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ABSTRACT In this paper, the improved turbine power matching of passive wind energy systems for dcconnected battery storage applications with an impedance matching method is investigated. The passive
system uses a direct-drive permanent magnet synchronous generator and is directly connected via a diode
rectifier to the dc fixed-voltage battery storage. To improve power matching, an external inductance is added
to the passive system between the generator and the diode rectifier. A static finite element based solution
method is proposed to accurately calculate the necessary external inductance to achieve near maximum power
point matching. It is shown that the proposed finite element based calculation method is computationally
efficient and excellently suited for generator design optimization, which is critical for this application.
It is also shown that by rewinding existing machines for the correct cut-in speed and adding the external
inductance for improved power matching, existing machines can be effectively recycled for passive wind
energy systems. The proposed static finite element solution method’s accuracy and improved power matching
are confirmed with measured results on a sub 5 kW power level.
INDEX TERMS Impedance matching, passive wind energy system, permanent magnet synchronous
generator, power matching, small-scale wind turbine, wind energy.

I. NOMENCLATURE

α, δ
η
λuv
λPM
ωm
ωs
τd
Bt , Byh
c, x, y
di , do
d, q

Eg
fs
gair
Is

Current/load angle (◦ )
Generator efficiency
Slot permeance factor
PM flux linkage (Wb)
Mechanical turbine speed (rad/s)
Synchronous electrical speed (rad/s)
Differential harmonic leakage flux coefficient
Maximum stator tooth/yoke flux density (T)
Steinmetz coefficients
Airgap/outer diameter (mm)
Subscripts denoting direct- and quadrature
axis values
Induced generator voltage (V)
Synchronous electrical frequency (Hz)
Mechanical air gap (mm)
Generator current (A)
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Irms
J
kw
Ks
l
Lc
Le , Li , Ls
Lm , Lsl
Lext , L1,2,3
m
Mactive , MPM
Mt , Myh
nc , nr
Ns
p
Pcu , Pcore
Pg
Pt
Qs

RMS current (A)
Generator current density (A/mm2 )
Winding factor
Saturation factor
Axial length (mm)
Transmission cable inductance (mH)
End-winding/internal/synchronous
inductance (mH)
Magnetization/slot-leakage inductance (mH)
External inductance (mH)
Number of phases
Generator’s active/PM mass (kg)
Stator tooth/yoke mass (kg)
Cut-in/rated turbine speed (r/min)
Number of turns per coil
Number of poles
Generator copper/core losses (kW)
Generated power (kW)
Turbine power (kW)
Number of stator slots
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Rac
Rbat
Rc
Re , Ri , Rs
Rext
Rst
Tg
Vbat
Vb
Vdiode
Vrms
W
Xe
Xext
Zc
Zs
Zext

Internal battery storage resistance referred to
ac-side of diode rectifier ()
Internal battery storage resistance ()
Combined resistance of brush-slip-rings and
transmission cable ()
End-winding/internal/synchronous resistance
()
External inductor’s resistance ()
Equivalent per phase resistance ()
Generated torque (Nm)
Battery storage terminal voltage (V)
Battery storage terminal voltage referred to
ac-side of diode rectifier (V)
Forward diode voltage drop (V)
RMS voltage (V)
Number of turns in series per phase
End-winding reactance ()
External reactance ()
Combined impedance of brush-slip-rings and
transmission cable ()
Synchronous impedance ()
External impedance ()

II. INTRODUCTION

Wind and hybrid photovoltaic (PV) energy systems with
battery storage are attractive options for ac- or dc microgrids
in remote communities where utility grid connection is too
expensive. With the relatively cheap PV systems available
nowadays, there is a lot of pressure to make small-scale
(< 20 kW) wind energy conversion systems (WECS) much
cheaper. This incentivizes the need to reduce cost, which
directly affects the reliability and the control of the generators
and the power converters that operate between the turbine and
the battery storage.
Considering small-scale WECSs, there is always the aim
to operate the system at maximum power point in order to
maximize energy harvesting. The power versus speed curves
of a small-scale wind turbine are shown in Fig. 1, with the
maximum power points of the turbine indicated by power
curve A. Maximum power point tracking (MPPT) of the system can be obtained by using power electronic converters,
such as active synchronous rectifiers or dc-to-dc converters,
along with rather complex MPPT algorithms [1]–[3]. However, according to [4], the most common cause of failure
in stand-alone WECSs is the failure of the power electronic
converters. Therefore, consider the simple passive WECS in
Fig. 2. Neither an active synchronous rectifier nor a dc-to-dc
converter is used; instead, the generator is connected directly
to the battery storage via a passive diode bridge rectifier. This
minimizes power electronics in the system, thereby reducing the cost and increasing the reliability of the system [5],
[6]. Thus making the passive WECS in Fig. 2 an attractive
option for developing countries, especially in Africa, and for
industry.
VOLUME 9, 2021

FIGURE 1. Wind turbine power versus turbine speed curves with wind
speed a parameter, with examples of actively controlled (curve A) and
passive uncontrolled (curves B and C ) operating power curves.

