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Abstract: Small-scale uncontrolled passive wind generator systems are an attractive solution for
rural energy generation because of the system’s reliability and low cost. However, designing these
uncontrolled wind generators for good power matching with the wind turbine is challenging and
often requires external impedance matching. In this paper, permanent magnet generators with
different stator and rotor structures were investigated and designed to increase the generator’s
synchronous inductance for a natural impedance matching. For the design methodology, multi-
objective optimisation was used to design the generators for near-maximum turbine power matching,
whereby internal impedance matching was reached as much as possible. It was shown that altering
the placement and orientation of the permanent magnets in the rotor is a viable method to achieve
the desired impedance matching; however, these generators do not have the best performance. It
was found that the surface-mounted permanent magnet generator with semi-closed slots was the
optimum topology. An optimised generator prototype was tested for the experimental validation.
All designs were verified by comparing the results of 2D and 3D finite-element analysis.

Keywords: design optimisation; impedance matching; passive wind generator system; permanent
magnet synchronous generator; small-scale wind turbine; wind power generation

1. Introduction

Energy generation for and the electrification of rural communities and farms are still
some of the main socio-economic issues in developing countries. Especially for Sub-Sahara
African countries, where it is estimated that a relatively small percentage of the rural
population currently has access to electricity. In this context of rural energy generation
and with the goal of climate change mitigation, distributed small-scale wind generator
systems are an attractive option for independent AC or DC microgrids and can easily be
deployed where there is no utility grid connection. However, reports have shown that
these small-scale wind generator systems need to be more cost effective [1,2]; hence, there
are currently incentives such as those outlined in [3] to make small-scale wind energy
technology more cost competitive.

The small-scale uncontrolled passive wind generator system shown in Figure 1 is ideal
for these rural applications. In Figure 1, only a diode bridge rectifier is used to directly
connect the wind generator to the battery storage. Thus, the passive system uses minimal
power electronics and is therefore conceivably more cost effective. The power electronics
in small-scale wind energy systems are also the components most prone to failure [4,5].
The passive system in Figure 1 is therefore potentially more reliable, also reducing the
operation and maintenance costs. The preferred generator technology for these small-scale
systems is the permanent magnet synchronous generator (PMSG) [6]. However, because the
system is uncontrolled, it is challenging to design the wind generator to have good power
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matching with the wind turbine. Therefore, the focus in this paper was on designing
PMSGs for these small-scale passive wind energy systems.
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Figure 1. Single-line diagram of a passive wind energy system with an uncontrolled diode rectifier
and battery storage.

Small-scale wind generator systems are deployed according to the need, and not
necessarily at the optimum wind site, as in the case of utility-scale wind farms. Therefore,
it is imperative that the wind generator matches well the available power from the wind
turbine at lower wind speeds. Failure in this regard was highlighted by [7] as a major issue
with current small-scale wind energy systems. Therefore, the design approach for the un-
controlled passive PMSGs, as in [8-10], where the wind generator was optimally designed
according to a perceived “typical wind cycle”, does not guarantee good power matching at
low wind speeds and is not always considered ideal. In [11], the wind turbine’s parameters
were adjusted according to the generator to improve power matching. However, changing
the wind turbine’s parameters is not desirable. The challenge then, when designing these
PMSGs, is to ensure good power matching with the wind turbine at lower wind speeds,
as well as maximum power matching at the rated wind speed. It should also be noted that
the PMSGs in [8-11] were all for power ratings lower than 1.5 kW.

In terms of the design optimisation strategy for the PMSGs, there are multiple ap-
proaches found in the literature. As already discussed, there are those in [8-11] for a passive
system. In a more general sense, the recent reviews in [12,13] on optimisation trends for
electric machines highlighted that the use of genetic algorithms for multi-objective design
optimisation approaches is favourable for design problems with several performance mea-
sures. Moreover, multi-objective design optimisation is the most common approach for
wind generator design, e.g., [14-17]. In [14-17], the actively controlled wind generators
with maximum power point tracking (MPPT) were optimised for a specified drive-cycle
to maximise annual energy production. However, as outlined in the previous paragraph,
site-specific design is not necessarily the best option for small-scale uncontrolled wind
generators. The generators in these small-scale uncontrolled passive wind energy systems
must be designed to be geographically independent. Therefore, in this case, the main
design problem is to match the wind generator’s power with that of the wind turbine at
lower wind speeds and at the specified rated operating point.

In [18], a method of external impedance matching was used to match the wind gen-
erator’s power with the wind turbine, whereby an external inductance impedance was
connected between the generator and the diode rectifier, shown in Figure 1. Although this
method can be used effectively, as was done in [18,19], the additional external inductor is an
unwanted component to the system. This incentivised the investigation performed in [20],
which was to design PMSGs for a natural impedance matching the wind turbine, i.e., where
the internal synchronous inductance of the PMSG alone was sufficient for good power
matching. Hence, this paper is an extension of the work performed in [18,20] and forms
part of an overarching study on PMSGs for passive wind generator systems.

In this paper, various methods of designing the PMSG to have an increased syn-
chronous inductance for a natural impedance matching were investigated. These methods
included altering the placement and orientation of the PMs in the rotor to change the
magnetic saliency of the PMSG, as well as the stator slot’s structure to increase leakage
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flux. The various PMSG structures were designed for a sub-5 kW passive wind generator
system, using a unique design methodology that ensured that the desired power matching
with the wind turbine was achieved. The overall performance and cost effectiveness of the
designed PMSGs were then evaluated to determine the optimal solution for this applica-
tion. The results in this paper were validated with the experimental results of an optimally
designed PMSG prototype.

