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On Adapting a Small PM Wind Generator for a
Multiblade, High Solidity Wind Turbine
M. A. Khan, Student Member, IEEE, P. Pillay, Fellow, IEEE, and K. D. Visser

Abstract—This paper explores the design space that exists
between multiblade, high-solidity water-pumping turbines and
modern high-speed two and three-bladed horizontal axis wind
turbines (HAWTs). In particular, it compares the features and
performance of a small 12-bladed, high-solidity HAWT to that
of a modern three-bladed HAWT. It also outlines a procedure
for adapting a small PM wind generator, intended for high-speed
operation with a three-bladed HAWT for low-speed operation
with a 12-bladed, high-solidity HAWT. This is achieved through
a detailed analysis of the effects of several minor changes to the
nominal design of the machine. The redesigned machine is shown
to be capable of delivering rated power at the reduced speed required by the 12-bladed HAWT, while operating at good efficiency.
The overall system performance of the 12-bladed HAWT, coupled
to the redesigned wind generator, is shown to be satisfactory.
Experimental validation is provided.
Index Terms—permanent-magnet (PM) generators, wind energy.

I. INTRODUCTION

S

MALL wind turbines have largely adopted the threebladed, low solidity design philosophy of large utility-scale
wind turbines. Increasing the number of blades has been shown
theoretically to increase the aerodynamic efficiency of a wind
turbine. An increase in aerodynamic efficiency could have
the potential to decrease the overall cost of energy from a
small wind-energy conversion system (WECS). This paper
examines the design space that exists between multiblade,
high-solidity water-pumping turbines and modern high-speed
two and three-bladed horizontal axis wind turbines (HAWTs).
Furthermore, it compares the features and performance of
a small 12-bladed, high-solidity HAWT to that of a modern
three-bladed one. The 12-bladed turbine operates at a lower
tip speed ratio, thereby providing quieter operation, fewer
balancing and vibration issues, less blade erosion, and easier
starting characteristics.
This paper also addresses the problem of adapting a PM
wind generator, intended for high-speed operation with a small
three-bladed HAWT, for low-speed operation with a small
multiblade, high-solidity HAWT. The new wind generator
is required to deliver the same rated power as the original
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machine, but at 45% of the original shaft speed, under rated
wind speed conditions. This requirement translates to a 122%
increase in the developed torque and, hence, a 122% increase in
of the machine. A complete redesign of
the rotor volume
the machine would ordinarily be necessary to meet these stringent requirements. However, this paper offers an alternative
approach to a complete redesign of the machine. It addresses
the problem of adapting an existing wind generator to meet the
new requirements, through carefully analyzing the effects of
several minor changes to the machine design, before selecting
a new design specification for the machine. In doing so , the
new machine fully exploits existing WECS manufacturing
infrastructure and components in an effort to reduce the energy
costs associated with the generators.
The performance and equivalent circuit parameters of the
machine are assessed by means of a comprehensive analytical
model of a PM synchronous machine (PMSM). The accuracy
of the model has been verified experimentally and through
finite-element analysis (FEA). The analytical model is used
in conjunction with the terminal voltage characteristic and
operating power capability of a PMSM to evaluate the effects
of the design changes on the machine’s performance.
II. MULTIBLADE HIGH-SOLIDITY WIND TURBINES
The design space for wind turbine rotors, in particular,
HAWTs, is quite large. Solidity ( —the ratio of total rotor
, airfoil characterblade area to swept area), blade number
are all factors that determine the
istics, and tip speed ratio
aerodynamic performance of the rotor. Reference [1] presented
a comparison of approximate turbine power coefficient
versus tip speed ratio for a wide range of machines, including
HAWTs and vertical axis wind turbines (VAWTs) and is shown
curve is for a
in Fig. 1. It can be seen that the highest overall
two-bladed high speed rotor with tip speed ratios in the range of
– . Most modern three-bladed HAWTs have similar
characteristics, and are designed with low solidities, typically
of 7% or less. The American multiblade turbine illustrated
performance at a lower
in Fig. 1 exhibits generally poor
tip-speed ratio range than the high-speed two and three-bladed
HAWTs. Multiblade turbines typically have high solidities and
use aerodynamic drag to develop high torques for mechanical
water-pumping applications [2]. The four-bladed Dutch turbine
occupies a low-performance space between the previously
mentioned HAWT types, likely because they did not employ
the airfoil or rotor design methodologies of modern HAWTs.
A large gap can be seen to exist in the performance and operating range between the multiblade and low blade number turbines. Moreover, the ideal efficiency curve presented in Fig. 1,
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C

versus  for various types of wind turbines [1].