FIGURE 2. Single line diagram of PM wind generator connected to
passive system with uncontrolled diode rectifier and battery storage.

From a generator perspective, for a small-scale WECS, the
permanent magnet synchronous generator (PMSG) and the
squirrel cage induction generator are identified by [7] as distinctively suitable generators. However, despite the volatile
cost of PM material, the use of PMSGs in small-scale wind
generator applications is far more popular in industry [8].
Low cogging torque is essential for this application. Therefore, integral-slot windings are not ideal and it is standard to
use fractional-slot overlapping or non-overlapping windings
for the PMSGs.
Power curve B in Fig. 1 shows the desired power matching
for the passive system where the wind generator cuts in at
the specified speed, nc , and matches the maximum power
of the wind turbine at the rated wind and turbine speed
indicated by nr . Because the passive system uses no method
of control, the PMSG’s internal impedance, Zs , in Fig. 2
needs to match correctly with the load voltage to ensure
that the wind generator’s power matches with the available
power from the wind turbine at the maximum power point.
Designing the PMSG for this natural impedance matching,
so that better power matching is achieved at all wind speeds,
is difficult (power curve C resembles that of a typical PMSG).
In [9], the PMSG is designed and then the wind turbine’s
parameters are adjusted for better impedance matching. However, changing the wind turbine’s parameters is not always
desirable. In [6], [10] and [11], the PMSGs are designed
by optimizing impedance matching for a perceived "typical
wind cycle". This design approach neglects to design for a
specified cut-in speed for the wind generator and therefore
22559
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FIGURE 3. Analytical modelling of the passive wind generator system.

does not necessarily guarantee good power matching at
low wind speeds. This is particularly important for smallscale WECSs, as these systems are more often deployed
according to need as opposed to being deployed at the optimal wind site. Small-scale WECSs therefore mostly operate
under low wind speed conditions and it is highlighted by
[12] how important it is for manufacturers to take this into
account.
In [13] and [14] an impedance matching method is used
whereby an external inductance is added between the generator and the diode bridge rectifier, as shown in Fig. 2 (Zext ).
This method of impedance matching ensures good power
matching between the generator and the wind turbine and
resembles power curve B in Fig. 1. With the correct inductance added for external impedance matching, effectively any
generator can be matched with any wind turbine, provided
that the generator’s rated power is sufficient. This also complements research on recycling electrical machines for smallscale WECSs [15], [16]. Another additional advantage of
the externally connected inductance is that it inadvertently
addresses the issue of discontinuous current due to commutation [17] and ensures sinusoidal generator line currents
flowing into the diode rectifier [18]. This improves the torque
quality and reduces the noise of the PMSG [19].
In [13], the impedance matching with an external inductance was for a passive WECS with an air-cored PMSG.
However, when using an iron-cored PMSG, the necessary
external inductance calculation is much more challenging.
With iron-cored PMSGs the effect of saturation and armature
reaction must be taken into account very accurately. More so
in this case, with the relatively large demagnetization d-axis
current in the generator, as shown in Fig. 2. In [14], an ironcored PMSG was investigated for a passive WECS. However,
it is found that the method therein to calculate the external
inductance is prone to inaccuracies and impractical in the
PMSG design process. The calculation method presented in
[14] is thus deemed insufficient. Hence, in this paper an
accurate and computer efficient static finite element analysis
(FEA) solution method is proposed to calculate the necessary
external inductance, that improves on the calculation methods
in [13] and [14].
The aim of this paper is to investigate and to demonstrate
the extent to which impedance matching can be applied
in passive WECSs to improve power matching. Subsequently, a necessary and accurate solution method to calculate
22560

the external inductance for impedance matching is also
presented.
The paper layout is as follows: Section III gives an
overview of the analytical modelling and calculations to
determine the external inductance for impedance matching. Section IV describes the equivalent modelling for
the proposed solution method. Section V then discusses
the proposed solution method to more accurately calculate the necessary external inductance. Design results
and case studies are presented in Sections VI to VIII.
The results are verified with practical measurements
in Section IX.
III. IMPEDANCE MATCHING WITH ANALYTICAL METHOD