2. Passive Wind Generator System

In this section, the wind generator specifications and equivalent circuit modelling
are discussed. An analytical approximation for the impedance matching requirement is
also given.

2.1. System Specifications

The wind turbine power versus turbine speed curves for a 4.2 kW passive wind
generator system are shown in Figure 2. Shown also in Figure 2 is the maximum available
turbine power that can be extracted from the wind (power curve A). Typically, generator
operation along power curve A can be achieved by using an actively controlled synchronous
rectifier in the system with MPPT. However, in the case of the uncontrolled passive system,
the PMSG needs to be designed to match naturally the wind turbine power. Power curve
B, in Figure 2, emulates power curve A at the cut-in speed and maximum rated power,
showing the desired operation of the PMSG for the passive system. Thus, two operating
points were specified for the PMSG's design, i.e., (i) the cut-in speed operating point, n.,
at which the PMSG starts supplying power to the battery storage and (ii) the rated speed
operating point, n,, where the rated power is generated. The cut-in and rated operating
points are indicated in Figure 2, and the system’s specifications are summarised in Table 1.

Power (kW)
R

0 ] 100 20 300 400 500 600
Turbine speed (r/min)

Figure 2. Wind turbine power versus speed curves, with wind generator impedance matching
examples.

Table 1. Summary of specified operating points.

ne ny
Wind speed 3m/s 12m/s
Turbine speed 110 r/min 320 r/min
Generated power, P, 0 kW 42 kW
Battery/DC grid voltage, V4, 48V

2.2. Wind Turbine

The wind turbine data in Figure 2 are for a horizontal axis wind turbine (HAWT).
A schematic of the nacelle’s assembly is shown in Figure 3. The wind turbine’s blades and
the PMSG were mounted off-centre in relation to the tower and tail vane, as shown in
Figure 3b. Under extreme conditions, the wind pushes the turbine and generator out of the
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wind and against the tail mechanism, which stays in line with the wind direction. In this
way, the input power from the wind turbine is lowered, and system protection is provided.
Furthermore, the HAWT’s nacelle has an uncontrolled full degree of rotation and, therefore,
requires brush slip rings for power transmission.

Tail vane

Yaw mechanism

(b)

Figure 3. Schematic of the off-centre wind generator and tail vane assembly. (a) Side view.
(b) Top view.

2.3. Impedance Matching

Because it is an uncontrolled passive system, the internal impedance of the PMSG, Z
in Figure 1, needs to match correctly the battery storage (note that this is without external
impedance matching). This then ensures that the PMSG’s generated power matches the
available wind turbine power at the rated operating point, n,. Consider the following
theoretical estimation of the necessary impedance:

The PMSG was modelled in the dg-reference frame. From the dg-equivalent circuits in
Figure 4, the steady-state dg-equations in generator mode are:

Vq = —Rsth — (UeLdId + (Ue)\pM
= —Rul, — w.Laly + E, 1)
Vd = _RstId -+ weLqu.

In Equation (1) and Figure 4, w. is the synchronous electrical speed, Apy is the PM flux
linkage, E, is the induced generator voltage, and Ry, is the total per-phase resistance, which
includes the PMSG’s stator resistance, R;, and the combined resistance of the brush slip
rings and the resistance of the transmission cable, R.. The phasor diagram for the passive
system is shown in Figure 5a. In Figure 5a, the constrained terminal voltage, V;,, is the fixed
fundamental per-phase voltage on the AC side of the diode rectifier. Due to the diode
rectifier, the passive system will always operate at a unity displacement power factor [21],
i, I, and V, are in phase.

Figure 4. Per-phase dg-equivalent circuit diagram of the PMSG.
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Figure 5. Passive system phasor diagrams.

For simplification, it was further assumed that R, in (1) and Figure 5a is negligible.
Therefore, we now have the phasor diagram in Figure 5b, and the voltage equations of (1)

can be rewritten as:
Vq - 7weLdId + Eg - 7Xd1d + Eg

2
Vi = welgly = Xql4.
At rated power, E, can be calculated using:
E, =aV, ®)
with: 30
n. 320 _
w10 2.91. 4)
From Figure 5b, we also have:
W1 41
cos(d) = E, " a = § = cos (a) (5)
and: Va 1 X4l X
tan() = — =2 =249 5 Zd_q (6)
Vo L Xgg @ X
Subsequently, by substituting a into (5) and then ¢ into (6), we have:
Iy o
= tan(69.9°) = 2.73 (7)

q

with V, = I, = 1.0 pu, the per-unit values at rated power can be calculated and are
summarised in Table 2.

Although R, in Figure 5a cannot be ignored, the estimated per-unit results in Table 2
are remarkable in terms of how high the per-unit reactance must be to have the desired
power matching. The required reactance at base speed is Xq = X, = 2.73/2.91 = 0.94 pu,
whereas surface-mounted PMSGs with non-overlapping windings have per-unit reactance
values that are typically between 0.2 pu and 0.4 pu. Therefore, it is often necessary to add
an external inductance, L., between the PMSG and the diode rectifier [18]. With external
impedance matching, the dg-equations in (1) are then:

Vq = _Rsth - we(Ld + Lext)Id + we/\PM

8
Va = —Raly + @e(Lg + Low) L. ®)
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However, as explained before, the external inductance in the passive system is an undesired
component. To eliminate the necessity of L., careful consideration is needed when selecting
the PMSG topology and the design of the PMSG in order to significantly increase the
PMSG’s impedance (reactance).

Table 2. Predicted PMSG dq values at rated power.