which is based on the General Momentum theory, indicates that
it is theoretically possible for a properly designed rotor to excharacteristics than the current highhibit as high or higher
speed turbines at approximately half of the tip speed ratios. A
study was therefore conducted to explore the design space that
exists between high-solidity water-pumping turbines and the
high-speed two and three-bladed turbines [3], [4]. In particular,
the study focussed on using the same design principles used in
the high-speed turbine designs to investigate the impact of solidity and turbine blade number on the performance of a small
HAWT.
A. Effect of Blade Number and Solidity on HAWT Performance
A blade-element momentum (BEM)-based optimum design
routine from [5] was first used to investigate the impact of solidity and turbine blade number on the performance of a small
HAWT with optimally designed blades. Fig. 2 shows maximum
versus tip speed ratio
power coefficient
for each optimum design. The analysis veriat
fied that a three-bladed turbine, designed for a high tip speed
– should have a solidity of 5% to 7%. Moreratio of
over, high tip speed ratios were shown to be more optimal for
a three-bladed rotor. As shown for the six and 12-bladed cases
in Fig. 2, increasing the blade number at the high design point
would increase
, with a diminishing return. Moreover,
.
decreasing the design point would further increase
for the cases studied was found to be 0.523
The highest
, with
% and
. It should be noted
at
that these results are based on an idealized blade-element technique [3].
Optimum designs use complicated nonlinear twist and chord
distributions, but small HAWTs are often constructed with nontwisted, constant chord blades for ease of manufacture. Blades
that gives best overall perare then pitched at an angle
versus
formance. Fig. 3 shows a comparison of maximum
solidity for a series of rotors with nontwisted, constant chord

Fig. 2. Effect of turbine blade number (B ) and solidity ( ) on C
 , for a small HAWT with optimally designed rotor blades [3], [4].

and

blades. The curves in Fig. 3 were obtained from a BEM analysis technique described in [3], and are shown for comparison.
Unlike the optimum designs in Fig. 2, constant-chord, untwisted
blades were observed to produce the highest points of maximum
at a higher solidity than the optimum design solution in
, the highest
both the three and 12-bladed cases. For
was 0.44 at a solidity of
% and a pitch angle of
. Although the difference in maximum
is small between solidities, Fig. 4 shows that the tip speed ratio decreases
significantly with increasing solidity, almost independently of
the blade number.
Wind tunnel experiments were conducted on a scale model
HAWT with flat-plate, constant-chord, nontwisted blades, to
versus solidity and
experimentally verify the trends in
blade number [3], [4]. The experimental data confirmed that in, while decreasing at the point
creasing solidity increased
. The experiments also indicated that changes
of maximum
characteristics at a
in blade number had little effect on the
given solidity. This was, however, mainly attributed to the low
Reynolds number range of operation and the thickness-to-chord
ratio of the flat plate turbine blades used in the experiments [3].
B. Operation of Small Multiblade, High-Solidity HAWTs
With reference to Figs. 3 and 4, the highest
for a small
multiblade, high-solidity HAWT was 0.44. This was achieved
%, at a tip
by a 12-bladed HAWT, with a solidity of
speed ratio of
. In contrast with the 12-bladed tur%,
bine, a three-bladed turbine with a low solidity of
,
which is typical for these HAWTs, achieves a
. Thus, for the same turbine blade diameter and wind
at
speed conditions, the 12-bladed turbine will capture approximately 13% more energy than the three-bladed turbine when
each are operated at the respective tip speed ratios which ensure
maximum energy capture. The increased energy capture of the
12-bladed turbine is, however, achieved at 45% of the operating
speed range of the three-bladed turbine.
For the same output-power rating, a generator coupled to the
12-bladed turbine will therefore be required to develop 122%
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the reduced operating speed of the PM machine as a wind generator is calculated as 348 r/min. The output-power rating of the
machine at this speed is then calculated to be 1.625 kW. In coupling this generator to the 12-bladed HAWT, it is still required
to deliver 1.625 kW to its load, but at a reduced speed of 157
r/min, under rated wind speed conditions.
III. ANALYTICAL MODEL OF A PM SYNCHRONOUS MACHINE

