@ASTES

Advances in Science, Technology and Engineering Systems Journal Vol. 2, No. 6, 94-99 (2017)

www.astesj.com

ASTESJ
ISSN: 2415-6698

Special Issue on Recent Advances in Engineering Technology

Modelling and Analysis of Radial Flux Surface Mounted Direct-Driven PMSG in Small Scale Wind

Turbine

Theint Zar Htet ", Zhengming Zhao, Qing Gu, Jing Li

State Key Lab of Power Systems, Dept. of Electrical Engineering, Tsinghua University, Beijing,100084, China.

ARTICLE INFO ABSTRACT

Article history:

Received: 13 October, 2017
Accepted: 02 November, 2017
Online: 15 November,2017

Keywords :

Airgap flux density
Cogging Torque
Maxwell 2D
PMSG

Wind Turbine

in this paper.

This paper presents the modelling and analysis of permanent magnet synchronous
generator (PMSG) which are used in direct driven small scale wind turbines. The 3 kW PM
generator which is driven directly without gear system is analyzed by Ansoft Maxwell 2D
RMxprt. The performance analysis of generator includes the cogging torque in two teeth,
induced coil voltages under load, winding current under load, airgap flux density
distribution and so on. The modelling analysis is based on the 2D finite element techniques.
In an electrical machine, an accurate determination of the geometry parameters is a vital
role. The proper performance results of 3kwW PMSG in small scale wind turbine can be seen

1. Introduction

In this century, wind power generation has become the most
powerful influences in all over the world[1]. The variable speed
wind turbines have been more popular in nowadays because it has
some advantages compare to fixed speed wind turbines such as less
mechanical stress, higher efficiency, higher power quality and so
on[2].

The several advantages of variable speed wind turbines are
reduced mechanical stress and optimized power capture.In
variable speed wind turbines, two types of generators are usually
employed in the small scale wind turbine such as induction
generators (IGs) and permanent magnet synchronous generators
(PMSGS)[3].

Recently, in the WTs, the PMSGs have been more attractive
the 1Gs because of direct drive and high efficiency. Moreover, the
PMSGs have the high torque density and the power factor
characteristics. The direct-drive train wind power on system
generation can be seen in Figure 1.Four main components are
contained in this system and the PMSG connects to the grid
through a back to back converter, converting the mechanical
energy produced by the wind turbine to the electrical energy[4].
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Two type of rotor position can be used in PMSG family such
as outer rotor and inner rotor. In this study, the small outer rotor
surface mounted generator is adopted for modelling and analysis
because of the easier construction. In conventional machines, the
magnetic field is in the radial direction. These types of machines
are referred to as radial flux machines (RFM) whereas the
magnetic field of axial flux machine (AFM) is in the axial
direction [5].

The small scale generators can be used for remote areas. The
American Wind Energy Association (AWEA) defines small scale
wind generator as those whose power reaches up to 100 kW.
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Figure 1. Configuration of a direct-drive PMSG system

The 2D analysis of outer rotor surface mounted PM generator
is studied in this paper. The output power is 3 kW, rated
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mechanical speed is 250 rpm and number of poles are 34,
respectively.

2. Modelling of PMSG by Maxwell 2D RMxprt
2.1. The geometry model of PMSG

In this study, outer rotor radial flux surface mounted direct-
driven PMSG are employed. The radial flux outer-rotor PMSG, 17
pole pairs, are considered. The advantages of outer rotor PMSG
compared to inner-rotor PMSG is that the magnets are easily
attached to the rotor surface.Permanent magnet synchronous
generators (PMSGs) have two parts; stator and rotor. Rotor has
permanent magnets to create constant magnetic field in electrical
machine[6]. Other time and space varying magnetic field is created
with the stator windings. The geometry model of outer rotor radial
flux surface mounted PMSG is shown in Figure 2.

Figure 2. The geometry model of outer rotor PMSG
2.2. Maxwell 2D Model of PMSG

In this model, 3 kW small scale DDPMSG for wind turbine are
designed. The main parameters of the DDPMSG are shown in
Table 1.