P =1.0pu Vy = 1.0 pu Is =1.0 pu E¢ =291 pu
Vi =094 pu I; =094 pu Xg=273pu
Vy = 0344 pu I; =0.344pu Xq=273pu

3. PMSG Topologies
3.1. Machine Selection

For small-scale wind generators, it is important that the generator has a low cogging
torque. The wind turbine torque at the low cut-in wind speed (3 m/s) has to overcome this
cogging torque for the generator to start generating power. A good indicator for predicting
whether a PMSG will have a small no-load cogging torque is the least common multiple
(LCM) between the number of stator slots, Q;, and the number of poles, p. It generally
holds true that the larger the value of the PMSG’s LCM, the smaller the no-load cogging
torque will be.

Seeing that the machine selection was for a low-speed direct-drive application, PMSGs
with fractional-slot concentrated (non-overlapping) windings are very attractive [22]. Non-
overlapping winding PMSGs (NO-PMSGs) have shorter end-winding lengths, resulting in
less copper losses and a more compact mechanical structure [23]. Possible PMSG slot—pole
combinations and their relevant characteristics are summarised in Table 3 for comparison.
From Table 3, the best generator choice is the 30-28 PMSG. This particular combination has
a good fundamental winding factor of k,, ~ 0.951 and a large LCM(Q;, p) compared to the
other slot-pole combinations.

Table 3. Comparison of potential slot-pole combinations for machines with fractional-slot concen-
trated windings.

36-30 36-32 30-28
Slot-Pole (6-5) 9-8) (15-14)
LCM(Qs, p) 180 288 420
k., working harmonic winding factor 0.933 0.945 0.951
74, differential harmonic leakage flux coefficient 143 143 1.40

3.2. Stator Design

For the stator’s structure, it is advantageous to have open slots with rectangular teeth,
as shown in Figure 6a. This allows for preformed coils to be used, which are easier to
manufacture. However, as shown in Section 2.3, it is desired to increase the PMSG’s per
phase synchronous inductance, L;, for improved power matching. Therefore, alterations can
be made to the stator structure in an attempt to increase L. Using rectangular semi-closed
slots, as shown in Figure 6b, is one way to increase the PMSG’s synchronous inductance:

The per-phase synchronous inductance can be calculated as:

Li=L,(1+7)+Ly+ L, )
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where L, is the magnetisation inductance, 74 is the differential harmonic leakage flux coef-
ficient, Ly is the slot-leakage inductance, and L. is the end-winding inductance. The mag-
netisation inductance is given by:

2
L — m(Wkg)/dilFQ‘uO’ (10)
np gairKS
where m is the number of phases, W is the number of turns in series per phase, k., is the
winding factor of the generator’s working harmonic, 4; is the air gap diameter, Iy, is the
axial stack length, ¢, is the resultant air gap length taking Carter’s factor into account,
and K, is the saturation factor.

Figure 6. Stator slot structures and dimensions. (a) Open slot with rectangular teeth. (b) Semi-
closed slot.

The slot-leakage inductance can be calculated as in [24,25], using;:

4dm

1:
TQ

Here, A, is the slot permeance factor for a double-layer non-overlapping winding with a
vertical coil side arrangement,

L tolre W2 A . (11)

hs hhs

/\uv ~ klsibs + kzbi(). (12)
In (12), ky and ky are given by:

3y, — W

e e
(13)

=1t W
, =
4q

as in [24]. From (12) and the geometry definitions in Figure 6, it is shown theoretically that
Lq, and therefore L;, can be increased by closing the stator slots and using a rectangular
slot shape (A, is inversely proportional to b; and b,). PMSGs with a semi-closed stator slot
structure are therefore more likely to meet the desired impedance matching requirements.
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The differential harmonic leakage flux coefficient in (9) is calculated from the harmonic
analysis and is given by:

. Zn;«é]‘ ( kﬁn )2

o .
5y
The 74 values for the different slot-pole PMSGs are given in Table 3. Typically, PMSGs
with non-overlapping windings have much larger 7; values than PMSGs with overlapping
windings, which is another reason for using non-overlapping winding PMSGs for passive
wind generator systems.

(14)

d

3.3. Rotor Design

In terms of the PM rotor structure, it is possible to increase the synchronous inductance
by altering the placement and the orientation of the PMs in the rotor, thus effectively
“building” the necessary external inductance into the PMSG. In [20], this was shown to be a
valid approach for designing PMSGs to have a natural impedance matching in a passive
wind generator system. The different rotor structures considered in this investigation
are shown in Figure 7. Figure 7a shows the surface-mounted PM (S-PM) rotor; Figure 7b
shows the embedded PM (E-PM) rotor; Figure 7c the interior-spoke-type PM (SP-PM) rotor.
As a result of using interior PM rotors, there is a significant increase in stator magnetisation
flux compared to that of an S-PM rotor. This also results in a larger difference between the
direct-axis and quadrature-axis inductances of the machine (also referred to as the magnetic
saliency) [25]. Typical machine saliency properties for the different rotor topologies in
Figure 7 are summarised in Table 4.

Table 4. Typical saliency properties of different rotor structures and relative slot-leakage inductance
of different stator slot openings.

Rotor Structure Saliency, ¢ Stator Structure Ly
Surface-mounted PM Ly~ Lq Open slot Smaller Ly
Interior embedded PM Ly > Lg Semi-closed slot Larger Ly
Interior-spoke-type PM Ly > Ly

(0)

Figure 7. Rotor structures and dimensions. (a) Surface-mounted PM rotor; (b) embedded PM rotor;

(c) interior PM spoke-type rotor.
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Opting to use either surface (S-PM) or interior PM (E-PM and SP-PM) rotor structures
has certain tradeoffs when it comes to manufacturing and machine performance. In the
case of an S-PMSG, the PMs are exposed, whereas for the interior PM rotors, the PMs are
protected and at a low risk of being damaged. Embedding the PMs in the rotor also has the
additional advantage that the PMs are well protected against demagnetisation. It is also
apparent from Figure 7 that the S-PMSG is more likely to use less iron material than the
E-PMSG and SP-PMSG. The latter is an important design aspect, considering the need for a
low top-tower mass.

