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ABSTRACT

This research work develops dynamic model and experimental validation of a dual-star PMSG. A technique of
transforming the two stator winding sets to the two winding couples on the d-q axes of the rotor reference frame is
utilized in dynamic modeling issue. The implemented technique results in simplifying of analyzing of the machine.
To validate the developed dynamic model of the machine, the same PMSG used with the dynamic modeling is
constructed and used in an experimental set-up. The simulation and experimental results prove the proper
performance of the developed model of the machine and its experimental design.
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1. INTRODUCTION

In recent years, the distributed generation (DG) has
attracted more attention due to system losses mitigation,
reduction of wvoltage drop, system reliability
improvement and etc. Growing environmental concerns
and attempts to reduce dependency on fossil fuel
resources are bringing renewable energy sources to the
mainstream of the electrical power sector [1]. Wind
power is one of the renewable energies that received
more attention due to its clean and economical
characteristics, and it is predicted that by 2020 up to
12% of the words electricity will be supplied by wind
power [2-3].

The existing wind power generation systems can be
categorized into three main types: 1) fixed-speed
squirrel-cage induction generators; 2) variable-speed
doubly fed induction generators (DFIG); and 3)
variable-speed synchronous generators, which are either
a wound rotor synchronous generator or a permanent-
magnet synchronous generator (PMSG). Today variable
speed wind turbines have become more common than
traditional fixed speed turbines because of the more
efficient energy production, improved power quality
and improved dynamic performance during grid
disturbances [4, 5]. In addition, they can reduce
mechanical stresses respect to fixed speed wind turbines
[6-7]. In recent years, the PMSGs meet increasing

application in wind turbines industry owing to the
development of permanent magnet (PM) materials. The
PMSGs are designed in multiple poles due to using PM,
which results in elimination of the gear box. Compared
to DFIG, a direct drive PMSG based wind turbine
reduces system failure rate due to absence of
mechanical gearbox. Also, the PMSGs provide high
power generation efficiency because of rotor losses
reduction [8-11].

From the windings design point of view, the PMSGs
can be designed in two configuration forms: one and
dual-star. The dual star PMSGs consist of two three
phase winding sets that spatially displaced 30 electrical
degrees. The dual-star PMSG offers several advantages
in terms of: reduction of DC link current and voltage
ripple, lower torque pulsation and better fault tolerance.
Furthermore, the series-parallel connection of the
rectified outputs of two three phase groups can be
favorable option for variable speed wind turbine
application in view of power electronic converters
design [12-15].

A literature survey proves that there are limited research
efforts [12-15] dealing with analysis and modeling of
dual-star PMSGs. Ref. [12] deals with modeling and
simulation about dual-star PMSG and there is no
experimental design and experimental test validation.
Ref. [13] deals with determining of machine inductance
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parameters based finite element modeling (FEM) and
simulation of dual-star PMSG model. Ref. [14] and [15]
describe the application of dual-star PMSG for wind
turbine based diode rectifiers.

The authors are involved in this study in extending the
previous studies for modeling of the dual-star PMSG by
developing a detailed model of the machine and its
experimental validation. To this aim, the same PMSG
used with the dynamic modeling is constructed and
used in an experimental set-up. The dynamic modeling
and experimental test are provided for a dual-star
PMSG with rated electrical power of 300 (W), rated
voltage of 150 (V) and 6 numbers of poles. The diode
rectifiers are utilized in the output of studied dual-star
PMSG in order to evaluate the proposed topology
specifications. The rectified voltage and current of dual-
star PMSG are comprised with single winding PMSG to
provide the advantages of dual-star PMSG. Besides to,
in this paper the agreement of the simulation results
with experimental outputs and linear behavior of the
proposed topology are evaluated.

The paper is organized as follows: Section 2 describes
the details of the dynamic modeling of the dual-star
PMSG. Section 3, starts with a brief description
addressing the characteristics of the tested PMSG and
then describes the simulation results of the machine.
The construction details of the same machine used with
the dynamic modeling and experimental tests which
were conducted in laboratory on this machine for
validating the developed dynamic model are described
in Section 4. Discussion of the results and implications
for future researches are also given in this section.
Finally, conclusions will be given in the last section.

2. DUAL-STAR PMSG MODELLING

The topology of the dual-star PMSG is similar to the
conventional PMSGs except for the stator windings and
the number of diode rectifiers. The PMSG of the system
has two sets of three-phase stator windings (statorl and
stator2) with a phase shift angle of 30 electrical degrees
and it makes to reduction of rectified voltage and
current ripple. As a result, the harmonics produced by
diode rectifiers are decreased [12-15].

