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Abstract- This study reports the analytical computation including performance characteristics under no-load condition in
combination with coupled 2D electromagnetic field-circuit analysis of a 4kW direct drive permanent magnet synchronous
generator (PMSG) to be used in micro-scale wind turbine applications. The specifications such like stack length, skew and
magnet offset of PMSG are optimized by using parametric approach including multi-objective design optimization. It describes
the methodology to gain required output performance such as output power, load voltage and maximum efficiency of the wind
generator. Based on the optimized design, the model has been exposed to some transient coupled-field circuit analyses based
on variable wind flow speed under no-load conditions. In addition to these evaluations; the experimental results verified the
effectiveness of the employed simulations model related to finite element methods and analytical studies showing that that the
induced voltage at nominal speed and no-load condition is at desired level and results obtained under no-load condition are in
good agreement with the analysis and analytical results.

Keywords wind turbine, coupled-circuit analysis, PM generator, multi-objective design optimization, parametric approach,

reluctance model.

1. Introduction

The need for the energy is increasing day by day along
with rapid population growth and industrialization. The
fossil fuels such as coal, oil and natural gas which are used
to meet these requirements are being replaced by renewable
energy sources like sun, wind, geothermal, hydraulic and
ocean resources [1-7].

In such kinds of power plants; commonly variable
speed permanent magnet synchronous generators (PMSGs)
[8-16] and doubly-fed induction generators (DFIGS) [7, 17]
are employed. Variable-speed turbine structure housing PM
generator offers appropriate solutions to meet the energy
needs of the rural areas. Many studies have been carried out
on the design of PM generator for wind turbine application
[18-24]. In one of these, a designed 4-kW air-cored radial
flux PM wind generator has been used in a direct battery-
charging system [18]. In another study, large direct-drive
wind turbines with cost effective PM generator systems
have been designed with combinations of rated power
ranges from 100 kW to 10 MW [22]. The optimum results

have been presented and compared according to the
performance of the annual energy output per cost [22].

Mostly, the grid-connected large scale wind generators
are marketed and installed today in the world [22, 23].
Simultaneously, there is a need for smaller wind power
applications for usage in hybrid energy systems to meet the
energy needs of eco-house and eco-business concepts, such
as houses, petroleum offices, farms and small businesses
[23]. Large scale wind turbine generators consist of a low
speed range 15 to 100 rpm, while small-scale wind turbines
include low speeds range 150 to 500 rpm in wind power
plant. PMSGs are one of the best solutions for small scale
wind power plants [23].

The objective of this article is related to present the
electromagnetic design and transient performance analysis
of a 4kW PMSG to get maximum available energy from
wind. To gain maximum available energy, detailed design
and analysis was carried out to cover the operational
aspects such as start-up torque, cogging torque, ripple,
efficiency, rated power and terminal voltage. The
electromagnetic design methodology of PM synchronous
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machines has been studied in the literature. The air gap
magnetic field density provides important characteristics
for machine design and performance prediction [25, 26]. A
general approach is to use finite element model (FEM). But
it is a time-consuming solution. The other approach is to
use a magnetic vector potential formulation which is used
in 2D polar coordinates to describe the flux density
distribution in the machine [8, 25, 26]. Another approach is
the usage of magnetic circuit model including reluctance or
permanence model of the machine [22, 23 and 27-31]. In
this paper, a radial flux surface mounted permanent magnet
synchronous generator has been modelled analytically
based on magnetic circuit (reluctance model) for machine
design and performance prediction. The cogging torque is a
common issue for permanent magnet machines [14]. The
torque ripple in the cogging torque is related to the
harmonics in the back-EMF. To reduce it, the effect of the
slot opening, the magnet thickness and the pole arc/magnet
arc ratio (embrace) of the cogging the torque were
investigated parametrically in [32].