Designing the SP-PMSG rotor as the one in [26] could reduce the active mass; however,
it could also compromise the structural integrity of the PMSG. For the structural integrity
of the SP-PM rotor in Figure 7c, the yoke needs support on at least one side of the interior
embedded PM. It is shown in Figure 8 that the support section on the rotor yoke adds an
additional path for stray leakage flux from the PMs. Shown also in Figure 8, there is a large
component of leakage flux to the exterior air region of the rotor. The effect of the outer air
region was not taken into account in [20], and it was later found to have a significant effect
on the SP-PMSG’s performance and the outcome of the comparison.

stray PM flux

Figure 8. Enlarged section of an SP-PMSG, showing the PM flux paths and leakage flux in the rotor.

4. Design and Optimisation

In this section, the design approach and methodology for the different PMSG topolo-
gies outlined in Section 3 is discussed. The PMSG topologies then were the S-PMSG,
E-PMSG, and SP-PMSG with open slots and the S-PMSG, E-PMSG, and SP-PMSG with
semi-closed rectangular slots.

With iron-cored PMSGs, it is difficult to accurately take saturation and armature
reaction into account, even more so in this case, with the PMSG operating with a large
direct-axis current, as shown in Figures 1 and 5. In [10], an analytical model was used to
design the PMSG for a passive wind generator system; however, substantial errors of 17%
and 26% were reported for the generated torque and back-EMFE. Furthermore, in [18], it was
also shown that using analytical calculations for the synchronous inductance resulted in a
significant error in power matching with the wind turbine. The results in [10,18] confirmed
that it is better to use finite-element analysis (FEA) for PMSGs in passive wind generator
systems. Therefore, the performance of the PMSGs in this paper was solved using 2D
static FEA. End-effects were taken into account in the 2D FEA for the respective PMSGs,
as in [27,28].

4.1. Multi-Objective Optimisation

The population-based non-gradient genetic algorithm II (NSGA-II) [29] was used
in conjunction with the 2D static FEA solutions to optimise the PMSGs. The design
optimisation workflow is shown in Figure 9.
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Figure 9. Design and optimisation flow diagram [12].

Reducing the PMSG'’s cost and minimizing the top-tower mass are important for small-
scale wind generators. Therefore, the first two objectives of the multi-objective function
given in (15) were to minimise the PMSG’s active mass, M., and the generator’s PM
mass, Mpy. Minimizing M,v. has the dual purpose of reducing the generator’s cost and
the top-tower mass. The generator’s PM mass, Mpy;, is the most expensive material and,
given its volatile cost, needs to be minimised as a separate objective.

Mactive (X)
min F(X) = min | Mpy(X) |. (15)
X X Zext(x)

The PMSG’s active mass in (15) is calculated as:
Mactive = MFe + MPM + MCu/ (16)

where Mg, is the collective mass of the stator and rotor iron laminations and M, is the
total copper winding mass, which includes the end-winding mass.

The other objective in (15) is to minimise the impedance error, Z,. This is the required
difference in generator impedance, if not zero, to match the generator’s power with the
turbine at the rated operating point, as shown in Figure 10a. The impedance error is visually
illustrated in Figure 10b as a physical external impedance component (Z. = jw.Lex), which
is added, if necessary, to the passive generator system between the generator and the diode
bridge rectifier. As shown in Figure 9, the impedance error is calculated with the solution
method for external impedance matching given in [18]. The impedance error is then given
as feedback to the optimisation algorithm. In this way, the optimisation algorithm finds
non-dominated PMSG solutions where Z,,; = 0, i.e., where the PMSGs are designed for
the correct synchronous impedance Z, that matches naturally the maximum wind turbine
power, or alternatively, where the PMSGs match the wind turbine power with the correct
external impedance added to the system.
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Figure 10. (a) Passive system phasor diagram with external impedance matching, Z.. (b) Single-line
diagram of the PM wind generator with external inductance for impedance matching connected in
the passive wind turbine system. The optimisation (15) accordingly minimises Z., to zero if possible.
4.2. Design Constraints and Input Parameters

The design constraints for the PMSGs at the rated operating point are given by:

P, 42 KW
U=|y|=| >9% |. (17)
Joms <5A/mm?

In (17), P, is the rated power, 7 is the generator efficiency, and ], is the maximum allowed
RMS current density. The constraint on P, was imposed to ensure that the desired power
matching was achieved between the PMSG and the wind turbine. The constraint on J,.,s is a
thermal constraint and is a typical value for small-scale machines of this power rating [25].

In (15), X is the input vector generated by NSGA-II containing the relevant dimensions
for each topology, as defined in Figures 6 and 7. A parameterised geometry was used
to maintain a realistic optimisation search space, and four geometric boundaries were
imposed: the outer diameter was limited to that of the wind turbine’s nacelle d, < 400 mm;
the relevant rotor and stator yoke heights had to be h,y, h,, > 6 mm to maintain structural
integrity; as a precaution for demagnetisation and for manufacturing ease (brittle PMs) of
the S-PMSG, the minimum allowed PM height was h,, > 3 mm. For all the PMSG designs,
the mechanical air gap was kept constant at g, = 1 mm. For the SP-PMSGs, the rotor yoke
support, as shown in Figure 7c, was kept constant at 1 mm. For the PM material, NdFeB
N48 was used.