In this section, an analytical calculation for the external
inductance, Lext , in Fig. 2 is given. This analytical calculation is used as an initial estimation for the solution method
described in Section V. The per phase ac-equivalent circuit
of the passive WECS in Fig. 2 is given in Fig. 3(a). The
resulting phasor diagram in Fig. 3(b) is used for the analytical
calculation.
A. BATTERY STORAGE

For the passive WECS’s analysis, the battery storage in Fig. 2
is typically modelled as a dc voltage, Vbat , in series with an
internal resistance, Rbat [13]. The dc voltage, Vbat , and the
forward voltage drop across a diode in the diode rectifier,
Vdiode , are used to calculate the fundamental phase voltage on
the ac side of the diode rectifier as
√
2(Vbat + 2Vdiode )
,
(1)
Vb =
π
and is shown in Fig. 3(a). The internal battery resistance is
also referred to the ac side of the diode bridge rectifier as an
ac-equivalent resistance, using
Rac =

6Rbat
.
π2

(2)

B. SYSTEM IMPEDANCE

The per phase synchronous inductance of the PMSG in Fig. 3
is calculated as
Ls = Li + Le
= Lm (1 + τd ) + Lsl + Le ,

(3)
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with the analytical formulae for the magnetization inductance
Lm , the differential harmonic leakage flux coefficient τd , and
the slot-leakage inductance Lsl given in Appendix A. The per
phase end-winding inductance, Le , can be calculated using
the analytical approximations in [20] for non-overlapping
winding PM machines, or with that of [21] in the case of
PM machines with overlapping windings. The WECS’s cable
inductance, Lc , is considered negligible in the analysis, but
can be incorporated if significant.
Rst in Fig. 3(b) is the equivalent per phase resistance given
by
Rst = Rs + Rc + Rext + Rac
= Ri + Re + Rc + Rext + Rac .

(4)

In (4), Ri is the internal generator resistance, Re the generator
end-winding resistance, Rc the resistance of the brush-sliprings in the nacelle and transmission cable (more information
on the wind turbine is given in Appendix B), and Rext is the
resistance of the external inductance.
C. EXTERNAL INDUCTANCE CALCULATION

The passive WECS, with an uncontrolled diode bridge rectifier and a fixed voltage on the dc side will operate at a
unity displacement power factor [17]. As shown in Fig. 3,
the generator current, Is , is in phase with the fundamental
component of the terminal voltage, Vb , at the diode rectifier.
Hence the current angle, α, is equal to the load angle, δ,
between the induced generator voltage Eg and the terminal
voltage Vb , shown in Fig. 3(b).
The induced generator voltage at the rated operating point
can be calculated using the relationship between Eg and the
turbine speed, as given in (5). Since Vb is equal to the induced
generator voltage at cut-in speed nc , the induced generator
voltage at rated speed nr is given by
nr
(5)
Eg(r) = Vb .
nc
As it is a small-scale WECS, the core and wind-andfriction losses of the generator are further ignored. Thus, the
generated power, Pg , is assumed equal to the known turbine
power, Pt :
Pg = 3Eg(r) Is cos δ ≈ Pt .
From Fig. 3(b), cos δ is calculated as
Vb + Is Rst
cos δ =
.
Eg(r)

(6)

(7)

By substituting (7) into (6) and solving the quadratic equation, the rated current is given by
q
Vb2 + 34 Rst Pg − Vb
Is =
.
(8)
2Rst
With Is known, the load angle δ can now be calculated
from (7). Also from Fig. 3(b),
Is ωs (Ls + Lext )
sin δ =
.
(9)
Eg(r)
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FIGURE 4. Equivalent dq-modelling.