Fig. 1 shows the winding arrangement of the studied
dual-star PMSG. There are two sets of three phases of
windings on the stator side, which are galvanic ally

isolated and shifted by 2¢r electrical degrees.

0—4n/3

Fig. 1. Stator winding arrangement of dual-stator
PMSG.

With negligible saturation effects, the following
equalities can be expressed for armature inductances:
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Let O =6 % be the angular displacement of the
axis of the reference stator winding (I orl") with
respect to the d-axis and A () be the no load flux

linkage of PMs. The PMs can be modeled with
equivalent rotor winding supplied by a constant current

I, where M (5)=A,(5)/1,is the mutual

inductance with the stator winding. As depicted in Fig.
2, by transforming the two stator winding sets to the
two winding couples on the d-q axes of the rotor
reference frame, the voltage equation of the windings
can be written as:

Eyyq =Viq H(Ryg +@J3 Ly + L P
(6)
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Where the parameters are defined as:
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Fig. 2. Transformed windings decoupled with respect to
each other.

Considering to equations (6), (7) the following complex
variables are defined as:

€, = E,y +1IE,, (12)
g, = E,¢ + I (13)
V, =V, + v, (14)
Vy, =V, + v, (15)
=i, + i (16)

=i, + ji )

According to (12)-(17), the matrix equations (6) and (7)
can be converted into the two scalar complex equations
as:

g, =V +(Rg + joL +Lp)i (18)
g, =V +(Rg+ jal +L p)i (19)

Where L and L are equal to:

L =Ly ~Mg +/MZ+M2 +MZ =M, M, —~M,M_ -M_M,
(20)

L' =Ly —Mg —/MZ+MZ +MZ-M_M, -M,M_ -M_M,
(21)

For completing the dual-star PMSG modeling, it is

necessary to convert the i and i of the complex
quantities in to the currents of actual windings. The

matrix T(6), which is defined as (22), and its

conjugate transpose (T (@))can be applied to

convert the voltages and currents of the actual windings
to the complex quantities and vice versa.
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(22)
The winding sets of the considered dual-star PMSG in
this study are displaced 30 electrical degree which
T
means that 2 = E Fig. 3 shows the schematic

block diagram of the dual-star PMSG dynamic
modeling.
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Fig. 3. Schematic diagram of the dual star PMSG
dynamic modeling.
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3. SIMULATION RESULTS

In this section, the simulation is provided for a dual-star
PMSG based on the introduced dynamic modeling in
section Il. The simulated dual-star PMSG parameters
are listed in Table I according to laboratory prototype as
introduced in section 1V. The simulation is carried out
in the low rotor speeds about 210 (R.P.M). The output
rectifiers of two winding sets are series connected and

supply a constant current for resistive load (SOQ) as
shown schematically in Fig. 4. Fig. 5(a) shows the
phase currents of two winding sets of the simulated
generator. It can be seen from the Fig. 5(a) that the
phase currents of two winding sets have the same
amplitude and 30 electrical degrees phase shift to each
other. The rectified output voltage of one winding is
shown in Fig. 5(b). As shown, the rectified output
voltage of singular rectifier has 6 ripples in duration of
one period (T=95.23 ms) and the DC voltage level is
approximately 115 v. Fig. 5(c) presents the load DC
rectified voltage in series connected of two rectifiers.
The final output DC voltage has 12 ripples during one
period. The ripples amplitude is decreased as compared
to one singular rectifier output.

TABLE I. design parameters of the proposed machine.

Parameters Value
Electrical power (w) 300
Rotor speed (R.P.M) 600
Rated voltage 150
Number of poles 6

Residual Flux Density

N coil 250

500
N s,phase
Number of coils 12
Number of phases 6
Permanent Magnet 1.20 (T)

A

Fig. 4. Dual-star PMSG supplying a resistive load by
two series connected rectifiers.
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Fig. 5. Simulation results, (a) similar phase current of two winding sets, (b) rectified output voltage of singular rectifier,
(c) load voltage in dual-star PMSG.
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4. EXPERIMENTAL RESULTS

According to the main specifications and dimensions
given in Table I and Il, a prototype dual-star PMSG has
been constructed and tested in order to demonstrate the
possibility of the experimental test of proposed solution.