5. FEA Results and Evaluation
5.1. Optimisation Results

The multi-objective optimisation Pareto front results are shown in Figure 11. The Pareto
fronts in Figure 11 show the tradeoff between M,u. and Mpy and provide insight into
how the different PMSG topologies compare with one another. For the third objective
in (15), to minimise Z., the PMSG solutions where Z,; = 0 are also indicated in Figure 11.
For these solutions, the internal impedance of the PMSG was sufficient for near-maximum
power matching. It is shown in Figure 11a that, for the S-PMSG with open stator slots,
none of the solutions met the desired natural impedance matching and required an exter-
nal inductance for good power matching. Moreover, the Pareto front results in Figure 11
confirmed that altering the stator slot and rotor structure to increase Ly and the magnetic
saliency, ¢, were both viable methods to increase L, for a natural impedance matching.
For the 3D Pareto front plots, refer to Figure A1l in Appendix A.
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Figure 11. Multi-objective optimisation Pareto front results. (a) Open slots; (b) semi-closed slots.

For each PMSG topology, the optimum design was selected at the optimal tradeoff
between the design objectives, as indicated in Figure 11. The performance results are
summarised in Table 5. Although the efficiency values in Table 5 were slightly lower than
specified, they were still deemed acceptable. Altogether, the results in Table 5 confirmed
that the performance constraints in (17) were met. In terms of M,y and Mpy, the SP-PMSG
with open slots and the S-PMSG with semi-closed slots were the best options. This is also
evident from the Pareto fronts shown in Figure 11. However, the difference between these
two PMSG topologies was not that significant. The S-PMSG with open slots was also
competitive in terms of M,uv. and Mpy. However, this topology can be discarded due to
the necessary external inductance. The dimensions of the optimum PMSGs in Table 5 are
given in Table Al in Appendix A.

5.2. Power Matching

To illustrate the natural impedance matching of the respective PMSGs in Table 5,
the FEA predicted power curves are plotted against the wind turbine’s power curves in
Figure 12. The PMSGs start generating power at the specified cut-in speed and achieve good
power matching at low wind speeds, which is essential for this application. The respective
PMSGs also match the wind turbine at the rated operating speed. Overall, the power
matching plots in Figure 12 are desirable, with the respective E-PMSGs and SP-PMSGs,
as well as the S-PMSG with semi-closed slots matching naturally the wind turbine. To show
that the generators maintain a high efficiency over a wide range of speeds and torques,
the semi-closed slot S-PMSG’s FEA predicted output power, P, is plotted in Figure 12b.

5.3. Torque Quality

Good torque quality is essential for small-scale wind generators, specifically the
generator’s cogging torque, since the wind turbine has to overcome this to start generating
power. The cogging torque, AT, and rated torque ripple, AT;, results for the respective
PMSGs in Table 5 are summarised in Table 6. All of the PMSGs had a very low cogging
torque, with AT, < 2.1% for all of the PMSGs. However, the torque ripple results for the
interior embedded PMSG topologies in Table 6 are undesired (AT, > 10%). For comparison,
the FE predicted AT,,, and AT, for the semi-closed rectangular slot S-PMSG and the open
slot SP-PMSG are shown for the mechanical rotation of one rotor pole pair (360 electrical
degrees) in Figure 13.



Energies 2022, 15, 1888

13 of 23

Table 5. Comparison of selected Pareto front PMSG solutions.

Open Slot S-PMSG E-PMSG SP-PMSG
Mpy (kg) 1.0 0.87 0.92
Mactive (kg) 19.49 21.67 19.60
Zext (QO) 0.36 0 0
Py (kW) 418 417 412
17 (%) 89.1 89.8 89.8
J (A/mm?) 5.0 493 497
Ty (Nm) 124.9 124.3 122.8
Lq (mH) 2.71 3.90 343
Lq (mH) 2.58 2.94 3.00
¢ 1.05 1.33 1.14
Xs (pu) 1.6 248 2.28
do (mm) 376 375 383
Ife (mm) 40 47 36.2
Semi-closed slot S-PMSG E-PMSG SP-PMSG
Mpy (kg) 0.72 0.82 0.99
Mactive (kg) 21.33 20.72 23.15
Zexf (Q) 0 0 0
P (kW) 426 4.10 4.10
17 (%) 89.8 89.9 89.8
J (A/mm?) 5.0 5.0 49
T (Nm) 127.1 122.2 122.4
Lq (mH) 3.12 425 3.95
Lq (mH) 2.95 3.01 2.69
4 1.06 1.41 1.41
Xs (pu) 1.95 252 2.37
do (mm) 376 376 384
Ipe (mm) 49 48 42
7 T 7 T T
—a— S-PMSG* —— S-PMSG
61 —+— E-PMSC 6 e Pt
51 —=s— SP-PMSG 5L - —— E-PMSG
g g "] —=— SP-PMSG
\,&/ 4 \,_\4_/ 4 | k= T I o
- - g °)
23 2 3| z 11 m/s
o o
& A~ o 10 m/s
e 9m/s
1 1+ m/s
0 = 0
0 100 300 400 500 600 0 100 200 300 400 500 600

Turbine speed (r/min)

@)

Turbine speed (r/min)

(b)

Figure 12. Power curves of the selected PMSGs in Table 5. (a) Open slots; (b) semi-closed slots.

Table 6. Comparison of PMSG torque quality.