Subsequently, Lext is calculated analytically by rewriting (9)
as


60Vb sin δ
Lext =
− Ls ,
(10)
πpnc
Is
where p is the number of poles and Ls is calculated analytically from (3).
IV. EQUIVALENT PASSIVE WECS MODELLING

In the previous section, an approximated per phase model is
used to analytically estimate Lext . However, a more detailed
model of the machine is necessary for an accurate calculation
of Lext . In this section, the equivalent modelling used for the
proposed solution method in Section V is discussed.
A. EQUIVALENT CIRCUIT dq-MODELLING

The PMSG modelling for the static FEA is done in the steadystate and with the dq-reference frame fixed to the PM rotor.
Fig. 4 shows the dq-equivalent circuits and the resulting
vector diagram for the passive WECS in Fig. 2.
The steady-state dq-equations can be derived from the dqequivalent circuits in Fig. 4(a), as
Vq = −Rst Iq − ωs (Ld + Le + Lext )Id + ωs λPM
Vd = −Rst Id + ωs (Lq + Le + Lext )Iq ,

(11)
(12)

where ωs is the synchronous electrical speed and Rst is the
same as in (4). The dq-inductances, Lq and Ld , are given
by (13) and (14) respectively.
λq
(13)
Lq =
−Iq
λd − λPM
Ld =
(14)
−Id
The general relations of voltage and current are given by
 


√
Vq
cos δ
= 2Vrms
Vd
sin δ
 


√
Iq
cos α
= 2Irms
,
(15)
Id
sin α
where Vrms is the RMS value of the fixed voltage on the ac
side of the uncontrolled diode rectifier, i.e. Vrms = Vb of (1).
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B. PERFORMANCE

The developed torque and the electrical power generated by
the PMSG are calculated using (16) and (17) respectively.
3
Tg = p[(Lq − Ld )Id Iq + λPM Iq ]
(16)
4
Pg = Tg ωm
(17)
The efficiency of the PMSG is calculated using
Pg − Pcu
η=
,
Pg + Pcore

(18)

where Pcu is the copper losses and Pcore is the iron core losses
in the stator. To simplify the efficiency calculation, wind- and
friction losses are ignored. Copper losses are calculated as
Pcu = 3Irms 2 Rs .

(19)

The core losses are calculated by a semi-analytical method,
expressed as
Pcore = cfs x (Bt y Mt + Byh y Myh ),

(20)

using Steinmetz coefficients and static FEA. Bt and Byh are
static FEA calculated maximum flux densities in the teeth
and the yoke of the PMSG stator respectively. Mt and Myh are
the respective tooth- and yoke iron masses. The calculation is
done at the PMSG’s electrical frequency fs , at the rated turbine
operating speed nr . The Steinmetz coefficients c, x and y are
predetermined coefficients. (The material used in Section VI
is M-19 29 Ga, with the coefficients c = 0.00968569,
x = 1.19792 and y = 1.79564.)
V. STATIC FEA SOLUTION METHOD

To calculate the PMSG’s performance from the equivalent modelling discussed in the previous section, a solution method is necessary: The PMSG is connected to an
uncontrolled passive system and thus the current-loading
of the PMSG at a certain speed is unknown. The addition of an unknown external inductance, Lext , for maximum
power matching, further complicates the solution method.
In order to calculate the machine performance at rated speed,
as explained in Section IV, the PMSG’s current and load
angle are solved iteratively using multiple static FEA solutions, as explained in the following subsections.
A. REWRITING THE STEADY-STATE EQUATIONS

The steady-state dq-equations of the PMSG need to be rewritten in order to solve the unknowns that are necessary to
calculate the PMSG performance. Equations (11) and (12)
are rewritten by substituting the dq-values for voltage and
current with their equivalent RMS values from (15). Then,
by rewriting (11) and (12) in terms of Irms , it gives
√
2Vrms cos δ − ωs λPM
Irms = √
(21)
2(−Rst cos δ − ωs (Lq + Le + Lext ) sin δ)
and
Irms = √
22562

√
2Vrms sin δ
2(−Rst sin δ + ωs (Ld + Le + Lext ) cos δ)

.

(22)

Equations (21) and (22) are used to numerically solve for δ
and Irms .
B. EXTERNAL INDUCTANCE CALCULATION

If the value of Lext in (21) and (22) is known, then the PMSG’s
static FEA solutions can be used to evaluate its performance
at the rated speed. By choosing three values for Lext (L1 , L2 ,
L3 ) and calculating the PMSG’s performance for these three
values, a second degree polynomial of the Newton form
f2 (y) = c1 c2 (y − y1 ) + c3 (y − y1 )(y − y2 )

(23)

can be determined in terms of the generated power Pg and Lext .
The second degree polynomial of (23) is thus rewritten as
Pg (Lext ) = c1 c2 (Lext − L1 ) + c3 (Lext − L1 )(Lext − L2 ).

