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Abstract

This paper introduces the detailed coupled field-circuit analysis including performance characteristics of a 4-kW in-running
rotor permanent magnet synchronous generator (PMSG) used in rural-type small-scale wind turbines for water heating
purpose. The content of the work consists of design, analysis, optimization, production and testing processes and validation
studies. An integrated 2D electromagnetic field and circuit model are used in the design and analysis processes. The electri-
cal machine design involves complex and time-consuming processes. This model provides comprehensive information on
machine behavior under different conditions and is an effective to demonstrate compliance with real load conditions prior
to the manufacture. The goal of the optimization process is to find a design that offers cost, manufacturability and efficiency
as well as generator output values. For this, a multiobjective optimization approach has been used. Typical design and simu-
lation principles are applied to the designed PMSG, respectively, including calculation and evaluation of various output
parameters for different simulated wind speed rates and varying load conditions. Furthermore, the analytical studies related
to finite element methods and parametric approaches are presented in collaboration with experimental studies carried out
for different load rates.
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1 Introduction

The place of wind energy, which is 3% in global electricity
market today, is expected to rise up to 6% in 2023 [1]. In
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sively studied in all over the world, and research develop-
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ment activities related to these issues have increased in the
last few years.

In the world, several wind turbine structures have been
developed and produced to maximize the annual energy
capture capacity, minimize costs, improve power quality
and ensure consistent dynamic response [2]. DC excitation
generators, induction and permanent magnet synchronous
generators (PMSGs) are typically used wind turbine con-
cepts [3]. In order to improve the reliability and efficiency of
wind turbines, direct drive permanent magnet synchronous
generators took the place of doubly-fed induction generators
(DFIGs) which have been commonly used until now because
of the fact that DFIGs brought some disadvantages related

cemilocak @gazi.edu.tr

Huseyin Demirel
hdemirel @karabuk.edu.tr

Electrical and Electronics Engineering Department,
Kastamonu University, Kuzeykent Mahallesi Org. Atilla
Ates Pasa Caddesi, 37150 Merkez, Kastamonu, Turkey

Aegean Dynamics Inc. Co., Ege Universitesi Kampusu
Ege Teknopark, Erzene Mah., Ankara Cad. No: 309,
35100 Bornova, Izmir, Turkey

Electrical and Energy Department, Ostim Vocational School,
Gazi University, Ostim Mah., Cevat Dundar Cad. No: 19,
Ostim, Ankara, Turkey

Electrical and Electronics Engineering Department, Karabuk

University, 100. Yil Mh., Demir Celik Kampusu, Merkez,
Karabuk, Turkey

to wind turbine structures [2, 4, 5]. In [6], a comprehensive
comparison has been presented where PMSGs have become
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more advantageous than induction generators in wind energy
conversion applications due to features such as high power
factor, high efficiency and low installation and maintenance
costs [7].

Permanent magnet electrical machines had been using in
some special applications until the last 10 years. But then,
the advances in electronic technology and permanent mag-
net materials [8] in recent years brought their usage areas
into military, electric vehicle and wind energy applications.
PMSGs particularly have an important position in low wind
speed applications [3, 9, 10]. In the literature, several studies
were carried out related to permanent magnet synchronous
machines having different rotor structures as inner-rotor
[11-13] and outer-rotor [14—16]. The number of poles in
a normally designed inner-rotor PMSG is low. In order to
achieve normal frequency at low wind speed, higher number
of poles and accordingly higher diameter for the machine are
required. An optimum solution should be offered consider-
ing factors such as power density, cost and efficiency for an
economical design [14]. It is indicated that inner-rotor struc-
ture offers a unique solution to meet all these requirements.

The need for the systems such as generator/alternator,
which are used in electricity production from wind turbine,
and wind turbine is increasing together with the wind energy
solutions. The importance of the design and manufacture
of these systems is increasing every day as well. Currently,
the electrical machine design processes are becoming more
complicated [17]. As shown in Fig. 1, the design process of
the generator is terminated after passing the electromagnetic,
structural and thermal design and analysis stages.