Open slot S-PMSG E-PMSG ST-PMSG
ATeog, (%) 12 12 2.0
AT, (%) 6.6 124 12,5
Semi-closed slot S-PMSG E-PMSG ST-PMSG
ATeog, (%) 1.5 1.9 2.1
AT, (%) 49 13.0 17.1
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Figure 13. FE-predicted cogging torque and torque ripple of the S-PMSG with semi-closed slots and

the SP-PMSG with open slots in Table 5. (a) Cogging torque, AT.g; (b) torque ripple, AT;.

5.4. Demagnetisation

Irreversible demagnetisation in small-scale PM wind generators can occur during
short-circuit fault conditions or at high PM temperatures. Furthermore, at the full-load
rated operating point, the PM generator in an uncontrolled passive wind generator system
will operate with a relatively large d-axis current. This causes a strong magnetic field that
opposes that of the PMs, which in turn may cause demagnetisation to occur. The geometric
constraint on h,, in the design optimisation was imposed to reduce the risk of demagneti-
sation. Regardless, the PMSG designs in Table 5 still need to be evaluated for irreversible
demagnetisation to determine the risk thereof.

It is evident from the power curves in Figure 12 that the power in the passive wind gen-
erator system was limited independent of the wind speed. Therefore, PM demagnetisation
in the PMSGs was analysed at the generator’s rated speed, #, (thus at rated load). The de-
magnetisation prediction plots for the two S-PM rotor topologies are shown in Figure 14a,b
respectively. It is shown in Figure 14a that, for the open-slot S-PMSG, demagnetisation will
start occurring at PM temperatures > 50 °C. However, the temperature of the PMs during
operation are not expected to surpass 50 °C. In Figure 14b, it is shown that the PMs in the
semi-closed slot S-PMSG were at very low risk of demagnetizing, with demagnetisation
only occurring at >80° (this was later confirmed with thermal measurements that are given
in Figure A3 in Appendix B). Similarly, for the embedded interior E-PMSG and SP-PMSG
topologies, it was found that the PMSGs were at low risk of demagnetizing, with slight
demagnetisation only starting to occur at PM temperatures >80 °C.

(@)

(b)

Figure 14. Demagnetisation prediction at different temperatures (indicated by red colour in the
magnets) for the S-PMSGs in Table 5 at rated conditions (320 r/min and full load), using NdFeB N48.
(a) S-PMSG open slots, 50 °C PM temperature; (b) S-PMSG semi-closed slots, 80 °C PM temperature.

5.5. Three-Dimensional FEA Performance Validation

To validate the 2D FEA solutions and optimisation results, the performance of the
respective PMSGs in Table 5 were also solved using 3D FEA. The 3D models of the semi-



Energies 2022, 15, 1888

15 of 23

closed slot S-PMSG and the open-slot SP-PMSG are shown in Figure 15a,b, respectively.
The 2D versus 3D FEA results are summarised in Table 7.

It is shown in Table 7 that the 3D-FEA-generated torque, T, and generator efficiency,
1, at rated speed n, correlated well with the 2D FEA results. Given also in Table 7 are the
calculated iron losses, Pr., at both 1, and n.. The iron losses at 1. are important because
the wind turbine needs to overcome the PMSG’s open-circuit losses (predominantly Pg.)
up to the cut-in speed, n,, to start generating power. It is shown in Table 7 that the 2D
and 3D FEA core losses at n. compared well. For the interior embedded PMSG topologies,
the 2D-FEA-calculated core losses at n, were lower than the 3D-FEA-calculated core losses.
However, the effect on the PMSGs’ performance at 7, is shown to be minor.

Table 7. Comparison of 2D versus 3D FEA PMSG performance.

S-PMSG E-PMSG SP-PMSG
Open slot
2D 3D 2D 3D 2D 3D
T, (Nm) 124.9 128.8 124.3 131.6 122.8 113.7
17 (%) 89.1 89.4 89.8 90.0 89.8 88.7
Pre at 1, (W) 25.1 28.5 21.9 37.5 20.7 31.8
Pre at n. (W) 10.7 12.6 10.0 12.3 114 10.5
S-PMSG E-PMSG SP-PMSG
Semi-closed slot
2D 3D 2D 3D 2D 3D
T; (Nm) 127.1 126.7 122.2 118.9 122.4 115.4
17 (%) 89.8 89.9 89.8 89.2 89.8 89.0
Pr. at n, (W) 31.3 33.9 29.4 49.8 26.5 35.0
Pre at n. (W) 13.9 12.5 124 13.7 11.6 11.8

() (b)

Figure 15. Three-dimensional FEA models for some of the PMSGs in Table 5. (a) S-PMSG, semi-closed
slots; (b) SP-PMSG, open slots.

5.6. Discussion

Considering all aspects of the performance evaluation performed in the previous
subsections, it is evident that the S-PMSG with semi-closed slots is the best generator
topology. The results in Table 5 indicate that this PMSG is competitive in terms of active
material costs and the generator’s active mass. Furthermore, this PMSG has good power
matching with the wind turbine, achieving the desired natural impedance matching, as well
as having superior torque quality.

6. Prototype and Experimental Validation

For the experimental validation, a prototype of the S-PMSG with semi-closed slots
in Table 5 was built. The manufactured prototype is shown in Figure 16a. It is shown in
Figure 16b that the axial overhang of the end-winding length, I, was larger than what
was designed. In the 2D FEA, this length was taken as [, = 5 mm; however, the actual
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measured value was [, = 20 mm (This is an error by the winder. It is possible to wind the
machine for the designed overhang length.). For the experimental validation, this length
was taken into account in the FEA solutions.

(a) (b)

Figure 16. S-PMSG prototype with semi-closed slots. (a) PMSG; (b) design versus actual end-winding
overhang length.