In this study, the effect of stack length, skew and
magnet offset on the cogging torque, efficiency, output
power and terminal voltage were investigated
parametrically as well. Thus, this study gives an
opportunity to analyze transient performance of 4 kW
PMSG under no-load and variable generator speed rates
related to wind speed by using coupled two dimensional
(2D) electromagnetic field-circuit model. In addition to
this, the experimental studies were carried out to verify the
simulations model and analytical results. One of the most
significant contribution of the paper is that the analytical
model is also evaluating linear topology of the generator
along with magnetic circuit model which is considering
some estimations and simplifications of the machine
geometry and combining it with two-dimensional coupled
electromagnetic field-circuit approach.

2. Design Process
2.1. Machine Topology and Sizing Equations

Based on the placement of the magnets on the rotor,
generally a typical permanent magnet synchronous
machine can be classified into three types, such as interior
PM synchronous machines which have the permanent
magnets buried inside the rotor, surface PM synchronous
machines which are required to shape the magnets into the
form, placed on the rotor outer surface[33], and inset PM
synchronous machines in which the permanent magnets
are inset into the rotor. And also based on the flux
directions for the airgap, the structure can also be divided
into two configurations type, so called radial or axial for
surface type configuration where magnetic flux crosses the
airgap in radial direction and it crosses the air gap in axial
direction in the other type [8, 34, 35].
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Fig.1. Topology of radial flux wind generator: a) PMSG
topology; b) Linear topology and magnetic circuit model
for the structure

In this construction; the air gap is perpendicular to the
rotational axis. The most conventional PM machines are
constituted by placing the PM’s on the rotor surface
because of the simplest construction. In this paper; PMSG
is designed based on the surface mounted rotor
construction [27] as shown Fig.1.

An electric machine design starts by explaining the
relationship between the main dimensions of the machine
and performance of the machine. It is necessary to specify
a few initial parameter such as output power, nominal
speed, number of poles of the machine, material data of the
stator, rotor, magnet type and conductors for the design.
These specifications are given in Table 1.

Table 1. Given Initial Data for the PMSG

Technical Data of PMSG for Wind Turbine
Rated output power (kW) 4
Rated speed (rpm) 250
Frequency (Hz) 50
Number of poles 24
Number of phases 3
Rated voltage (V) 400
Rated power factor 0.95
Target efficiency >= %92
Shaft material ASTM316
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Stainless steel

Rotor frame SD52
Stator frame Alum!num (cast
iron)

Stator lamination
Magnet (NdFeB)

M19 (M310-50A)
N40SH (nickel-

Remanent flux density Br (T) plating)
. . o 1.28
Relative Recoil Permeability 105
Hrec Coercivity He (KA/m) 9'89
Temperature (max °C) 150

According to basic dimensioning process, at first it is
necessary to determine the main dimensions of the
machine; the stator bore diameter or air-gap diameter (Dis)
and the equivalent core length (L). For this, it is necessary
to explain the relation between Di’Lsw and the output
power of the machine [36]. The analytical calculations
required to determine these parameters were performed in
the literature [27, 32 and 36-40] . However; specific
magnetic (A) and electric loading (Bg) can initially be
estimated as follows for the sizing procedure of electrical
machines [30];

e By = (0.7T .... 0.9T) B([38] or 0.8T to 1T [40]
for medium power machines.

e Avranges from 10 to 55 kA/m [38] or 10 to 40
kA/m [37, 39] for medium power machines.

For stator sizing, slot depth hss, stator core heights hcs
and widths of the stator tooth bis can be estimated
respectively as follows [21, 27, 36, 37, 39];