There are important and independent parameters in the
design of electrical machines. In the case that an optimal
solution is intended in the design, the solution becomes
extremely complex unless some of these independent
parameters are properly constrained [18]. Many of these
independent parameters rarely change. So, these parameters
are assumed as constants to simplify the solution [19, 20].

Due to the issues mentioned above, the verification of the
design and the need to offer optimal solution cause the pro-
cess to be more complex, costly and time-consuming. Large
domain and high sophistication appearing in these designs
increase the need for simulation and analysis tool. Therefore,
finite element method (FEM) model analyzed together with
dynamic simulation seems appropriate to meet the needs of
this complex structure [17].

The coupled field-circuit model (co-simulation) has been
used for the analysis of electrical machines in the literature
[21-23]. In [19], two basic co-simulation (direct coupling
and indirect coupling) approaches are presented. But, in
these studies, a detailed analysis has not been submitted
for different wind speeds and different network conditions.
This study enables the observation of the parameters and
comprehensive dynamic performance of 4-kW inner-rotor
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Fig. 1 Flowchart of generator design process

PMSG supplying different loads at variable speeds by using
time-stepping, coupled field-circuit and two-dimensional
(2D) FEM model. Furthermore, the obtained simulation
results were verified by experimental results in which the
wind turbine generator is acting as a voltage supplier for a
water heating system.

2 System design

Wind turbine generators are primarily employed for electric-
ity generation. Generated power can be stored in a system
consisting of batteries or connected to the mains supply
choosing an appropriate grid tie inverter. In case of strong
winds or while the batteries are totally charged, employed
wind turbine generator may supply more current than the
batteries can go with. Therefore, a dump load is often used
to divert the extra energy to heat water so it is not wasted.
Besides, a protection method for the generator is put for-
ward in that way. In the proposed study, the wind turbine is
directly connected to a water heating system which is basi-
cally a resistive load block. Generally, it is not possible to
connect a water heating element directly to the output from
a wind turbine generator. The voltages generated by a wind
turbine are typically far in excess of their nominal voltage
rating/over-voltage values are often recorded in heavy winds.
These high voltages would rapidly burn out the heating ele-
ment when you need it most. So, a small battery should be
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used as a buffer between generator output and the heating
element in order to avoid heating element from fluctuating
over-voltages. The system is designed by taking this sig-
nificant case into account. Typically, the voltage or current
waveform is not so important for a water heating system
since the power generated will be directly used to heat water.
But, in the study, because of the fact that the system can
be used for any off-grid application as shown in Fig. 2, the
voltage waveforms are processed for ideal outputs. So, first
of all, the voltage generated by different generator speeds
(simulated different wind speeds) is directly applied to load
group.

Figure 2 shows the structure of the proposed model which
consists of a 2D FEM model of in-running rotor-type PMSG
and a circuit model divided two three parts. While one part
has a measurement, other part shows connection to off-grid
side.

2.1 General considerations for PMSG

The design work on PMSG was carried out according to the
general data given in Table 1. In order to provide a 50-Hz
operating frequency at nominal speed, the number of poles
of the machine is calculated accordingly.

In electrical machine design, there are two basic design
concepts as output coefficient (machine constant) [10, 12,
18, 24] and rotor tangential stress [12]. The rotor dimen-
sions can be identified by using appropriate tangential
stress on rotor surface. If rotor radius is r,, rotor stack
length is L', the rotor surface facing the air gap is S,, rotor
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Table 1 Given data for PMSG
Parameter Data
Rated output power (kW) 4
Rated power factor 0.98
Rated voltage (V) 400
Number of poles 24
Frequency (Hz) 50
Rated speed (rpm) 250
Number of phases 3
Material properties
Stator case Aluminum 7075
Stator core M330-50A
Rotor steel ST52
Magnet type N40SH (nickel-plated)
Remanence B, (T) 1.28
Relative permeability g, 1.05
Coercive force H, (kA/m) 989

diameter is D, and average tangential stress on rotor sur-
face is op,,. the torque produced by the rotor can be sim-
ply expressed as [19, 25];