Fig. 3. Effect of turbine blade number (B ), blade pitch angle ( ), and solidity
of a small HAWT [3], [4].
( ) on C

An analytical model of a small PMSM is used to investigate
the effect of design changes on the machine performance. The
model relates the mechanical design specifications of the machine to its performance and equivalent circuit parameters. It
neglects magnetic saturation, which is not considerable in a surface-mounted PM machine.
The machine has radially magnetized NdFeB PMs mounted
on the surface of a solid mildsteel rotor core. The resulting
air-gap flux density is approximately rectangular in shape. The
machine stator has a fully pitched, distributed, double-layer
three-phase winding accommodated in semiclosed oval slots.
A. Excitation Voltage
The root-mean-square (rms) value of the fundamental component of the excitation voltage induced in a phase winding of
the machine can be expressed as [7] and [8]:
(1)
where
is the fundamental harmonic winding factor and
is the flux per pole due to the fundamental space harmonic component of the excitation flux density distribution.
The flux per pole can be expressed as [7]:
(2)
where
is the peak value of the fundamental space harmonic component of the excitation flux density.
can be related to the plateau value
, of the rectangular air-gap flux density distribution, as follows [9]:

Fig. 4.
at C

Effect of turbine blade number (B ) and solidity ( ) on tip speed ratio
; ( ) for a small HAWT [3], [4].

more torque, compared to when coupled to the three-bladed turbine. This requirement can be met by a proportionate increase in
, which would ordinarily require a complete
rotor volume
redesign of the machine. However, the alternative approach considered in this paper relates to adapting the nominal design of the
wind generator to meet the new requirement. This is achieved
through carefully analyzing the effects of several minor changes
to the nominal design, before selecting a new design specification for the machine.
The generator is a 3.5-kW, eight-pole, 750-r/min, three-phase
PMSM. The output-power rating of the machine is derated for
operation as a wind generator coupled directly to the aforementioned three-bladed HAWT. It is assumed that the three-bladed
turbine has a 3.29-m blade diameter and achieves its maximum
of 0.39 at a tip speed ratio of 6. Moreover, the rated wind
speed is 10 m/s. Using the definition for the tip speed ratio [6],

(3)
where
is the form factor of the excitation field.
can be expressed as [9]:
For a single PM per pole,
(4)
The plateau value of the excitation flux density distribution
can be related to the remanent flux density and the relative permeability of the PMs by the following expression [7], [10]:
(5)
is the flux focusing factor,
is Carter’s coefficient,
where
and
is the normalized rotor leakage permeance.
B. Synchronous Reactance
The effective air gap in a PMSM with magnets mounted on
the rotor surface can be considered constant and relatively large.
This is due to the relative permeability of the PM material being
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close to unity. The and -axis synchronous reactances are consequently identical in this machine. The synchronous reactance
and leakage
reactances
is related to the magnetizing
as
.
The magnetizing reactance can be expressed as [7]:
(6)
in (6) represents the effective
where the term
air-gap length in the path of the magnetizing flux. This includes
the mechanical air-gap clearance modified by Carter’s coefficient to account for slotting.
The leakage reactance can be written in terms of the specific
permeance coefficients associated with the dominant leakage
flux paths of the stator (i.e., the slot, tooth-top, and winding
overhang leakage flux paths, as [8] and [10]:
(7)

Fig. 5. Comparison of measured and calculated rms value of the fundamental
excitation voltage at various rotor speeds ( ).

N

COMPARISON

TABLE I
MEASURED AND CALCULATED EQUIVALENT CIRCUIT
PARAMETERS FOR THE TEST MACHINE

OF

C. Armature Resistance
The per-phase resistance of the stator winding, neglecting the
skin effect, can be expressed as [9]:
(8)
where

is the total length of a phase winding.