A

hg = N 1)
g Jcon KfiII
_a (7D ) By @)
® 2 2p )By,
B
b, == 3)
sf sat
7, = D )
Q

Where, Bsat is the iron saturation flux density and By is
the airgap flux density, Jeon is current density, Krin is the
slot fill factor, Ks is the stacking factor of the stator
laminations and p is the number of pole pairs. The shape
factor ai is defined as the ratio of the average-to-maximum
value of the air gap flux density. The slot pitch zs is given
by equation (4) where Qs is the slot number. As shown in
Fig. 1; the lower and upper side of slot width can be
calculated respectively as follows [36, 41];

b, =7[(Dis+2><gso+2><h

sl) _ bts (5)

b :”(Dis +2xh,+2xh,+2xhy)
ss2
Q,

For rotor and PM material sizing; the height of the
rotor core her and the height of the NdFeB PM material hm
per pole required for a synchronous machine design can be
expressed respectively as [27, 37, 39, 42];

h, = %(”(D“Z_th)J 5 )
p B

sat_r

B%
K, 8
hm:turrec' BI g ()
B _ "9
' %Im

Where g is the rectangular air gap length, Kim is a
coefficient of leakage flux that is typically in the range 0.9
to 1.0 for the surface magnets [43], Br is the remanent flux
density, rec is the relative recoil permeability of magnets.
For the initial design, the height of the magnet can be
determined to be about ten times the air gap length [44].

- bts (6)

2.2. Analytical Model of PMSG

Electric machines are usually analytically modeled on
the basis of some estimations and simplifications of the
machine geometry and material properties of machine
[28]. Machine design studies mostly involve finite element
methods (FEM) simulations. By the reason thata FEM
gives more accurate results than analytical model, but it is
a disadvantage that the calculation time is long. [35].

No-load air gap flux density is one of the most
important  characteristics for machine design and
performance prediction [45]. Therefore, the magnetic
circuit model is used to obtain the air gap flux density as
shown Fig.1b. First of all, it is necessary to define the main
flux paths and determine the reluctances of the magnetic
circuit. So, the magnetic circuit of the generator is divided
into five parts which are stator yoke reluctance Ry, stator
teeth reluctance R: air gap reluctances Ry, magnet
reluctances Rm and leakage between the magnets Ri and
rotor yoke reluctances Rr. Reluctances are located in a pole
pitch as shown in Fig.1b.

¢g Rs=2Rt+Ry

Rg| Rg
¢m
Rm Rm
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Fig.2. Simplifications of the magnetic circuit

Fig.2 shows the equivalent magnetic circuit [31] called
as Reluctance Model (RM) and its simplified model. In
this illustration, the stator and rotor steels are modeled as
reluctances Rs and R, respectively. Rs contains stator yoke
reluctance and stator teeth reluctance and three circuit
fluxes which the magnet flux ¢m, air gap flux ¢y, and
leakage flux ¢i. For this model the magneto motive force
Fc and remanent flux ¢r of the permanent magnets
according to demagnetization curve can be calculated as
follow;

F.=h,H, ©)

@, =B,A, (10)

The flux depends on the material properties as well as
on the magnet dimensions. Where Am is the magnet pole
area and Hec is the coercivity of the magnets.

To calculate the back emf, the air gap flux density Bg
must be determined firstly. The air gap flux can be
obtained in terms of the magnet flux as ¢g = Kim.¢m.
Where Kim is a coefficient of leakage flux that is typically
in the range 0.9 to 1.0 for the surface magnets [43]. In the
other references [30, 44]; it is defined as the ratio of airgap
flux to magnet flux:

Im = g = & < l (11)
b, D+Q

In another study [38]; this parameter has been defined
as the ratio of magnet flux to airgap flux (Kim>1) and ¢g=
ém /Kim. Then by eliminating the leakage reluctance Riand
the steel reluctances (Rs and Ry) by introducing a
reluctance factor Kr, the magnetic circuit can be simplified
as shown Fig.2c. The magnetic flux can be obtained using
electric circuit principles which is called Kirchhoff’s
voltage law (KVL) to the loops in Fig.2c as follows [46,
47]:

o - 2F, _ 2R, @ (12)
" 2R, +2K.R, 2R, +2KR, '

Based on ¢g = ¢m /Kim, the flux density relationships
By = ¢y /Agand Br = ¢r/Am, the air gap flux density can be
obtained as [29, 30, 43, 44];