2

71’ L, = 20—Ftanvr (1)

T= GFtanrrSr = OF@n®

The exact rotor volume V, to produce a certain rotor
torque is simply calculated with this equation. The

PMSG
(2D Electromagnetic Model)

MEASUREMENT LOAD

N ‘:/\/V‘ o R9 M L~
7/ < L4 \s > L4 L4
2 =
5 ML
PhaseA_| aseA_out + WM1
N
PhaseB_| ] aseB_out W R8 \/\/v\ L2 N
PhaseC_jn aseC_out ] ° ° [
| otionSetup nSetupf_ou
IS . 0
I¢)
+V_ROTB1 14 R7 B~
YW W A
<
\ Results
360.00
3 Transient FEM 4000
=250.00 e F30.00
2 5
2 520.00
§125 00 E
2 10.00
(o}
0.0 L1 U SE——— |
%06 505 2y 0T 2 %66 008 o TR 02
Wind speed scenario .
p Variable Load

Fig.2 Structure of field-circuit model including co-simulation
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machine coefficient C of a well-designed electrical
machine refers to the rotor volume of the machine and
apparent air-gap electromagnetic power S,. The other con-
stant affecting this power is DizsL [12, 18, 24]. Fundamental
machine design starts with the main dimensions of the
machine, the stator bore diameter or the air-gap diameter
(D;,) and the selection of equivalent core/stack length (L').
These main dimensions can be estimated on the basis of
the output coefficient and the stack length-to-pole pitch
ratio A as follows.
The apparent electromagnetic power from [12] is:

S, = mEgl, = 057k, D;.L'nB,A )

where n,=060 f/p is the synchronous speed, k,, is the stator
winding factor, m is phase number, B, is the average value
of air-gap magnetic flux density of NdFeB PM synchronous
machine which is called as specific magnetic loading rang-
ing from 0.65 to 0.85 T [24] and A is the linear current
density which is called as specific electric loading ranging
from 35 to 65 kA/m [19]. It is important to know the ranges
of these significant parameters prior to design calculations.
According to these assumptions, the output power and out-
put coefficient of the machine are calculated, respectively;

P..=mV,Inncos¢ = ngn cos ¢ 3)
€
Py 2
= =0.57k,B,An cos
D>L'n, wBghncos @)

The DizsL output coefficient may be calculated from
machine constant equation:

p2L = Louf (5)

The other step in the calculations is the separation of this
multiplication as D;; and L components. There is not a stand-
ard value for 4, which is the stack length-to-pole pitch ratio
in machine applications. Alternatively, in [19], an equation
of the stack length-to-pole pitch ratio was given for synchro-
nous machines as a function of pole pair as follows:

L =z
/l:D—iSzZ\/]_y ©6)

In this paper, once the design parameters and dimen-
sions of the permanent magnet synchronous generator
are determined from the results of the analytical design
study, the multiobjective optimization approach is used
to achieve optimum generator design. This approach is
usually preferred choosing the best solution considering
different objectives. Usually, there is no single best solu-
tion in electrical machine design, but a set of solutions are
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equally well. So the general form of the multiobjective
optimization problem can be expressed mathematically
as [26]:

max/min.yj =fx), j=1,2,3,...