(24)

Using the three generated power values Pg (L1 ), Pg (L2 ),
Pg (L3 ), and their corresponding external inductance values
L1 , L2 , L3 , the coefficients in (24) are calculated as
Pg (L1 ) − Pg (L2 )
and
L1 − L2
Pg (L2 ) − Pg (L3 )
c2
−
.
c3 =
L1 − L3
(L2 − L3 )(L1 − L3 )

c1 = Pg (L1 ), c2 =

(25)

An example of the calculated second degree polynomial is
illustrated in Fig. 5(b). Lext is calculated by substituting the
rated generator power at rated speed into (24), i.e. Pg (Lext ).
For the solution to be valid, the values for L1 and L3 have to
bracket the solution value of Lext . To estimate values for L1 ,
L2 and L3 , the analytical calculation in (10) is used, whereby
it is taken that L2 = Lext(10) and then choosing values for L1
and L3 such that L1 < Lext(10) < L3 .
C. SOLUTION METHOD PROCEDURE

To externally match the impedance of the PMSG with the
load in Fig. 2, the solution method in Fig. 6 can be used. This
method implements the Lext calculation in Fig. 5 by using
static FEA iterations to calculate the PMSG’s performance.
The following steps are done:
1) The induced generator voltage at cut-in speed nc
needs to be equal to the voltage at the battery terminals, Vb , with zero generator current flowing. The
dq-equations (11) and (12) at nc are thus, Vq = ωs λPM
and Vd = 0. It is thus necessary to alter λPM by calculating the number of turns per coil Ns that produces the
desired value for λPM . This is done with the first static
FEA solution.
2) Estimate L1 , L2 and L3 analytically using (10).
3) The external inductance is set equal to the first predetermined value, Lext = L1 . For a starting point, the
first static FEA iteration is run with δ and Irms set to the
analytically calculated values using (7) and (8).
4) Using the results from the previous static FEA iteration,
equations (21) and (22) are solved simultaneously to
calculate Irms and δ, knowing that 0◦ ≤ δ ≤ 90◦ . Two
static FEA iterations are now run to determine more
VOLUME 9, 2021
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FIGURE 5. Visual representation of the external inductance calculation.

accurate values for Irms and δ by solving (21) and (22).
These two static FEA iterations are deemed acceptable
and accurate for current Irms convergence.
5) Step 4 is now repeated for Lext = L2 and Lext = L3 (thus
obtaining points Pg (L1 ), Pg (L2 ) and Pg (L3 ) as illustrated
in Fig. 5(a)).
6) The calculated performance results are then used
to determine the second degree polynomial of (24)
and (25). By inspecting the obtained second degree
polynomial, the final value for the added external
inductance Lext is calculated using the specified rated
power (this step is also shown in Fig. 5(b)).
7) The generator’s rated current, Irms , and load angle,
δ, is once more solved as in step 4. From this final
solution, the performance evaluation of the generator
is done using equations (16)-(18) to determine if it
complies with the design specifications.

VI. STATIC FEA SOLUTION METHOD RESULTS

In this section, two case studies are presented to investigate
the application of external impedance matching as a method
to improve power matching in passive WECSs. Two directdrive non-overlapping winding PMSGs (NO-PMSG), G1 and
G2 , are considered. Generator G1 is for a 4.2 kW passive
WECS and G2 for a 12.5 kW passive WECS. The cross
sections of the NO-PMSGs are shown in Fig. 7, with some
design detail given in Table 1. The desired operating points
for the respective wind turbines are summarised in Table 2.
A. 4.2 kW NO-PMSG IMPEDANCE MATCHING (G1 )

For generator G1 , the outer dimensions in Table 1 are according to the dimensional constraints of the wind turbine (shown
in Fig. 14, Appendix B). Other relevant dimensions were
determined using initial sizing estimations.
The static FEA solution results for the impedance matching
of G1 are summarized in Table 3. It is shown in Table 3
that, with the calculated Lext added to the passive WECS, G1
VOLUME 9, 2021

FIGURE 6. Static FEA solution method used to calculate Lext for
impedance matching and to evaluate the PMSG’s performance.
i = changing Lext values [Lext = Li with i = 1, 2, 3]. j = for solving current
iteratively.

matches with the rated generated power Pg at the specified
operating point in Table 2.
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TABLE 1. PMSG data.

FIGURE 8. Power matching of G1 with Lext a parameter.

FIGURE 7. NO-PMSG cross sections (not to scale).

TABLE 2. Specified PMSG operating points for passive WECS case studies.

TABLE 3. Static FEA solution method results at rated operating point, nr .