B—— Tt Ap (13)

g R
1+K, =% A
Rm

The magnet and air gap reluctances are given
respectively by [29, 30, 43, 44];

R =M h, (14)

" /urec luo An /urec luo Z-m Lstk

R, = 9 __9 (15)
;qug :uOTp Lstk

Where Am is the magnet area, Aqis the gap area of one
pole pitch, z is the magnet pitch and 7 is the pole pitch
[35]. Thus substituting the reluctance expressions in (14)
and (15) to (13); the air gap flux density can be written as
[29, 30, 43, 44];

K,C
B, = '—L B
1+K, e
P

C

(16)

r

No-load induced phase voltage called as back-EMF
can be calculated by multiplying the air gap flux density
and the winding turns in stator per phase as follows [22,
28, 30, 35, 44].

o, k,N@, o,k NxB 7D, L, /2p

E:mws sig r stk
o2 2

Where wnm is the mechanical angular speed of the
rotor, kw is the winding factor, p is the number of pole
pairs, Dr is the rotor diameter, Ns is the number of turns of
the phase winding and the saturation form factor is ai =2/z.

17)

In direct-drive generators concept, designed generators
can be used in very low speed applications. So, the effect
of cogging torque is very important. The cogging torque
can be obtained using the magnetic energy stored in the air
gap and PMs of machine as follows [48-50]:

oW
Tco (0) =74
g o0 18)

= _%(RZZ - Riz)z nGsnBsn sin nQe
4ty -1

Where Rz and Rz are the inner radius of armature and
the outer radius of rotor, respectively; Q is the number of
slots and @ is the rotor position. The expressions of Fourier
expansion coefficients Gsn and Bsn are detailed in [48, 49].

2.3. Multi-Objective Optimization

In this paper, the addressed optimization problem for
the fundamental electromagnetic design can be expressed
by a simple function as [20, 32, 51]:

y="f(x),i=123... (19)

Where y is one of the output performance parameters
of generator; x; is the sizing or structural parameters of the
related generator dimension in iteration. To achieve
optimum generator design, output power, efficiency, load
line voltage, cogging torque and etc. of the generator is
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selected as the multi-objective optimization. The structural
parameters are selected as input-free parameters which
obtained by calculations, such as slot opening value bso,
pole pitch/magnet pitch ratio 7 the height of magnet hm in
[32], and also the stack length Lsk, skew and offset magnet
in this paper. The multi-objective optimization approach of
which main idea can be obtained in [20, 32]:

maximize - y = f (h,, ,,,b,,, Ly, Skew, offset)

m? ~so? stk !
or
minimize — B

70mm < L, <115mm, ++5mm
related to > {0 <skew<1++0.2

70mm < offset <90mm, ++2mm

— f(h,,a,.b,, L, skew,offsety|  (20)

m? ~so? stk !

The analysis shown in Fig.3 includes the study on the
sizing of stator core and the improvement of initial
parameters. At rated speed (250 rpm) and for 115 mm
stack length, the generator efficiency is about 92%, but
when the stack length is reduced to 70mm, the efficiency
increases to 93.5% for lower power ratio. When lower
stack length increases the efficiency, it causes the line
voltage to be less than 400V.

In direct drive generators, the effect of cogging torque
is considerably significant since the designed generators
may be used in very low speed application. One of the
methods to eliminate cogging torque is “skewing of either
stator slots or magnets” in which we preferred magnet
skewing owing to easy manufacturing cases [32]. Fig.4
shows the effect of variable skew on load line voltage,
output power, efficiency and cogging torque parameter of
generator. The value of the skew is taken as 1 to minimize
the cogging torque and the fact remains that it still
provides desired machine performance.
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Fig. 3. Effect of variable stack length Lsx on load line
voltage, output power, efficiency and rated torque
parameter of generator.
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Fig. 4. Effect of variable skew on load line voltage, output
power, efficiency and cogging torque parameter of
generator.