. = P, efficiency, V_ ., T
GoalFunction = 4 ', " loss’ neY. Vour Leog
xoW <o < PP 2123
bound = i = “bound’ " T Tt

x=1L, by, h,, 7, skew
(N
The multiobjective optimization problems include output
characteristics of machine such as load line voltage, output
power, cogging torque and efficiency. The parameters

slot opening: 1 mm <b,, <3 mm, ++0.1 mm

pole pitch/magnet pitch ratio: 0.5<7<1, +40.02

the height of magnet: 3 mm <4, <10 mm, ++0.2 mm
the stack length: 70 mm <L <115 mm, ++5 mm

skew the rotor magnets: 0 <skew <1, ++0.2

have been optimized to obtain the generator with the
appropriate output values that meet the requirements in
this paper. The design parameters and dimensions of the
permanent magnet synchronous generator determined as a
result of analytical design and optimization study are given
in Table 2 comparatively.

After optimization, the generator efficiency is about
93%. This value is very satisfactory for applications of
this scale. When the length of the body is reduced, the
efficiency increases to approximately 95%. However, while
lower body length increases the efficiency, it causes the
line voltage and output power to fall below the desired
value. PMSG-based variable speed wind turbine appli-
cations require a DC-AC conversion process. Line volt-
age and output power have been increased by taking into
account the losses in this transformation.

Table 2 Comparison of initial and optimum values of the generator

Parameter Initial  Optimized Improvement
Line voltage (V) 389 421 +32
Phase current (A) 6.22 6.73 +0.51
Specific electric loading (A/m) 27,508 30,867 —3359
Current density (A/mm?) 2.17 3.54 —-1.37
Total loss (W) 208 363 —155
Rated power (kW) 4.17 4.88 +0.71
Efficiency (%) 9525 93.07 —2.18%
Power factor 0.94 0.98 +0.04
Rated torque (Nm) 167.4  200.5 +33.1
Short circuit current (A) 33.73 269 +6.83
Cogging torque (Nm) 1789 0 +17.89
THD% (back emf) 19.56  1.26 +18.8
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Furthermore, the parameter of cogging torque becomes
greatly more of an issue in especially low-speed wind tur-
bine applications and electric power steering systems [27,
28]. Reducing the cogging torque helps to reduce torque
ripple, mechanical vibration and acoustic noise [29]. Here-
with, we provide a smooth electromagnetic torque [30-32].
Therefore, the cogging torque is reduced using the multi-
objective parameters given in (7). For instance, in order to
reduce cogging torque, rotor magnets are skewed by one slot,
the magnet thickness A, is set as 5 mm and slot opening b,
is set as 2.2 mm.

Once employing finite element method on designed
machine and applying the coupled circuit analysis, it would
be better to give a simplified 3D visualization related to the
final design as shown in Fig. 3.

The stator windings of the generator consist of 1.1-mm
conductor and 2 layers of 672 turns (per phase). The current
density obtained is approximately 3.54 A/mm?. This value is
also an acceptable density value. It is recommended to keep
the current density between 3.5 and 8 A/mm? depending
on the power rate in the design of electrical machines. In

Fig.3 3D model of PMSG

N40SH-Magnets

Fig. 4 Manufactured parts of
PMSG

addition, high energy density of Nd—Fe—B materials allows
the use of smaller magnets. However, Nd—Fe—-B magnets are
used for low volume and low weight in this article. The sup-
plied magnets, the pictures of the rotor yoke and machined
shaft are given in Fig. 4.

3 2D FEM model of PMSG

Some methods are used to analyze the magnetic field and
performance of electrical machines which are consisting of
two- and three-dimensional analyses, basically the most pre-
ferred methods. A time-stepping, co-simulation is developed
using a 2D FE package in order to present the analysis and
performance of a PMSG supplying a different load condition
in [23]. A new two-dimensional magnetostatic FEM is pro-
posed to estimate the steady-state performance of the PMSG
in [33]. A magnetostatic model of a PMSG is important
because it can then be used as a starting point in a transient
analysis or evaluation of a new generator design [33].