In Fig. 8 it is shown that, by adding Lext , impedance matching can be used effectively as a method to improve power
matching between the wind turbine and the wind generator in
order to utilize more of the available wind power. The wind
generator matches well with the turbine at low wind speeds,
which is critical for the application, and still operates at the
desired operating point at high wind speeds.
Incorporating external impedance matching into a sitespecific design can also be done, similar to what is done in
[6] for a specified wind cycle. In this case, the rated operating
point, nr , would then be determined using the specific site’s
annual wind profile. This will ensure that the wind generator
achieves good power matching at low wind speeds and will
increase annual energy harvesting.
B. 12.5 kW NO-PMSG Impedance Matching (G2 )

To better illustrate the impedance matching results in
Table 3, consider G1 ’s power curves in Fig. 8:
1) Curve A - This is G1 ’s power curve with zero external inductance added for impedance matching but
with Ns adjusted for the specified cut-in speed at
nc = 110 r/min. The generated power increases steeply
with turbine speed and shows poor generated power
performance compared to the available wind turbine
power.
2) Curve B - This is G1 ’s power curve with the necessary
Lext in Table 3 connected between the generator and the
diode rectifier. The power curve shows that the generated power now almost exactly matches the available
turbine power at the specified maximum power point
nr , and that with the calculated Lext = 2.39 mH added to
the passive WECS a substantial improvement in power
matching is obtained.
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To investige the impedance matching of a 12.5 kW passive
WECS, the NO-PMSG in [22] is used. The NO-PMSG crosssection is shown in Fig. 7(b) and was initially designed in [22]
as a directly grid-connected 15 kW PM wind generator. The
aim is to convert/recycle the existing machine for the 12.5 kW
passive WECS.
The static FEA solution method is used to calculate the new
Ns for the desired cut-in speed and also Lext for maximum
power point operation, as specified for G2 in Table 2. The
summarized results in Table 3 show that, with the calculated
Lext added to the 12.5 kW passive WECS, G2 now matches
with the rated generated power Pg at the specified operating
point. The generator’s power matching is shown in Fig. 9.
Again, both operating power curves are given for the cases
where Lext = 0 mH and the calculated Lext = 11.74 mH are
added to the passive WECS.
Generator G2 ’s results show that by rewinding the existing
machine and adding Lext , as calculated with the static FEA
solution method, impedance matching can be used effectively
to "recycle" machines for small-scale passive WECSs. Moreover, by considering the results of both PMSGs G1 and G2 ,
for small-scale passive WECSs it is shown that any generator
can be matched with any wind turbine (provided that the
generator’s rated power is sufficient).
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topology in Fig. 7(a) for the 4.2 kW passive WECS. Here,
the NSGA-II optimization algorithm is used with a multiobjective function to create a pareto front of all the nondominated design solutions. The aim of the multi-objective
function is to minimize the active mass, Mactive , and the permanent magnet mass, MPM , of the NO-PMSG, whilst still adhering to the design constraints. The multi-objective function is
given by


Mactive (X)
min F(X) = min
,
(26)
MPM (X)
X
X

FIGURE 9. Power matching of G3 with Lext a parameter.

C. ADDITIONAL DISCUSSION

The above results indicate that external impedance matching
in small-scale passive WECSs works excellently and is particularly suited for, but not limited to, rural stand-alone systems.
The specifications in Table 2 and the power levels for the
4.2 kW and 12.5 kW case studies, were chosen according to
what is considered realistic for this application. Theoretically
there is no power limit for applying impedance matching in
passive WECSs. However, at power levels higher than 20 kW,
it is necessary to adapt the WECS’s design from the simple fixed-pitch turbine and yaw-tail to a more sophisticated
WECS with active pitch and yaw control that uses power converter machine drives. In these more sophisticated WECSs,
active synchronous rectifiers or diode bridge rectifiers with
dc-to-dc converters, such as the Enercon wind turbines [23],
are then used to control the wind turbine generator.
Further considering the results for the proposed passive
WECS presented in Fig. 8 and Fig. 9: It is evident that,
by adding Lext to the passive system, the power is limited
independent of wind speed. Therefore, external impedance
matching provides additional protection against generator demagnetization currents. Without external impedance
matching (Lext = 0 in Fig. 8 and Fig. 9) there is the risk of
over-current damage and magnet demagnetization at extreme
wind speeds.
VII. WIND GENERATOR DESIGN OPTIMIZATION