D. Machine Performance
The efficiency of the PMSM operated as a generator can be
expressed as
, where
is the input mechanical power and
is the total real power delivered to its load.
The input and load powers can further be related by:
(9)
where
is the total stator copper losses,
is the total rois the total core losses.
tational losses, and
The total real power delivered to a load on the generator can
be expressed as [8]:
(10)

Fig. 6.

Variation of core and rotational losses with speed.

IV. EXPERIMENTAL VALIDATION OF THE ANALYTICAL MODEL

The total stator copper losses can be expressed as:
(11)
The total rotational losses consist of friction losses in the
and windage losses
. The total rotabearings
tional losses can therefore be written in terms of its component
.
losses as
The total core losses in the machine can be estimated on the
basis of the hysteresis loss densities in the stator teeth and yoke
, and the average eddy current loss densities in the
. The total core losses can therestator teeth and yoke
fore be expressed as [10] and [12]:
(12)
and
where
yoke, respectively.

are the volumes of the stator teeth and

The analytical model of a PMSM is verified by comparing
calculated equivalent circuit parameters and power losses to
measured values. The test machine used to verify the analytical
model had six discrete 4 10 50-mm NdFeB PMs per pole
with 1-mm spacing between PMs, instead of a single smooth
PM as assumed in the analytical model. The form factor of the
excitation field (4) was thus modified to account for the discrete
PMs per pole [9], [11]. The resulting rms value of the fundamental excitation voltage calculated for this machine was compared with that predicted by FEA and the measured voltage at
various speeds, see Fig. 5.
The calculated and measured flux per pole, armature resistance, and excitation voltage at 50 Hz are shown in Table I.
The variation of calculated and measured core and rotational
losses with speed are illustrated in Fig. 6.
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From the results presented in this section, it can be seen that
good agreement exists between the calculated and measured
equivalent circuit parameters and losses of the test machine,
thereby verifying the analytical model of the PMSM.
V. TERMINAL VOLTAGE CHARACTERISTIC AND OPERATING
CONDITIONS OF A SMALL PM WIND GENERATOR
It is assumed that the generator is connected to a power-electronic converter, which operates as an active rectifier. The armature current of the generator is thus assumed sinusoidal and
controlled by the converter. Moreover, the perceived load power
factor at the terminals of the machine is also controlled by means
of the converter. Under steady-state conditions, the converter
can therefore be fully characterized by the generator armature
demanded by a fictitious load
, connected to
current
each phase of the generator.

Fig. 7. Effect of a change in

N

on the wind generator efficiency.

TABLE II
COMPARISON OF WIND GENERATOR PERFORMANCE AT FULL LOAD, FOR
, AT RATED AND REDUCED SPEED OPERATION
CHANGE IN

N

A. Terminal Voltage Characteristic
of the generator can be
The steady-state terminal voltage
determined by considering its per-phase equivalent circuit and
phasor diagram. For a machine with negligible saliency, this can
be expressed as:

(13)
Equation (13) can be used to plot a family of curves to illustrate the variation of the generator terminal voltage with equivalent circuit parameters.
B. Operating Conditions
The total real power delivered to a load on the generator was
given by (10). This can be used to plot
versus in order for
to its load, at a specific power
the generator to deliver
factor. The constant per-phase apparent power (VA) hyperbola
obtained in this manner, together with the terminal voltage characteristic of the generator, determines the operating conditions
of the generator when required to deliver this power to a load at
various speeds. The operating currents obtained in this manner
can be used to evaluate the performance of the generator at various speeds. Furthermore, it can be used to evaluate the performance of the generator when design changes are investigated
to restore the output-power capability of the generator at low
speeds.
VI. EFFECTS OF DESIGN CHANGES ON THE PERFORMANCE OF
THE PM WIND GENERATOR
The 3.5-kW, 750-r/min PMSM under investigation is intended for operation as a wind generator, directly coupled to
the small three-bladed HAWT. The machine is consequently
derated to 1.625 kW, at 348 r/min. In coupling this machine
to a multiblade, high-solidity HAWT, it is required to deliver
1.625 kW to its load, but at 157 r/min under rated wind speed
conditions.
The output-power capability of the PM wind generator at this
low speed can be ensured through several design changes. In
, and
are
particular, the effects of changes to