Complete View
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Fig.5 2D FEM model for
electromagnetic performance
assessments

Manufactured part of PMSG

2-D FEM model of PMSG
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In the case that the number of poles of the machine is
high (as in the application of which 2D electromagnetic
details are given in Fig. 5), 2D analytical solutions and FEM
provide highly accurate solutions for the magnetic field dis-
tribution and machine performance. In this paper, 2D FEM
transient solver was chosen to analyze the magnetic fields,
energy, force/torque, power loss, core loss, speed, and flux
of a model at various time steps. There are some limitations
and assumptions for 2D FEM transient solver as follows
[34]:

e Magnetic field solution is proportional to changing air
gap/pole arc ratio and radius of the selected cylindrical
cutting plane;

e Mutual and leakage fluxes in the end-winding cannot be
taken into account;

e It is not used for the analysis of the materials with differ-
ent cross sections;

e Rotational motion can be cylindrical or non-cylindrical.

Most of the physical issues in electrical energy systems
can be described by quasi-static phenomena [35]. An elec-
tromagnetic problem can be described with the distribution
of the magnetic field strength when given a source input
(current density or voltage) as follows:

J=c(E+vxB) ®)

E = py(H+ M) ©
where J is the electric current density, B is the magnetic
flux density vector, o is the electrical conductivity, u is

@ Springer

the magnetic permeability of free space, v is the velocity
of the material with respect to a given reference frame, E
is the electric field intensity and M is the magnetization
vector. The magnetic vector potential A and the electric
scalar potential @ are commonly used potentials to solve
electromagnetic problems in which two-dimensional model
is based on the assumption that the magnetic vector poten-
tial and current density have only z-axis components and
their values are determined in the xy-plane and then non-
linear time-varying moving electromagnetic field solved by
FEM. The 2D XY problem of the electromagnetic field is
described as follows [33, 36]:

L VX (VXA) = VXM = oV
H
o (10)

- 6%+GVX(VXA)

The first term on the right-hand side, J, is the source cur-
rent density due to differences in electric potential, and sec-
ond term on the right-hand side J, is the induced eddy current
density due to time-varying magnetic fields. Also, the 2D XY
problem can be reduced to scalar form, and the magnetic vec-
tor potential A is reduced to the z-axis scalar A,[14,22,36]:

G,

—Z _ _NA,=—VD+V XM 11
o3 P o (11D

In relation to that, in the case that the current flowing in
the stator winding is modeled as stranded coils; the current
densities for stranded coils are given by [34]:
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n
Jo=—tvia, =

12
Ho Sc ( )

where n, is the number of turns, S is the cross-sectional area
of the coil, i(¢) is the current per turn.

In the study carried out, ANSYS Maxwell 2D package is
used in which finite element analysis is employed to prove
the correctness of the values calculated numerically. Mag-
netic analysis instead of quantitative techniques is preferred
to determine the structure of designed prototype generator.
Magnetic flux density distribution in the air gap and the stator
yoke is presented in Fig. 6 as a result of derived simulations.

In order to see the flux densities on the machine, the flux
density distribution in the whole section of the machine
(Fig. 6a) has been obtained with a 10° rotor rotation. Here,
the rotor yoke density is around 0.9 T in the center of the
pole spring and 2.06 T for the opposite sides of the rotor.
Also, the flux density of the magnet is around 0.83 T. Mag-
net flux density is an important parameter for demagnetiza-
tion analysis. The average flux density value on the entire
surface is 1.3 T, while the air-gap flux density is around
0.8-1 T. In addition, stator teeth flux density is 1.5 T. As
the saturation point of silicon steel sheet used was 1.7 T,
the sheet did not face saturation. Thus, the hysteresis losses
of the machine will be very low. Figure 6b shows the mag-
netic flux and flux path formed in magnets. The leakage of

Fig.6 Field distribution on the a
entire surface of the PMSG. a
Magnetic flux density and b
active flux paths
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the magnet and the air gap through the slots has not been
observed. Also, the amount of leakage flux between adjacent
magnets in the opposite direction is not large.