Table 1: Major Parameters of DDPMSG

Parameters Unit Quantities
Rated output power kW 3
Rated phase voltage \% 220
Control Type - AC
Rated power factor - 0.9
Rated speed rpm 250
Number of poles - 34
Number of phases - 3
Permanent magnet - NdFeB
Rotor Position - Outer Rotor

Parametrical analysis procedure are considered. Firstly, the
stator steel type, rotor steel type and the magnet type should be
determined from RMXprt library and the diameters of stator and
rotor, the thickness of yoke and the airgap are roughly defined.
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And then, design calculations and modelling analysis are started.
Table 2 represents the model design results of 3kW PMSG which
are based on electrical machine theory.

Table 2: Design Results of DDPMSG

Parameters Unit Quantities

Phase 3

Pole 34
Stator Slot 36
Conductors per slot 24
Length of Rotor mm 60
Outer Diameter of Rotor mm 512
Inner Diameter of Stator mm 358
Thickness of Magnet mm 10
Rotor Pole Embrace - 0.9
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Figure 3. Design flow chart of the model for the PMSG

According to the proposed flow chart of the PMSG shown in
Figure 3, a PMSG of 3kW is modelled. In this model, RMXprt
(XG196/96) magnets are radially magnetized and are mounted on
the surface of the rotor and the steel type of D21-50 is chosen for
stator and rotor laminations. To reduce the risk of partial
demagnetization, an accurate prediction of magnet loss at the
design stage is an important role. It can not only give a better
efficiency but also may prevent excessive temperature rise in
magnets [6]. Considering the almost fixed magnetic field, the
rotor core is made of solid steel and the stator core is made of
electrical steel with 36 slots for three phase windings. The
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prototype model of 3 kW DDPMSG in wind energy conversion

system (WECS) can be seen in Figure 4.

Figure 4. Maxwell 2D Model of PMSG Prototype

3. General Characteristics of PMSG

Nowadays, the DDPMSG is widely used in wind power
application which has some advantages compare to other type of
generators. The Maxwell 2D stator winding construction of this

model is presented in Figure 5.

Figure 5. The stator winding connection of 3 kW PMSG

Moreover, the hysteresis (B-H) curves which express the
relation between the flux density B and the magnetic field intensity
H of the stator and rotor steel is an important characteristics of
PMSG[7]. The stator and rotor steel type B-H curve of the FEM
model is shown in Figure 6. Figure 7 represents the relationship
between the flux density B and the magnetic field intensity H of

magnet XG 196/96 from FEM analysis.
3.1. Magnetic Flux and Flux Density Distribution

With the application of high energy-product rare-earth PM to
electric machines, many 2-D analytical models have been
proposed for the direct driven PM machines and most of them
focus on the field distribution and airgap flux density distribution.
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ANSYS Maxwell 2D RMxprt software is universal finite element
analysis software of magnetic field calculation [8].
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Figure 6. B-H Curve of Stator and Rotor Steel D21-50 RMxprt
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Figure 7. B-H Curve of Magnet (XG196/96) RMxprt
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Figure 8. Meshing Plot of J Vector by Maxwell 2-D PMSG Model
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Figure 9. Flux Distribution in Maxwell Design
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The model meshing plot of J vector can be seen in Figure 8.
And then, The Maxwell 2D analysis of the important parameters of
PMSG such as the flux distribution, field distribution and magnetic
flux density distribution are shown in Figure 9, Figure 10 and
Figure 11, respectively.
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Figure 10. Field Distrubtion of J vector
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Figure 11. Magnetic flux density distribution of Maxwell
3.2. Mathematical Models of PMSG

Mathematical model of PMSG is usually given in rotating
reference frame of machine. The quadrature (g) axis and the direct
(d) axis PMSG equations are given below. Figure 12 and Figure
13 show equivalent circuit of PMSG in d-q frame [9].

dy
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Figure 12. The d- axis equivalent circuit of PMSG
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Figure 13. The g- axis equivalent circuit of PMSG

3.3. Finite Element Model Analysis

The two dimensional finite element model of the PMSG of
3kW with surface mounted PM is set up by using Maxwell 2D
RMxprt. There are four main modelling processes such as
inputting the data of the geometrical size of the PMSG, defining
the stator, rotor, airgap, windings and PM properties, defining the
boundary condition and generating finite element mesh.

After finishing these four steps, the proposed PMSG could be
the modeled and solved though the FEA at different operation
modes.

4. Performance Analysis of DDPMSG

The small scale wind turbine is directly connected to PMSG
which receives wind turbine torque as a mechanical input and
converts it into the electrical input; however, this electrical energy
has a variable amplitude and frequency [10]. The FEA model of
electromagnetic field is built by Ansoft Maxwell 2D and the
simulation time is taken some hours [11]. To visualize magnetic
fields and predict magnetic forces, Maxwell 2D program can be
used.