The static FEA method described in Section V can also be
used when designing wind generators specifically for smallscale passive WECSs: Designing the wind generator for a
desired performance whilst reducing the generator’s total cost
and mass is particularly of interest. However, the design
process is significantly more complicated when still trying
to achieve good power matching with the wind turbine at all
wind speeds. Using external impedance matching with the
proposed solution method can simplify the design process.
A. 4.2 kW NO-PMSG (G3 )

The proposed solution method is used together with an
optimization algorithm to optimally design the NO-PMSG
VOLUME 9, 2021

where X is the PMSG’s dimensional array. For calculating
Mactive , all of the components shown in Fig. 7 are included,
apart from the copper mass of the end-windings. The design
constraints are chosen as
  

4.2 kW
Pg
U =  η  =  ≥ 90%  ,
(27)
J
≤ 6.5 A/mm2
where J is the maximum allowed rated generator current
density.
The design optimization process aims to achieve the multiobjective function in (26) by varying the dimensions of the
NO-PMSG and uses the proposed static FEA method to
calculate the performance and to ensure maximum power
matching. In this way, the cost of the generator is effectively
minimized for the correct Lext .
B. RESULTS DISCUSSION

Generator G3 in Table 1 and Table 3 is one of the pareto front
solutions obtained from the multi-objective optimization. It is
shown that the generator achieves maximum power matching at the rated operating point and that the performance
constraints in (27) are met. Furthermore, Mactive and MPM are
considerably reduced compared to generator G1 , showing that
the proposed static FEA method can be used as an effective
tool in the design optimization process.
VIII. CALCULATION METHOD: ANALYTICAL VS STATIC
FEA

The analytically calculated Lext using (10) and the calculated
Lext using the proposed static FEA solution method for generators G1 − G3 ’s power matching are compared in Table 4.
It is shown in Table 4 that the analytically calculated Lext is
overestimated and that, as a result, the generated power Pg is
less than the rated maximum power. This can be attributed to
the lower analytically calculated Ls in Table 4. Also shown
is the difference between Ld and Lq of the surface mounted
PMSG due to saturation. Generator G1 − G3 ’s power curves,
with the respective Lext values from Table 4, are given in
Fig. 10 to show the overall power matching errors. All this
confirms the necessity of the proposed static FEA method for
precise power matching calculation using iron-cored PMSGs.
It is also important that the static FEA method be computationally efficient, since it requires a total of 10 static
FEA solutions. The static FEA solutions were performed on
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TABLE 4. Analytical versus static FEA results.

FIGURE 11. Experimental test bench setup of the manufactured
NO-PMSG prototype.

FIGURE 12. Measured and static FEA calculated power matching of the
NO-PMSG prototype in the experimental passive system setup.

FIGURE 10. Power matching curves comparing the analytical calculation
and static FEA solution method, with the Lext values from Table 4 a
parameter.

a 3.20 GHz Intel(R) Core i7 CPU with 32 GB RAM. The
computer solution time to complete the method in Fig. 6, for
G1 , is on average 26 s; note that this is for full cross-section
static FEA solutions of G1 in Fig. 7(a).
IX. EXPERIMENTAL RESULTS

In this section, the accuracy of the proposed static FEA
method for calculating Lext and the improved power matching
between the wind generator and wind turbine are verified
through test results.
The test bench setup in Fig. 11 shows a manufactured
NO-PMSG prototype that is connected via a torque sensor
to a geared induction motor drive that emulates the wind
turbine. The torque sensor is used to measure the input
power. The NO-PMSG prototype has the same dimensions
as G1 in Table 3, only it was designed for a cut-in speed
22566

