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Impact of Direct-Drive WEC Systems on the

M.A!

Abstract— Direct-drive wind energy conversion systems
(WECS) are required|to operate at low speeds determined by
that of the turbine. This paper addresses the problem of adapting
a small, standard, readily available PM synchronous machine for
direct coupling to a| small wind turbine. In particular, it
investigates several mipor changes to the machine design, which
will ensure that rated power can be delivered to its load, whilst
operating at the rediced speeds required by a direct-drive
WECS.

Index Terms—Pemllanent magnet generators, synchronous
generators, wind energy

II. NOMENCLATURE

- Excitation voliage

- Armature / terminal voltage per-phase
- Armature / load current

- Armature wirllding resistance per-phase
- Synchronousireactance

- Load angle
- Generator load power factor angle

- Load impedance per-phase

R; - Load resistance per-phase

- Load reactance per-phase

P, - Total real power to the load on the generator

II. INTRODUCTION

Direct-drive wind jenergy conversion systems (WECS) are
receiving increasing attention due to their inherent
efficiency. By eliminéting the need for a gearbox between the
wind turbine and generator, these systems are less expensive
and also require less maintenance. These systems are however
required to operate at reduced speeds, determined by that of
the turbine shaft.

This paper addresses the problem of adapting a small,
standard, readily available PM synchronous machine for direct
coupling te a small wind turbine. In particular, it investigates
several minor changes to the machine design, which will
ensure that rated power can be delivered to its load, whilst
operating at the redlced speeds required by a direct-drive
WECS.

This is accomplished by assembling an analytical model of
a small PM synchronous machine. The analytical model is
then used in conjunction with the terminal voltage
characteristic and operating power capability of a small PM
wind generator, to evaluate the effects of the design changes
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on the performance of the machine.

III. ANALYTICAL MODEL OF A PM SYNCHRONCUS MACHINE

The analytical model of a small PM synchronous machine
presented in this section is obtained by detailed consideration
of its design equations. The model relates the electrical
equivalent circuit parameters and performance of the machine
to its mechanical design specifications. It neglects saturation
effects of the magnetic circuit.

The machine under investigation in this paper is a 3.5kW,
8 pole, three-phase PM synchronous machine. It has radially
magnetised NdFeB PMs mounted on the surface of a solid
mild-steel rotor core. The resulting airgap flux density
produced by the PMs is approximately rectangular in shape.
The machine stator has a full-pitched, distributed, double-
layer three-phase winding accommodated in semi-closed oval
slots. The nominal design specifications of the machine are
summarised in Table V of the Appendix.

A. Excitation Voltage
The rms value of the fundamental component of the
excitation voltage induced in a phase winding of the machine
can be expressed as [1}:
2z
E, =$W‘ﬂerwl¢p (1)
where K, 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 [1]:
$,= B D[P @

where By, is the peak value of the fundamental space
harmonic component of the excitation flux density
distribution.

Furthermore, B can be related to the plateau value B,
of the rectangular airgap flux density distribution produced by
the PMs, as follows [2]:

B, =k.B, (3)

where k;is the form factor of the excitation field,

In the case of a single smooth PM per pole, % can be
expressed as [2]:



“

k; = 2 in (ﬂ]

T 2
The piateau 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 [1]:

I/
B = m 4 'B
¢ L/ uVC,+K I, (1+p,)

where Cy is the flux focusing factor, K, is Carter's coefficient
and p,; is the normalised rotor leakage permeance. The range
of values for p,, is typically 0.05- 0.2 [1].

)

B. Synchronous Reactance

The effective airgap in a PM machine 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 close to unity. The d and g-axis
synchronous reactances are consequently identical in this
machine. The synchronous reactance of the machine can be
written in terms of the magnetising (X} and leakage (X))
reactances, as:

X, =X +X (®)
The magnetising reactance can be expressed as [1]:
64,IDKW.N
_ Aua ijl Ph (7)

" P (Kcl‘g +lm/;1,)

where the term K/ +1, Ju, in (7) represents the effective

airgap length in the path of the magnetising flux. This
includes the mechanical airgap clearance modified by Carter's
coefficient to account for slotting and the radial thickness of
the PMs.