The experimental setup on the test bench is shown in Figure 17. In Figure 17, the S-
PMSG prototype was mechanically connected to a geared induction motor drive that
emulated the wind turbine. The torque sensor in Figure 17 was used to measure the input
power. The S-PMSG prototype was electrically connected to the battery bank via a diode
bridge rectifier. The 48 V battery bank energy storage and discharge load are also shown in

Figure 17.

Diode rectifier
(Behind mounting plate)
— : Battery storage

Induction Motor

+Q

G

Figure 17. Experimental test bench setup of the manufactured PMSG prototype.

6.1. Power Matching Measurements

The measured results for the S-PMSG prototype’s generated power, P,, and output
power, P, are shown in Figure 18. It is shown that the P, power measurements were much
lower than what was designed (green FEA curve). The following explanation accounts for
the measured results in Figure 18.
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FEA: —— Py; —— Py (adjusted)
Measured: —8— Pg; —&— Pout

0 100 200 300 400 500 600

Turbine speed (r/min)

Figure 18. Measured power matching results of the S-PMSG prototype.

The manufacturer of the prototype’s PMs could only guarantee certain dimensional
tolerances on the PMs. Initially, these tolerances were considered insignificant. However,
Figure 19 shows that the S-PMSG’s performance was very sensitive to these manufacturing
tolerances, i.e., the magnet height /,, and the magnet pitch angle 0,,,. It is shown in Figure 19
that the PMSG’s generated torque was particularly sensitive to h,,, seeing as a smaller
magnet height also results in a larger air gap. Attempts to measure the height and width
of the PMs with a digital calliper are shown in Figure A2 in Appendix B. In Figure A2a,b,
it is shown that the average PM height was h,, ~ 3.1 mm, instead of the h,, = 3.3 mm for
which the PMs were designed. Shown also in Figure A2¢,d is that the magnet pitch angle
and PM length were also slightly below the designed values.

Om (deg)
6.65 6.7 6.75 6.8
130 ‘ | : 4.36
—=— hy —2— 9m
125 —
S 120 1 Ji2 &
~—~ Design \%,
q?_; 115 ] E.j
5 110 1369 3
= [al)
105 - —
100 . ‘ ‘ ‘ 3.35
3 3.1 3.2 3.3
hm (mm)

Figure 19. Effect of PM manufacturing tolerances on the generated torque and power at

n, = 320 r/min.

It is shown in Figure 18 that, if the PMs’ dimensions were adjusted in the FEA accord-
ingly, a better correlation between the measured power matching and the FEA (red curve)
predicted power matching would be obtained. The measured and FEA results are also
summarised in Table 8. The adjusted 2D and 3D FEA results are both included in Table 8.
The deviation between the measured and 2D FEA predicted P, in Table 8 at 1, = 320 r/min
was 5%. All measurements were taken at steady-state temperature. The thermal measure-
ments are given in Figure A3 in Appendix B.
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Table 8. Summary of C-PMVG prototype measurements.
FEA (Adjusted) Measured
2D 3D
Parameters
- PM height, h, (mm) 3.1 3.1
-PM angle, 6, (deg) 6.75 6.75
- PM length, Ig. (mm) 48.35 48.35
- Phase resistance, R, (QQ) 0.133 0.133 0.130
- Synchronous inductance, L, (mH) 3.23 3.46 3.48
Performance at n, = 320 r/min
- Py (kW) 343 3.46 3.26
-1 (%) 89.3 88.6 86.5
P Tot (W) 1 18
Pey (W) 337
-E; (V) 614 60.6 60.9

The measured current and voltage waveforms are shown in Figure 20. The current
waveform in Figure 20 are sinusoidal and also correctly 30 deg out of phase with the fun-
damental line voltage, i.e., the PMSG was operating at a unity displacement power factor.

—— Current Voltage

75 T T

Current (A), Voltage (V)

10 20 30 40
Time (ms)

Figure 20. Measured phase current and line voltage at n, = 320 r/min, showing the operation at a
unity displacement power factor.

6.2. No-Load and Short-Circuit Measurements

The no-load open-circuit voltage measurements versus FEA-calculated voltage are shown
in Figure 21. The values for the measured no-load open circuit voltage at n, = 320 r/min
are also summarised in Table 8. The measured versus FEA results in Figure 21 showed a
good correlation. This verified the results in the previous subsection and the effect of the
manufacturing tolerances of the PMs.

—e— Measured

FEA - - - FEA (adjusted)

40 - N

20 - -

RMS Voltage (V)

0 | | | | | | |
50 100 150 200 250 300 350 400

Turbine speed (r/min)

Figure 21. Measured open-circuit voltage versus FEA-calculated voltage.
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The measured no-load rotational losses are also plotted in Figure 22 and are compared
to the no-load 2D FEA-predicted iron losses Pr.. The difference can be attributed to wind
and friction losses that were not accounted for in the design process. These additional
wind and friction losses then also accounted for a portion of the 5% difference between the
measured and FEA-predicted P, in Figure 18 and Table 8, as well as the difference in effi-
ciency 7. The measured rotational losses at #, and rated load were 118 W. As shown in the
no-load measurements in Figure 18, wind and friction losses accounted for approximately
half of this. the latter indicates that the iron losses Py, at rated load were slightly higher
than what was predicted in the FEA solutions and would account for the lower efficiency
measurement in Table 8.

The internal synchronous inductance was measured by means of a number of short-
circuit tests to obtain an average value. It is shown in Table 8 that the average measured L,
was very close to the FEA calculated values.