investigated. Changes to these design parameters are considered
minor, since they avoid the redesign and remanufacture of stator
lamination stampings, as would be required by a change in .
The design changes are evaluated on the basis of the overall efficiency of the wind generator, its equivalent circuit parameters,
the mass of active materials used, and the flux density levels in
the main parts of the machine. The effect of each design change
is analyzed independently, with all other parameters at nominal
values.
A. Change in the Number of Stator Turns Per Phase
The effect of this design change on the efficiency of the generator is illustrated in Fig. 7. The figure shows the variation of
generator efficiency with speed, as the number of turns per phase
is increased from 60% to 180% of its nominal value, in 20%
intervals. The dotted line represents the variation in generator
efficiency, when all of its design specifications are at nominal
values.
It can be seen that the wind generator is capable of delivering
rated power (1.625 kW) to its load at lower speeds as the number
of turns per phase is increased. Moreover, the efficiency of the
wind generator improves. The effect of this design change is
summarized in Table II. The specific electric loading (SEL) is
the rms value of the stator peripheral current density and is
the stator conductor current density [8].
The relatively high efficiency at rated speed (348 r/min) in
Table II is a direct result of the low operating current density
due to oversized conductors, and the low armature current required due to the large excitation voltage induced in the stator
makes opwinding by its many turns per phase. Increasing
eration at 157 r/min possible, while maintaining the relatively
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Effect of a change in

N

on equivalent circuit parameters at 348 r/min.

Fig. 9. Effect of a change in l on the wind generator efficiency.

high efficiency and low-current density. The SEL does, however, increase at this low operating speed.
on the equivalent circuit paramThe effect of a change in
eters of the generator are illustrated in Fig. 8. It can be seen that
the magnetizing and leakage reactances increase significantly,
. A 40% increase
as these are proportional to the square of
in
results in a 96% increase in the reactances. Furthermore,
the armature resistance increases linearly as the total length of
. The slot-fill factor increases procopper increases with
portionately with this design change. In assessing the machine
under consideration, it was observed that the stator slots would
only be able to accommodate a 10% increase in the slot-fill
factor.
The mass of the copper used in the generator windings in. The copper mass increases
creases proportionately with
is increased from its
by 60%, from 23.63 to 37.81 kg, as
nominal value (528 turns) by 60%. The mass of the stator core,
rotor core, and PM material used in the machine remains constant as the number of turns is increased. The power-to-weight
ratio of the generator is therefore not decreased significantly as
the number of turns per phase is increased.
The flux density levels in the main parts of the machine reis increased. The peak
main within acceptable limits as
value in the stator teeth and yoke remain constant at 1.80 and
0.504 T, while the plateau and peak value of the fundamental
air-gap flux density are 0.756 and 0.851 T.

Fig. 10.

Effect of a change in l on the mass of active materials.

B. Change in the Axial Length

Fig. 11.

Effect of a change in

The effect of this design change on the efficiency of the wind
generator is illustrated in Fig. 9. The curves show the effect on
generator efficiency as the axial length is increased from 60%
to 180% of the nominal value, in 20% intervals.
, the change in causes
By comparison with the change in
the machine to operate at higher efficiency and lower, more acceptable SEL. The magnetizing reactance of the generator increases proportionately with the change in , as expected from
(6). The armature resistance also increases as the total length of
armature winding increases with axial length. The effect of this
design change on the mass of active materials used in the wind
generator is illustrated in Fig. 10.
It can be seen from the figure that the total mass of the machine increases significantly by 56.83%, from 67.07 to 105.18
kg, as is increased from its nominal value by 80%. Conse-

on the flux density levels in the generator.

quently, the power-to-weight ratio of the wind generator drops
by 36.24%, from 24.23 to 15.45 W/kg. The flux density levels
in the main parts of the machine remain similar to those quoted
in the previous section.
C. Change in the Pole-Arc to Pole-Pitch Ratio
The equivalent circuit parameters of the generator are unaffected by this design change. The mass of the stator core, rotor
core, and copper used in the machine is also not affected. However, the mass of the PM material increases proportionately with
, from 0.753 to 0.979 kg.
The effect of a change in on the flux density levels in the
main parts of the machine is illustrated in Fig. 11. It can be seen
increases from 0.50 to 0.66 T and
increases
that
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TABLE III
COMPARISON OF NOMINAL AND NEW DESIGN SPECS OF WIND GENERATOR

Fig. 12.