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-tep and
winding overhang leakage flux paths, as [3],[4]:

NI
Xl = 4ﬂﬂafﬁ(ﬂsb-‘ + ﬂ’wozhftop + A‘a‘verhang) (8)

C. Armature Resistance

The per-phase resistance of the stator winding can be
estimated on the basis of the total length of a phase winding.
This can be expressed as [2]:

Iph—wnd'ng = 2 (I + lznd ) * Nph

Furthermore, the per-phase resistance of the stator winding,
neglecting the skin effect, can be expressed as [2]:

®

lph —wndng

a-o, A,
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D. Machine Performance

The efficiency of the PM synchronous machine operated as
a generator can be expressed as 7="F, /P, , , where Py, is

the input mechanical power applied to the shaft of the
machine and P; is the total real power delivered to its load.
The input mechanical and load powers can further be related

by:

sl

P.ha =PL+})CM+PWI+PWN (11)
where P, is the total stator copper losses, P,y is the total
rotational losses and P.,. is the total core losses in the
machine.

The total real power delivered to a load on the generator
can be expressed as [4]:

P, =3V,I, cosg (12)
The total stator copper losses can be expressed as:
P, =3LR, (13)

The total rotational losses in the machine consist of friction
losses in the bearings Ppiono and windage losses Py The
total rotational losses can therefore be written in terms of its

companent losses as £, = Ppuon + Popiee -

The total core losses in the machine can be estimated on
the basis of the hysteresis loss densities in the stator teeth and
yoke {pu, Pry), and the average eddy current loss densities in

the stator teeth and yoke (;ﬂ,;,y). The total core losses can
therefore be expressed as [3],[6]:

‘Dcam =Vl¢eﬂ| (plu+pel)+Vyoke (piry+P¢y) (14)
where Ve and Vg are the volumes of the stator teeth and
voke, respectively.

IV. EXPERIMENTAL VERIFICATION OF THE ANALYTICAL
MODEL

The analytical model of the PM synchrenous machine is
verified in this section before it can used to investigate the
effect of design changes on the performance of the machine,
This is achieved by comparing the calculated equivalent
circuit parameters and power losses of a test machine, te the
values measured by laboratory experiments,

The design specifications of the test machine used to verify
the analytical model are summarised in Table V of the
Appendix. The test machine did however have & discrete
4x10x50mm NdFeB PMs per pole with a 1mm spacing
between PMs, instead of a single smooth PM assumed in the
analytical model above. The form factor of the excitation field
(4), was thus modified to account for the discrete PMs per
pole [2],[5]. The resulting rms value of the fundamental
excitation voltage calculated for this machine was compared
with that predicted by a Finite Element Analysis (FEA} and
the measured voltage at various speeds. This is illustrated in



Fig. 1.
The calculated and measured flux per pole, armature
resistance and excitation voltage at SOHz is shown in Table 1.
The variation (if calculated and measured core and
rotational losses with speed is illustrated in Fig. 2.
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Fig. 1. Comparison of measured and calculated rms value of fundamental
excitation voltage at various rotor speeds (N.}

TaBLEL
COMPARISON OF MEAISURED AND CALCULATED EQUIVALENT CIRCUIT
PARAMETERS FOR THE TEST MACHINE

Measured Analytical FEA
@, [wb] 0.002264 0.002293 0.002303
E;[V] 258.77 262.18 263.13
R, [Q] 1317 1.571 -
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Fig. 2. Variatian of core and rotational losses with speed

From the results presented in this section it can be seen that
good agreement exists between the calculated and measured
equivalent circuit p’auameters of the test machine, thereby
verifying the analytical model of the PM Synchronous
machine presented in the previous section.