—— Measured rotational losses Pr. (2D FEA)

150 T T T T T T
125
100
75+
50 |-
25

0 | | | | |
50 100 150 200 250 300 350

W)

Ploss (

Turbine speed (r/min)
Figure 22. Measured no-load open-circuit losses versus no-load FEA-calculated iron losses.

7. Conclusions

In this paper, different topology PMSGs were considered in the design process of
wind generators for small-scale uncontrolled passive wind generator systems. This was
performed to investigate whether the resulting higher internal impedance of the generator,
from either using an interior PM rotor or a different stator slot structure, was sufficient
to achieve the desired power matching with the wind turbine. The respective PMSGs
were designed using a multi-objective design optimisation approach. The following main
conclusions were drawn from the investigation:

For PMSGs with surface-mounted PMs on the rotor, it was shown that the required
impedance for a natural impedance matching with the wind turbine could be attained by
changing the stator structure. Using semi-closed slots, as opposed to open slots, was shown
to be a better design choice. Using semi-closed slots reduced the risk of PM demagnetisation
and did not compromise the generator’s torque quality. The S-PMSG with semi-closed
slots was also the most cost-effective generator and, therefore, ultimately, the optimal
generator choice.

Altering the rotor structure and the orientation of the PMs in the rotor to increase the
magnetic saliency was shown to be another viable method to achieve the desired impedance
matching. However, in this case, it was clear that an open-slot stator structure should
be used. The E-PMSG and SP-PMSG topologies also had poor torque quality compared
to the S-PMSG generators. Therefore, it is not recommended that these topologies be
used for small-scale wind generators. Careful attention should also be paid to the leakage
and end-effects of SP-PMSGs, as these can have a significant impact on the generator’s
performance if ignored.

The results presented in this paper were validated by a good comparison between
the calculated and measured results of a prototype S-PMSG with semi-closed stator slots.
However, it was shown that, when the PM material was minimised to the extreme in the
design optimisation, the manufacturing tolerances on the PMs could have a significant
effect on the power matching results. This was a very important outcome, showing that
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manufacturing tolerances should be accounted for more rigorously in the design process
and manufacturing, especially in relation to PM height.
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Abbreviations

The following abbreviations are used in this manuscript:

FEA Finite-element analysis
HAWT Horizontal axis wind turbine
LCM Least common multiple

NO-PMSG  Non-overlapping winding permanent magnet synchronous generator
NSGA-II Non-dominated sorting genetic algorithm II

PMSG Permanent magnet synchronous generator
S-PM Surface-mounted permanent magnet
E-PM Embedded interior permanent magnet
SP-PM Spoke-type interior permanent magnet

Appendix A. Additional Design Detail

The 3D Pareto front results are shown in Figure Al. The boundaries and optimal
values of the decision variables in the optimisation are summarised in Table A1.
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Figure A1. Multi-objective optimisation Pareto front results of all three objectives.

Table A1l. Decision variables of the optimal selected PMSGs in Table 5.
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(b) Semi-closed slots

0.4

Zext (Il’lQ)

Open slot Boundaries S-PMSG E-PMSG SP-PMSG
do (mm) do <400 375.5 374.7 382.9
hyy (mm) 6 > hyr <20 7.1 7.0 1.0
Ny (mm) 3>hn <10 45 3.0 -
Hpy (mm) 3> hym <30 - - 13.3
Om (deg) €0.5> 6, <09 8.5 9.3 -
by (mm) €0.05 > by <05 - - 9.1
hps (mm) 3> hps <10 3.0 3.0 3.0
hs (mm) 10> hs <75 49.1 433 485
by (mm) a01>b <07 12.2 12.8 11.6
hys (mm) 6> hys <20 6.1 7.1 6.0
Ige (mm) 20 > Ige <200 40.0 47.4 36.2
Semi-closed slot Boundaries S-PMSG E-PMSG SP-PMSG
do (mm) do < 400 375.6 376.3 384.3
hyr (mm) 6 > hyr <20 6.2 74 1.0
hm (mm) 3>hn <10 3.3 3.0 -
Ny (mm) 3> hym <30 - - 12.6
Om (deg) €0.5> 6, <09 6.8 8.8 -
by (mm) €0.05> by <05 - - 8.8
hps (mm) 3> hps <10 3.8 3.1 3.1
hs (mm) 10> hs <75 41.5 37.3 47.7
bo (mm) b05>b, <10 10.5 12.7 15.9
bs (mm) 203>0bs<09 17.5 19.4 16.9
hys (mm) 6> hys <20 6.0 6.1 7.7
Ige (mm) 20 > Ige <200 48.5 47.6 424

Boundaries are imposed in terms of the 2 slot pitch, ? slot opening pitch, or € pole pitch.
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Appendix B. Supplementary Measurements
Appendix B.1. PM Dimensions

Figure A2 shows the attempted measurements of the actual PM dimensions using a
digital calliper. Figure A2a,b is for different PMs to show that the average value was taken.

el .
() (d)

Figure A2. Measuring the PM dimensions. (a) #,, = 3.11 mm; (b) iy, = 3.09 mm; (c) 6, < 6.8 deg;
(d) Ipe < 48.5 mm.

Appendix B.2. Thermal Measurements

The thermal measurements are shown in Figure A3. The thermal measurements
confirmed that indirect cooling through self-ventilation would be effective and that the
PMs were at low risk of demagnetizing.

—+— Winding —— PM

100 T T T T T
~ 80 n
©)
e
© 60 -
=
=
o . . N
g 40 ¥ -
5
& ol .
I I I I I I
0 30 60 90 120 150 180

Time (min)

Figure A3. Temperature measurements while performing the load tests at rated speed #,.
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