Effect of a change in B on the flux density levels in the machine.

from 0.85 to 0.95 T, as is increased by 30%. The peak flux
density in the stator teeth is also quite high, by design. These
flux density levels are, however, within the allowable range for
small PM machines [9], [10].
D. Change in the Remanent Flux Density of the PMs
The equivalent circuit parameters and mass of the generator
are unaffected by this design change. The effect of this design
change on flux density levels is shown in Fig. 12. It can be seen
that the peak flux density in the stator teeth increases from 1.80
to 2.53 T as the remanent flux density of the PMs is increased by
40%. This peak value of the tooth flux density is well above the
normal operating range and will cause saturation of the stator
teeth.
E. Change in Cross Section of Stator Conductors
The reactances of the generator are unaffected by this design change. The stator winding resistance decreases, with an
increase in the cross-sectional area of the conductors. The mass
of copper increases proportionately by 60% from 23.63 to 37.81
increases by 60% from its nominal value. The
kg, as
.
slot-fill factor also increases proportionately with
VII. MACHINE REDESIGN FOR MULTIBLADE
HIGH-SOLIDITY HAWT
New specifications for several design parameters of the PM
wind generator are discussed here. This is achieved by combining the previous changes to produce a new machine design.
The new PM wind generator design obtained in this manner
would therefore be capable of delivering rated power (1.625
kW) at the reduced speed (157 r/min) required by the multiblade, high-solidity HAWT.

The constraint on increasing the axial length of the machine is
the reduction in the power-to-weight ratio of the machine. Simis the increase in
ilarly, the constraint on increasing and
flux density levels in the main parts of the machine. In particincreases significantly beyond its operating range.
ular,
and a
In redesigning the machine, a 40% increase in
results in a 10% net increase in the
30% reduction in
can be
slot-fill factor and copper mass. The reduction in
tolerated due to the relatively low operating current density of
the machine. However, in order to limit the reactances of the
was reduced by 30% and
increased by 40%
machine,
instead. A 10% net increase in the slot-fill factor and the copper
was only
mass was therefore still maintained. Furthermore,
to values within the
increased by 10% in order to limit
operating range for small PM machines. The pole-arc to polewas increased by 30%, to a value of 0.905. This
pitch ratio
increase in results in a PM pole-arc of 164 , which borders on
the limit of the range for small PM synchronous machines [10].
Since the redesigned wind generator is required to deliver
rated power at 45% of its rated speed when coupled to the multibladed, high-solidity HAWT, its developed torque would increase by 122%. This would ordinarily necessitate a proporof the machine [8].
tional increase in the rotor volume
However, an increase in rotor volume can only be achieved
would require the
through an increase in , since changing
remanufacture of stator lamination stampings. The axial length
was increased by 40%, in order to increase the current loadings
(SEL and ) of the machine, which were low in the nominal design.

A. Machine Redesign Procedure
and
results in satisfactory full-load
An increase in
performance at low speeds. However, the copper mass and the
slot-fill factor increases proportionately with each of these design changes. Moreover, the actual stator slots can only accommodate a 10% increase in the slot-fill factor. The reactances of
the machine also increase significantly, with the square of the
number of turns.

B. Performance of New PM Wind Generator
The nominal and new design specifications of the wind generator are compared in Table III. It can be seen that the flux
density levels in the main parts of the redesigned machine are
within acceptable limits. The SEL of the new wind generator is
acceptable, but is still quite low. This is primarily due to the
large cross-sectional area of the stator conductors used in the
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machine was shown to be capable of delivering rated power
at the reduced speed required by the multiblade, high-solidity
HAWT, while operating at good efficiency. The overall system
performance of the 12-bladed, high-solidity HAWT coupled to
the redesigned wind generator was satisfactory.
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