V. TERMINAL VOL:[‘AGE CHARACTERISTIC AND OPERATING
CONDITIONS OF A SMALL PM WIND GENERATOR

In general, small PM wind generators are connected to
power electronic converters of varying sophistication, These
may vary from sim;}le rectifiers to converters with elaborate
control strategies, capable of full four-quadrant operation. In
this paper, 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 characterised by the generator armature current I /¢

demanded by a fictitious load Z;, connected to each phase of
the generator. This configuration resembles that of a
synchronous machine connected to an isolated load. The
steady-state terminal voltage characteristic of an isolated PM
synchronous generator is therefore analysed in this section
together with its operating power capability.

A. Terminal Voltage Characteristic

The steady-state terminal characteristic of an isolated PM
synchronous generator can be determined by considering its
per-phase equivalent circuit and phasor diagram. For a
synchronous generator with negligible saliency, this can be
expressed as:

v, =\/E} -(1,X,cosp+1,R, sing)’ +I,X,sing— IR cosg
(15)

Equation (15) 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

In this section, the terminal voltage characteristic and
power capability of the generator are used to explore its
steady-state operating conditions. Equation (12) can be used
to write an alternate expression for the terminal voltage of an
isolated PM synchronous generator, Thus, by solving for ¥,
{(12) can be rewritten as a function of /, and P, as:

P 1
V= 16
® 3cos¢ I, (16)

Equation (16) can: be used to plot the ¥, va [, variation
required in order for the generator to deliver P (kW) to its
load, at a specific power factor. The constant per-phase
apparent power (VA) hyperbolas obtained in this manner are
illustrated in Fig. 3, together with the terminal voltage
characteristic of the generator at various operating speeds. The
terminal characteristic relates to operation of the generator at a
constant load power factor of 0.76 leading, over a range of
speeds from 60% to 120% of its rated speed.
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Fig. 3. Constant per-phase apparent power hyperbola with terminal voltage
characteristic of generator at various speeds

Point A in Fig. 3, defines the terminal voltage and current
at which the machine will operate when required to deliver
rated power at rated speed to an isolated load at a power factor
of 0.76 leading. Moreoves, the intersections between the
terminal voltage characteristic curves and the constant per-
phase apparent power hypertola determines the operating
points of the generator when required to deliver this power to
a load at various speeds.

The operating peints can be determined by equating the
expressions for each of the curves. This results in a 4% order
polynomial, which when solved for the smallest positive real
roots results in the armature current that the generator will
operate at when delivering the required real power to its load
at the specified speeds and power factor.

The operating cwrrents obtained in this manner can be used
to evaluate the performance of the generator when delivering
the required real power to its load at various speeds.
Furthermore, it can be used to evaluate the performance of the
generator when design changes are investigated in order to
restore the output power capability of the generator at low
operating speeds.

V1. EFFECTS OF DESIGN CHANGES ON THE PERFORMANCE OF
THE GENERATOR

The output power capability of the generator at low speed
operation c¢an be restored through several design
improvements. The effects of several changes to the generator
design are investigated in this section. The main design
changes necessary in order to restore the oufput power
capability of the generator are evaluated on the basis of the
overall efficiency of the generator, its equivalent circuit
parameters, the mass of active materials used and the flux
density levels in the main parts of the generator. The effect of
each design change is analysed independenily, with all other
parameters at mnominal wvalues. The nominal design
specifications of the machine under consideration are
summarised in Table V of the Appendix.

A. Change in the Number of Stator Turns Per Phase (N,

The first design change investigated in order to restore the
output power capability of the generator at low speeds, was an
increase in the number of turns per phase. The effect of this

design change on the efficiency of the generator is illustrated
in Fig. 4.
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Fig. 4, Effect of a change in the number turns per phase (N,,) on the
efficiency of the generator
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The family of curves in Fig. 4 illustrates the variation of
the generator efficiency with speed, as the number of tums per
phase is increased from 60% to 180% of the nominal value, in
20% intervals. Furthermore, the dotted line represents the
variation in generator efficiency, when all its design
specifications are at nominal values. It can be seen from the
figure that the generator becomes capable of delivering rated
power to its load at lower speeds as the number of turns per
phase is increased. Moreover, the efficiency of the generator
improves with an increase in the number of turns per phase
when delivering rated power to the load at reduced speeds.
The effect of this design change on the efficiency and on two
other performance indicators is sumumarised in Table [I. With
reference to the table, the specific electric loading (SEL) is the
rms value of the stator peripheral current density and J is the
stator conductor current density [4].