nc = 100 rpm (Ns = 14) and has a lower copper fill factor
due to the manufacturing of the preformed coils. To emulate
the passive WECS in Fig. 2, the NO-PMSG’s phase terminals
are connected to a 48 V battery bank via an external inductance Lext , a resistance Rc and a diode bridge rectifier. The
available external inductance used in the tests is measured as
Lext = 3.8 mH.
Power measurements are taken at various turbine speeds
with and without the external inductance connected between
the NO-PMSG and the diode rectifier. The measured operating power curves are plotted in Fig. 12. The much improved
power matching measured between the NO-PMSG and the
wind turbine with Lext = 3.8 mH is clearly shown in Fig. 12.
The results prove that external impedance matching can be
used effectively in passive WECSs to improve power matching. In practice, the battery terminal voltage is not constant and marginally increases due to the battery’s state of
charge. The equivalent modelling in Section III-A takes this
accurately into account, with the measured battery terminal
voltage varying between the predicted 48 V and 52 V.
To validate the equivalent modelling in Section IV and
the static FEA solution results in Sections VI to VIII, the
NO-PMSG prototype’s generated power at the same turbine
speed intervals are calculated using the static FEA solution
method with Lext = 3.8 mH. The static FEA calculated operating power curve is plotted in Fig. 12. The slight difference
between the measured and predicted power curves at certain
turbine speeds can be attributed to slight inaccuracies in the
battery model, however, the difference is negligible. FurtherVOLUME 9, 2021
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Including the proposed calculation method in the design
optimization of the generator works excellently. The
method can also be included in wind site-specific design
optimization, maximizing annual wind energy harvesting and minimizing generator and external inductance
sizes.
The accuracy of the proposed static FEA solution method
and the improved power matching are confirmed by measured
results.
FIGURE 13. Measured current and line voltage waveforms at the diode
bridge rectifier of the prototype passive generator system at 320 r/min
and Lext = 3.8 mH.
TABLE 5. Measured and the corresponding static FEA solution method
results.

more, the measured voltage and current waveforms at the
diode rectifier under rated operating conditions are shown
in Fig. 13. It is shown that the generator current is close to
sinusoidal and validates the proposed ac-equivalent system
modelling where sinusoidal generator currents are assumed.
To validate the accuracy of the proposed solution method
in Section V, that calculates the necessary Lext for impedance
matching, the following is done: The measured power value
in Fig. 12 at a turbine speed of 320 r/min is taken as the
NO-PMSG prototype operating point for which Lext must
be calculated. This operating point is at nr = 320 r/min and
Pg = 3.05 kW. Solving Lext with the static FEA solution
method yields Lext = 3.77 mH and the generated power at
nr = 320 r/min is Pg = 3.06 kW. The results are summarized
in Table 5. By comparison, the results in Table 5 are almost
exact and validate the accuracy of the proposed static FEA
solution method.

APPENDIX A: ANALYTICAL INDUCTANCE CALCULATIONS

The magnetization inductance, Lm , is given by
Lm =

m(Wkw j )2 di lµ0
,
πp2 g0air Ks

(28)

where m is the number of phases, W is the number of turns in
series per phase, kw j is the winding factor of the generator’s
working harmonic, di is the air gap diameter, l is the axial
length, g0air is the resultant air gap length taking Carter’s factor
into account [24] and Ks is the saturation factor.
The differential harmonic leakage flux coefficient, τd ,
is calculated from the harmonic analysis as in [25] and is
given by
P
kwn 2
n6 =j ( n )
.
(29)
τd =
k
2
( wj
j )
The slot-leakage inductance, Lsl , is calculated using
Lsl =

4m
µ0 lW 2 λuv
Qs

(30)

as in [26]. Here, λuv is the slot permeance factor given in [26]
for a double-layer non-overlapping winding with a vertical
arrangement of coil sides, or as given in [21] for overlapping
windings, and Qs is the number of slots.

X. CONCLUSION

In this paper external impedance matching in small-scale
passive WECSs is investigated for improved power matching.
A fast and accurate calculation method is proposed for the
necessary external inductance. From the results the following
conclusions are drawn:
It is shown with 4.2 kW and 12.5 kW passive WECS case
studies that the external impedance matching method can
be used effectively to improve power matching between the
wind generator and the wind turbine. Furthermore, this can be
applied to any existing wind generator with a sufficient rated
power and wind turbine.
The proposed method to calculate the required Lext
is shown to be accurate and computationally efficient.
It is also shown that analytical methods to calculate Lext
can be inaccurate when iron-cored PMSGs are used and
that the proposed method, using static FEA solutions,
is necessary.
VOLUME 9, 2021

FIGURE 14. Wind turbine structure.
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APPENDIX B: WIND TURBINE

The wind turbine structure, from which wind turbine data for
the 4.2 kW case studies in this paper is obtained, is shown in
Fig. 14. The wind turbine for the 12.5 kW case study has the
same structure.
Regarding system protection: The blades and generator are
off-centre in relation to the turbine tower. Under extreme
conditions, the wind pushes the turbine and generator out of
the wind with a mechanical yaw-mechanism that connects the
nacelle to the tower, which lowers the input power from the
turbine.
Because the horizontal axis wind turbine has a full degree
of rotation, brush-slip-rings are necessary in the nacelle for
power transmission. Note that the impedance matching for
passive WECSs presented in this paper is not limited to this
type of wind turbine technology.
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