The quality back EMF can be further increased by
using the arc shaped magnet as shown Fig.5. The effect of
variable offset and skew on THD of back emf as shown
Fig.6. It clearly shows that the value of the THD of back
emf decreases as the offset and skew values increase.

Fig. 5. The optimization according to magnet offset
[18].
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Fig. 6. Effect of variable offset and skew on THD of back
emf.

In [32], the effect of varying pole arc to magnet arc
ratio am, magnet thickness and slot opening parameters on
the performance of generator have been examined. So, an
optimum value of 0.92 for embrace has been found. Since
magnet thickness has a powerful effect on terminal
voltage, output power, efficiency, cogging torque and
power losses; suitable magnet thickness has been obtained
via parametric analysis option by considering these
parameters. During magnet thickness analyses, it was
observed that the machine was running within a wide

85.00 90.
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range of operation. But, by considering the cost and the
distribution of output parameters, the magnet thickness has
been chosen as 5 mm. Besides, the slot opening parameter
should be wide enough so that the windings are placed into
slots easily. On the other hand, narrow slot openings may
cause leakage fluxes. In the case that wide slot openings
are used, higher cogging torque value may be caused.
Through these limits; the slot opening parameter has been
set as 2.2mm.
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Fig. 7. The effect of parameters on generator performance.

By keeping the parameters constant derived as a result
of multi-objective optimizations; the output parameters of
the machine at rated speed (250 rpm) and different load
conditions has been found satisfactory as shown in Fig.7.

3. Verification of Analytical And Simulation Model

In this section, the experimental studies and their
comparative results are presented in order to verify
simulation and analytical results in no-load condition.
Coupled electromagnetic field-circuit simulation model
used for transient analysis is shown in Fig.8.

Generator speed regime
related to wind speed
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Fig.8. Simulation model

The generator speed regime related to wind speed
scenario was developed in simulation model as shown in
Fig.8. The speed is varied from 200 (rpm) to 300 (rpm) in
scenario, and the generator input torque is varied on the
basis of the wind speed scenario. The line and phase
voltage are presented in Fig.9. It can be noted that the
generator is giving an accurate reaction to wind speed
changes as shown Fig.9b (simulation) and Fig.11b
(experimental).
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Fig. 9. Simulation results derived from no-load operation,
a) rated speed (250 rpm) b) variable speed

Fig.10 shows the experimental setup for the
verification of the analytical and simulation model
proposed. The test setup consists of a 4kW PMSG
prototype, an AC motor with reducer as actuator, energy
supply, variable speed driver system and measuring
elements.

Energy Analyzer

Fig. 10. No load test setup of wind generator
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Fig. 11. Experimental results under no-load condition: a)
induced phase voltages at rated speed (250 rpm), b)
induced phase voltages at variable speed

According to the experimental results given in Fig.11,
the induced voltage at nominal speed and no-load
condition is at desired level. The comparison of the phase
and line induced voltage obtained at different speed rates
in the simulation, analytical and under no-load test results
of the generator is presented in Fig.12.
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Fig. 12. Variation of generator induced voltage relating to
varying shaft speed; a) Phase voltage, b) Line voltage

It can be verified through Fig.12 that the experimental
results obtained under no-load condition are in good
agreement with the analysis and analytical results.

4. Conclusion

In this paper, the design of a 4kW permanent magnet
synchronous generator suitable for standalone or off-grid
wind turbine applications has been developed. The results
of analytical PMSG design and concerned optimization
methods are reported in the paper. Thereto, the
effectiveness of the proposed electrical machine
configuration in terms of output power, efficiency, cogging
torque and load line voltage have been demonstrated via
coupled 2D electromagnetic field-circuit approach by
indicating compliance of simulated and no-load conditions
prior to the fabrication of the designed and optimized
machine. Then, as a part of project; advanced transient
analysis studies, the testing and verification of experimental
data have been performed following prototyping process.
Thus, the proposed analytical approach can reduce the time
required for analysis compared with FEM significantly and
this may be useful for predicting performance even as
initial design process.
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