The modelling analysis of 3 kW PM generator for wind
energy conversion system is presented. The key characteristics of
DDPMSG such as the cogging torque, air-gap flux density,
induced coil voltage at rated speed and winding current under load
are analyzed by Maxwell 2D RMxprt. Figure 14 shows the curve
of cogging torque in two teeth. In PMSG, the cogging torque is
generated by the sum of a series of cogging torque harmonics [12].
The cogging torque in PM machine can be expressed as:

T :iLeﬁ (rZ-r?)> nNBi A% sin(nNg,)  (6)

’ 4, i=L

Where N is the least common multiple of the number of poles
and stator slots of the PMSG. The cogging torque causes noise
and vibration in PMSG at low speed and the direct drives
applications. The frequency of cogging torque is the proportional
to the least common multiple of the number of poles and the stator
slots of the PMSG. The results obtained by using 2D Maxwell
model provide sufficient accuracy with measured ones ina PMSG
prototype.

In this FEM model, the proper simulation results of
DDPMSG as shown in Figure 14 to Figure 19.The variation of
cogging torque with respect to electrical degree can be seen in
Figure 14 that generated the 3 kW FE model of Maxwell 2D.
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Figure 14. Cogging torque in two teeth of 3kW PMSG

The relationship between the winding voltage under load
condition and electrical degree can be determined by the FEM
analysis represented in Figure 15. The induced winding voltage
of rated speed is shown in Figure 16.
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Figurel5. Winding Voltage under Load
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Figure 16. Induced Winding Voltage of Rated Speed
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Figure 17. Air —Gap Flux Density
In this model, the maximum air-gap flux density distribution
can be generated about 0.7 T by Maxwell 2D.The important
parameter of air-gap flux density distribution of PMSG as shown
in Figure 17. The performance curves of induced coil voltage at
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rated speed and the winding current under load are represented in
Figure 18 and Figure 19,respectively.
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Figure 18. Induced Coil Voltage at Rated Speed
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Figure 19. Wndinding Current under Load

Moreover, the transient analysis of 3 kW DDPMSG are
discussed in this paper. The transient plots of main parameters in
wind generator like the induced winding voltage of phase A,B and
C,the comparison of solid losses and core loss,the moving torque
of PMSG and the flux distributions in machine are generated by
Ansoft Maxwell 2D RMxprt. All of the transient analysis curves
are shown below.

Winding Currents Maxwel2DDesignl &
0.00003 ametlo
 Setupl - Transient

—— Qurreni(PhaseB)
Setupt.: Transient
— Current(Phasec)
Setpl - Transient

0000023 |

000001

-0.00001

-0.00002

0,00003 s — : = |
000 2000 00 _ 6000 8000 10000
Time [ms]

Figure 20. Induced Windind Voltages of Phase A, B, and C
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Figure 21 .Comparison of Core loss and Solid loss
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Figure 22. Transient Moving Torque of PMSG
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Figure 23. Flux analysis of Generator

5. Conclusions

The 2D modelling analysis of surface mounted PM generator
in small scale wind turbine is studied in this paper. There are two
main parts of the performance analysis in electrical machine such
as the FEM performance curves and the transient curves. In this
paper, the key machine parameters analysis are discussed by
Ansoft Maxwell 2D RMxprt. To construct the machine model,
Maxwell 2D RMxprt is to be a competent and valuable tool.
Moreover, the analysis results obtained by using 2D finite element
model provided sufficient accuracy with a PMSG prototype.
According to the FEM modelling analysis and transient analysis,
the design of 3 kW PMSG in this paper is suitable for small wind
power applications.

Nomenclature

T, Cogging torque

Lo« Effective length of the PMSG
r, Inner diameter of the magnet
r, Outer diameter of the stator
Lmq Q-axis magnetizing inductance
L4 D-axis magnetizing inductance
0] Electrical angular speed

Te Electromagnetic Torque of PMSG
Ly D-axis stator inductance

Lo Q-axis stator inductance

R, Stator resistance

Vs Q-axis stator voltage

www.astesj.com

Vi D-axis stator voltage

Vg D-axis flux linkage

Vs Q-axis flux linkage

¥ mag Permanent magnet flux linkage
I D-axis stator current

Igs Q-axis stator current
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