3.1 Circuit coupling method

In today’s research and development processes, the simu-
lation of dynamic systems allows predictions and concept
decisions related to the final product to be made at an early
stage. This not only involves the modeling, simulation and
testing of individual structural components or modules, but
also requires the interplay of a large number of functions
(with simulation models and hardware components from
various domains) to build up the full system.

The term “co-simulation” refers to a simulation approach
where the components of modern mechatronic systems are
interconnected in a suitable way. Therefore, the complex
interactions between these subsystems from different devel-
opment environments are taken into account. The coupling
of existing (specific) simulation programs (and the mod-
els implemented therein) from different areas of expertise
represents a promising approach for the simulation of the
overall system.

There are two basic approaches to couple electromag-
netic field with circuit simulation. One is the direct cou-
pling approach where Maxwell 2D and 3D FEA models can

Fig.7 Qenerator performance a 0000 b 12.50
for variable speed and constant
load: a Load line voltage and b = s 10.00 4
t
output power % 500.00] =
= & 7.50
S g
o & 500
5 300.00 - 3
o £
§ = 2.50
100.0 b !
100.00 god.og 450 0 01 0.00 ! gO0.0é) 45(
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Fig. 8 Wind speed-dependent generator speed regime

be solved simultaneously with a transient circuit system
simulation model [21-23, 37]. Namely, a direct coupling
co-simulation is achieved by a data exchange between tran-
sient solvers during each time step. It offers a good solu-
tion if eddy effects are important for the simulation, and
the system either has nonlinear materials or motion. The
second approach is co-simulation by indirect coupling where
the electromagnetic field and circuit simulator are treated as
separate systems in a step-by-step process with respect to

time including values for end time, minimum time step and
maximum time step [21].

The main idea behind conducting a coupled electromag-
netic analysis is that the results obtained via simulations
will provide comprehensive information and data related to
the behavior of the machine in different conditions. Moreo-
ver, it is possible to confirm the accuracy and sensitivity of
the analytical calculations. The circuit presented in Fig. 2 is
giving the details of co-simulation model used in analysis.

Related model is used to carry out simulations in two
steps. In the first step, the generator was operated for a time
period of 100 ms at varying speed rates ranging from 100 to
450 rpm (100-150-200-250-300-350-400-450 rpm) for
constant load condition (R; =36 Q). For each condition, the
obtained results are given in Fig. 7. From the outcomes, it
is noted that both load line voltage and the output power for
the same load go up with the increase in speed (wind speed
in that case).

The variation of pure generator voltages and currents,
output power and core loss are presented, are shown in Fig. 9
for a time period of 200 ms at operating wind speed regime
is presented in Fig. 8.
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Fig.9 Generator performance for variable speed and constant load. a Load-side measurements (ohmic load), b load-side measurements (induc-
tive load), ¢ generator-side measurements (ohmic load), d generator-side measurements (inductive load)
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The dynamic response of the generator is particularly
good at the points where the speed value increases and
decreases unexpectedly. Figure 9c, d shows that iron loss
increases when speed increases. In addition, the amplitude
of the 3rd and 5th harmonic components was high, caus-
ing distortions in the waveform. This negative case can be
eliminated by the combination of fractional slot/pole com-
bination. The waveforms of the comparative output voltages
indicate that the inductive load increases the distortion in the
basic waveforms.
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In the second step, the variable load conditions at the
rated speed for the output characteristic of the machine are
defined as given in Fig. 10 as an operating scenario at a
given time interval. PMSG, thus a closer look to real-time
operating condition, is taken into consideration. The related
results are demonstrated in Fig. 11.

It is possible to indicate that the generator is giving a
smooth reaction, especially where the load value is unexpect-
edly increased. Some fluctuations have been observed due to
sudden changes in torque. The load-side analysis shows that
the generator is very strong to provide the appropriate line
voltage for the load when the load case has been changed
(Fig. 11a). On the other hand, it is understood from the
waveforms that the harmonic effect is less due to low resist-
ance value defined between 100 and 150 ms. These transient
solutions were obtained within 100 us steps between 0 and
200 ms. More accurate results can be obtained if these time
steps are chosen smaller.