TAaBLEIL
COMPARISON OF MACHINE PERFORMANCE AT FULL-LOAD, FOR CHANGE IN
Npy, AT RATED SPEED (750RPM) AND REDUCED SPEED QPERATION

Change in N,

Speed Performance 1x 1.2x 1.6x

77 [%)] 94.44 94,89 95.45
750 rpm | SEL JA-Cond./m] | 19,035 | 18,977 | 18,905

T [A/mm?] 148 |1234 [o0.922

7[%] - 85.67 | 89.61
300 prm | SEL {A-Cond./m] | - 48,584 ) 46,174

J [A/mm’] - 3.159 | 2.252

With reference 1o Table 11, the relatively high efficiency at
rated speed is a direct result of the lew operating current
density due to oversized conductors, and the low armature
current required due to the large excitation voltage induced in
the stator winding by its many turns per phase. The machine
with nominal design specifications is unable to deliver rated
power to a load, whilst operating at 300rpm. Increasing My
makes operation at 300rpm poessible, whilst maintaining the
relatively high efficiency and low current density. The SEL



does however increase to high values at this low operating
speed. I

The change in N, has an effect on the equivalent circuit

parameters of the generator, This is illustrated in Fig. 5.
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Fig. 5. Effect of a change in the number turns per phase (N4} on the

equiyalent circuit parameters at S0Hz

With reference tol Fig. 5, it can be seen that the magnetising
and leakage reacta%lces increase significantly, as these are
proportional to the square of Ny A 40% increase in N, will
thus result in a 96% increase in the reactances. Furthermore,
the armature resistafice increases linearly as the total length of

copper increases with Npi. The slot-fili factor increases

proportionately with this design change. In assessing the
machine under conéideration, it was observed that the stator
slots would only be able to accommodate a 10% increase in
the slot-fill factor.

The mass of thF copper used in the machine windings
increases proportionately with Ny, The copper mass increases
by 60%, from 23. 63kg to 37.81kg, as N, is increased from its
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 tumns is increased. The power to
weight ratio of the machine is therefore not decreased
significantly as the number of turns per phase is increased to
restore the output power capability of the generator at low
speeds.

The flux density levels in the main parts of the machine
remain within acceptable limits as NP,, is increased. The peak
value in the stator teeth and yoke remain constant at 1.80T and
0.504T, whilst the plateau and peak value of the fundamental
airgap flux density are 0.756T and 0.851T.

B. Compromised Machine Design for Low Speed Operation

By considering jthe effects of individual changes to the
machine design presented in the previous sections, a
compromised design, which combines several changes
simultaneously, is investigated in this section. The
compromised design would be capable of delivering rated
power at low speed:s required by a small direct-drive WECS.

An increase in the N, and A, results in satisfactory full-
load 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 N,

The constraint on increasing the axial length of the
machine is the reduction in the power to weight ratio of the
machine. Similarly, the constraint on increasing e and B, is
the increase in flux density levels in main parts of the
machine. in particular, B,,,, increases significantly beyond its
operating range.

In a compromised design a 40% increase in Ny, and a 30%
reduction in A, results in a 10% nett increase in the slot-fill
factor and the copper mass. The reduction in Aoy is tolerable
due to the relatively low operating current density. However,
in order to limit the reactances of the machine, N,, was
reduced by 30% and A4, increased by 40% instead. A 10%
nett increase in the slot-fill factor and the copper mass was
therefore still maintained. Furthermore, B, was only increased
by 10% in order to limit B, and « by 30% in the
compromised design of the machine. The axial length of the
machine was also increased by 40%.