TABLE II. geometric parameters of the proposed
machine.

parameter Value(mm)
Inner radius of stator 77.5

Outer radius of stator 107.5

Inner radius of rotor 15

Outer radius of rotor 65

Air gap 45
Thickness 10

Inner radius of magnet 45

Outer radius of magnet 65

In order to validate the developed dynamic model in the
previous section, the same machine used with the
dynamic modeling was constructed in the laboratory
and used in an experimental set-up to make
measurements and conduct tests. Figs. 6(a) and (b)
illustrate the detailed rotor structure and the winding
coils of the machine stator respectively. The completed

12 pulse rectifier

Double-staror
PMSG

generator and the experimental setup which were used
for conducting the tests are shown on the laboratory test
bench in Fig. 6(c). Both stator windings are connected
electrically in star connection. The machine is driven by
an induction motor fed by a frequency converter and
loaded with a resistive load.

A

- Driver

of

(©

Fig. 6. (a) Detailed structure of the rotor, (b) Winding coils of the stator, (c) Experimental setup including the tested

machine.

Figs. 7(a) to 7(e) present the experimental results,
including recorded waveforms of the terminal values as
well as rectified voltage of the windings and DC voltage
of the load side, when the generator was rotated and

loaded with the values as they have been in the
simulation tests. Fig. 7(a) depicts the phase voltages of
two winding sets of the tested generator. The
waveforms given in Fig. 7(a) are corresponding to the
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simulation results which were shown previously in Fig.
5(a). In complete agreement with the simulated traces in
Fig. 5(a), it can be clearly seen from the figures that the
phase voltages of two winding sets have the same
amplitude and 30 electrical degrees phase shift to each
other. The rectified output voltage of one winding is
shown in Fig. 7(b). As shown, the rectified output
voltage of singular rectifier has 6 ripples in duration of
one period (T=95.23 ms) and the DC voltage level is
approximately 115 V. The waveforms given in Fig. 7(b)
are corresponding to the simulation results which were
shown previously in Fig. 5(b). In complete agreement
with the simulated traces in Fig. 5(b), it can be seen
from the figures that the ripples of load voltage have the
same mount and amplitude.

Fig. 7(c) presents the load DC rectified voltage in series
connected of two rectifiers. The final output DC voltage
has 12 ripples during one period. The ripples amplitude
is decreased as compared to one singular rectifier
output. The DC voltage level is about 230 V. The
waveforms given in Fig. 7(c) are corresponding to the
simulation results which were shown previously in Fig.
5(c). In complete agreement with the simulated traces in
Fig. 5(c), it can be seen from the figures that the ripples
of load voltage have the same mount and amplitude in
single winding form. The current waveform of one
phase is shown in Fig. 7(d). Figs. 8(a) to 8(c) present
the three phase voltage waveforms of one of the
winding sets in different rotor speeds such as 300, 210
and 154 R.P.M to evaluate the liner function between
rotor speed and generator output voltage. As shown in
Fig. 8, the decreasing of rotor speed makes to reduction
of winding voltage amplitude in the same rating.

Comparing the corresponding results obtained from
simulation and real measurements on the machine in the
laboratory proves the sensitivity and reliability of the
developed dynamic model of the machine. It should be
remarked that the small differences between the
measured and simulated results observed in the figures,
were caused by natural variation in the construction and
measuring process and rather than by the developed
model inaccuracies. Future work ought to focus on the
connection of dual-star PMSGs to the grid which
requires designing and applicant of power electronic
converters.
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Fig. 7. Experimental test, (a) similar phase voltages of
two winding sets, (b) the rectified voltage of one
winding sets, (c) load DC output voltage. (10*10
VIDIV), (d) current of phase A (2*0.8 A/DIV).
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Fig. 8. Experimental test: three phase voltage of one
winding sets in rotor speeds, (a) 300 R.P.M, (b) 210
R.P.M, (c) 154 R.P.M (10*10 V/DIV).

5. CONCLUSION

This research work presented performance evaluation of
a dual-star permanent magnetic synchronous generator,
which is suitable for low speed applications such as
wind turbines. The dynamic modeling and experimental
test of the dual-star PMSG and conventional PMSG
carried out. The simulation and experimental test results
on a system realized in the laboratory proved that the
DC link current and voltage ripple has been reduced in
the comparison of single winding PMSG. Besides, the
experimental results proved the linear function of the
speed and generator output voltage. The experimental
results have an acceptable agreement with the
corresponding ~ simulation  results.  All  these
characteristics of the suggested topology make it
suitable for wind turbine application in view of power
electronic converter design.
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