So, the trend of voltage, current and power as a generator
performance shows a good agreement, which can be eas-
ily preferred for an off-grid operating system next to water
heating purpose.
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Fig. 11 Generator performance for constant speed and variable load. a Load-side measurements and b generator-side measurements

Fig. 12 Test setup
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Fig. 13 Output characteristic of PMSG

Since the load rate and rotation speed of the designed
prototype are varied for each of conditions, it gives us a
comprehensive aspect regarding the dynamic response of
the generator.

4 Experimental study

To verify the electromagnetic design and co-simulation
results, a prototype for the experimental tests was manu-
factured and tested as shown in Fig. 12. This test setup

comprises a 4-kW PMSG prototype, measurement devices,
variable load system, variable speed driver and induction
motor for ensuring rotational speed of PMSG which is simu-
lating wind speed in that application.

To obtain the output characteristics of PMSG in different
load conditions according to rated speed (250 rpm), the rates
of supplied resistance loads are varied accordingly and the
illustration shown in Fig. 13 is derived, in which power ver-
sus phase voltage and current variation is presented. As the
output power of the generator is increased (loaded), phase
voltage is decreased and current is increased as shown in
the figure.

In addition, the chart related to terminal voltage, current
and power values obtained at rated speed and rated load
(ohmic and inductive) is given in Fig. 14. When the terminal
voltage chart is examined, it is seen that the inductive load
increases the distortion of sine wave compared to the ohmic
load (Fig. 14a, d). It should be noted that the inductive load
increases the Sth harmonic as shown in Fig. 14b, e. And also
active power is reduced at inductive load (Fig. 14f). This
explains the effect of nonlinear loads on harmonics.

4.1 Verification

In this section, in order to verify the agreement of proposed
simulation model, equivalent circuit model and experimental
some studies are carried out. Furthermore, experimental,
simulation and analytical calculation results obtained for
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different operating conditions of the generator are presented
comparatively. Variation of load current and line voltage
relating to varying ohmic loads and rated speeds is given
in Fig. 15.

Furthermore, the generator output characteristic relating
to varying speeds and rated loads (R-L) is given in Fig. 16.
According to the results obtained from Fig. 15, simulation
results are in good agreement with experimental studies,
indicating that the generator dynamic performance can be
precisely estimated by using co-simulation.

5 Conclusion

In that study, the dynamic analysis of a three-phase sur-
face mounted PMSG has been presented. A direct co-sim-
ulation approach has been applied and a 2D FEM is used
for the electromagnetic field solution. Following simula-
tion studies, 4-kW PMSG has been successfully designed
and prototyped. For a water heating system in which only
resistor block has been used as a load. It should be noted
that this system is not only suitable for water heating sys-
tem but also useful for any off-grid turbine application.
Moreover, the similar results between the co-simulation
and experimental studies at the same load characteristics
have been obtained posterior to experimental studies. To
make a comparison between simulation and experimental
works for rated speed and variable load (ohmic) condi-
tions, it can be stated that the preliminary measurement
outcomes indicate that the generated load line voltage is
about 5% higher than expected from two-dimensional co-
simulations. In other words, the generated voltage resulted
higher than predicted. Besides, load current is about 3%
higher than expected. These differences between experi-
mental results and simulations are most likely caused by
the simulations carried out with a 2D simulation method.
If 3D method had been used, a better result would be
reached due to the fact that 3D simulations are taking
more losses and transients into account during simula-
tion process.

In order to summarize, co-simulation approach is an
effective method to demonstrate compliance with real
load conditions prior to the manufacture of the designed
machine. In addition, in this study, it can be easily stated
that permanent magnet synchronous generators or alterna-
tors are pure sinusoidal power sources for grids or power
conversion tools in off-grid systems.
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