The nominal and compromised design specification of the
generator is compared in Table III. The equivalent circuit
parameters, flux density levels and total mass is also
compared in the table. The efficiency of the generator with
nominal and compromised design specifications is compared
in Fig. 6. The full-load performance of the generator with
compromised design specifications is summarised in Table
IV, for operation at various reduced speeds.

TABLE L
COMPARISON OF NOMINAL AND COMPROMISED DESIGN SPECIFICATION OF
THE GENERATOR
Parameter Nominal Compromised
specification specification

| Ny [turns] 528 370

ifm] 0.0475 0.0665

a 0.696 0.905

B [T] 1.06 1.166

Agma [mm’] 3.142 4.398

R, 1.571 0.842

Ly [mH] 214 12,165

L, fmH] 44.6 30.574

L, [mH] 66.0 42.739

B, [T] 0.753 0.838

B max [T] 0.851 1.054
| B /7] 1.804 2.0067
| Bymax [T 0.504 0.729

Total mass [kg] 67.07 85.93

Power/weight [Kw/kg] | 521.87 407.29
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Fig. 6. Comparison of efficiency of the generator with nominal and
compromised design specifications

TABLE [V
FULL-LOAD PERFORMANCE OF GENERATOR WITH COMPROMISED DESIGN
SPECIFICATIONS, FOR OFERATION AT VARIQOUS REDUCED SPEEDS

Full-load performance
N; [rpm] SEL [A-
7 (%] Cend[./m] J [A/mm’]
255 90.43 32,657 2.600
270 91.21 30,839 2.456
300 92.38 27,812 2215
330 93.20 25,375 2.021

It can be seen that the generator is capable of full-load
operation at low speeds, whilst operating at a good efficiency.
The SEL of the generator is also at reasonable values. The
operating current density is however low due to the large
cross-sectional area of the stator conductors.

VII. CONCLUSIONS

This paper outlined a procedure of adapting a small,
standard, readily available PM synchronous machine for direct
coupling to a small wind turbine. This was achieved through
several minor changes to the nominal design of the machine.
The machine with a compromised design was shown to
deliver rated power at reduced speeds, suitable for direct-
coupling to a small WECS. Moreover, the overall
performance of the compromised design was shown to be
quite good.

VHI. APPENDIX
The nominal design specifications of the machine under
consideration are summarised in Table V below.

TABLEV
NOMINAL DESIGN DATA OF THE PM SYNCHRONOUS MACHINE

I - Mechanical airgap clearance 0.0008m

| Non - Number of turns per phase 528
a - Number of parallel paths 1
gz, - Conductivity of Cu at 25°C 57-10°S/m
j“’" - Cross-sectional area of conductors 710’
S - Number of stator slots 36
A - Stator coil pitch 180 %&d
[4 - Pole-arc to pole-pitch ratio 0.696
w, - Width of a stator tooth 0.009m
Ay - Height of stator tooth 0.0387m
h;; - Height of conducter portion of slot | 0.026m
hi; - Height of slot above conductors Om
fy; - Height of tapered portion of slot 0.0026m
h;, - Height of stator slot opening 0.0012m
b;; - Width of oval portion of stator slot | 0.0178m
b;; - Width of slot above conductors 0.0132m
b;s - Width of tapered portion of slot 0.0132m
by - Width of stator slot opening 0.0036m
h - Height of stator slot 0.0387m
h, - Height of stator yoke 0.0504m
L - Radial thickness of PM 0.004m
B, - Remanent flux density of PM 1.067T
72 - Relative permeability of PM 1.0042
H - Permeability of free air 4z 107

| Bom - Mass density of PM material 7500kg/m’
O - Mass density of rotor core material | 7860kg/m’

Design specification Value

P - Rated Power 3.5kW
P - Number of pole pairs 4

/ - Effective length of stator core 0.0475m
D - Stator inner diameter 0.2472m
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