner

diameter of 174 mm (6.97). It is typical to desiground a
shear stress on the order of 15 kPa; however, bedais is a
high torque, low speed application, the low shewass value
facilitates copper loss management for operationrad¢d

torque.

In order to ease manufacturing effort, it is prefd to
have a slot-pole combination that can be fit witkirayle-layer
winding. The 12-slot/10-pole configuration is sl as the
base for this generator design because it offeeshilghest
winding factor as indicated in Table Ill. As preusly
described, because the generator is directly cdufdethe
turbine rotor, the machine must be designed wittiga pole
count. The chosen geometry is summarized in TidbleThe
bulk material cost is calculated using base cobt$1d60/kg
for steel, $4.40/kg for copper and $38.00/kg foe thagnet
material (NdFeB), but these numbers are obvioustgeptible
to market fluctuations.

designs are for the same power rating and are riesigiith
the same airgap shear stress. The gearbox ingeduc
additional cost and maintenance requirements tosyiséem,
but results in a generator design with approxinyaféd%
lower mass and cost. For the designs detailed;dpper loss
at rated torque is estimated to be around 30 WHerdirect-
drive design and 20 W for the higher speed machifibere
will be additional inefficiency in the latter systedue to the
gearbox, however there is currently research beéong in the
field of magnetic gears that may be of interestdimall wind
applications [1].

IV. CONTINUING WORK

In this paper, an initial generator design is pnésd for a
small-wind, direct-drive application. Before thesihn can be
finalized, the electrical system requirements mus
determined such that the generator, power electsoand
associated control algorithms form a coherent unit.
Additionally, the work presented here is based relytion
electromagnetic considerations and so some augtiteTda
may be necessary in order to mechanically fit theegator to
the windmill structure.

The generator presented in Table IV is based araun
specific operating point as described previouslpwever, the
machine should be able to operate in wind speedt LD
mph (the windmills are mechanically regulated tmtaut of
the wind at this speed). Therefore investigatioms the
survivability of the machine must be conducted. thh¢ same
time, it may be desirable to redesign the machineetiuced
cost, although this will most likely result in reshd
performance (efficiency) of the machine.



CONCLUSIONS

The concept of retrofitting electrical generati@pabilities
to existing water-pumping windmills has been exadin It
has been found that little experimental data ha lwellected
regarding multibladed windmill turbine performaresed there
are discrepancies in the literature regarding machh
efficiencies. The mechanical structure of thesdites is
optimized to provide high torque at low rotatiospkeed, which
makes electrical generation difficult. However,hias been
shown that a direct-drive generator can be desigodd the
specifications, though it does result in a reldyiiarge and
costly machine. Ultimately, any limitations enctened in this
project will not be technological, but economical.
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