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ABSTRACT The article presents the concept of a new design of a multi-phase doubly-fed induction
generator (DFIG). The innovative design approach uses a five-phase power supply from the rotor side of
the generator with a three-phase classic stator power supply. Modern three-phase doubly-fed induction
generators are the dominant choice for Wind Energy Conversion Systems (WECS). Solutions of this type
are sensitive to the loss of at least one phase of the power supply from the rotor side due to the failure of
the rotor side inverter. The proposed design solution in the form of a multi-phase power supply in the rotor
circuit aims to extend the range of possible failure-free operation of the generator system, thus reducing
system downtime due to the failure of power electronic systems. The correctness of the adopted conceptual
assumptions was confirmed by the results of laboratory tests. The main contribution is to prove that using
five-phase rotor winding improves the overall reliability of the proposed electrical energy generation system
significantly.

INDEX TERMS Doubly-fed induction generator, induction generator, multi phase machine, wind power

generation.

I. INTRODUCTION

The wind energy conversion technology began in the 1970s,
but the real growth has been seen from the 1990s [1], [2].
These days, wind energy has become the most significant
power generation capacity in Europe [3] with 220 GW of
wind power capacity installed (195 GW onshore and 25 GW
offshore). This rapidly growing wind energy market, espe-
cially in the last decade, requires the development of
its key elements, e.g. generators, converters, and control
algorithms.

Wind power generation systems, in the beginning, relayed
on fixed or semi-fixed rotational velocity due to the usage of
either synchronous generator (SG) or squirrel-cage induction
generators (SCIG) that were connected to the grid directly [4],
[5]. Generated power was controlled by the pitch of the wind
turbine blades. However, the development of wind power
generation technology led to the introduction of variable
speed wind turbines, which in turn led to the development
of the doubly-fed induction generator (DFIG) [5]-[9].
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Nowadays, the topology based on the DFIG and permanent
magnet synchronous generator (PMSG) is the most popular
system and the widely used in modern wind power plants. The
wind power generation system based on DFIG was developed
in the late 19th century where two wound-rotor induction
machines in cascade have been connected [10]. Since then,
a variety of structures have been described, manufactured,
and presented [11]-[15].

The principle of operation of such a system is based on
an induction generator where stator and rotor winding is
connected to the grid [16]-[19]. However, the rotor wind-
ing is connected to the grid by the converter and supplied
via slip rings and back-to-back voltage or current source
converters. The main advantage of such a system compared
to PMSG is that only a portion of the generation sys-
tem power needs to flow through the converter, improving
the system’s overall efficiency and allowing for the con-
verter size to be significantly smaller than in SG or PMSG
systems. [20], [21].

According to the advent of typologies based on back-to-
back converters, multi-phase solutions have been under inten-
sive investigation. However, most research concerns motor
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FIGURE 1. The scheme of the developed novel five-phase DFIG.

drives dedicated to electric vehicles or aircraft. In the liter-
ature, there are multi-phase (five, six, nine, and more stator
winding) generators, but most of these solutions are dedicated
to permanent magnets generators [22].

In general, the operation and control of multi-phase induc-
tion generators or motors under faulty conditions is an
often-discussed problem now. In literature, there are many
propositions of fault-tolerance strategy in terms of con-
trol in three-phase DFIG, e.g., current sensor fault-tolerant
control [23], a fault-tolerant the instantaneous torque con-
trol (ITC) control strategy [24]. Moreover, the fault-tolerance
in the multi-phase machine has been under investigation also.
The [25] describes the study of the direct torque control
method used in the normal operation of five-phase IM drives
to the open-phase fault procedure. Moreover, [26] investigate
optimal fault-tolerant control of multi-phase drives under
open-phase faults. However, there is no study according
multi-phase rotor winding in DFIG.

The authors developed the novel structure of the DFIG
(Fig. 1). The key feature was to design the five-phase winding
in the rotor structure and investigate its fault-tolerant capabil-
ity compared to standard DFIG with 3 phase rotor winding.
This kind of performance has not been investigated yet, and
it is the main contribution of the presented study.

The paper is organized as follows: the structure of the
developed five-phase DFIG and prototype validation FEA
simulation is described in section II. The modeling and sim-
ulation of the prototype is presented in section III. In section
IV, the prototype experimental analysis including fault toler-
ance operation is explained. Finally, the paper ends with a
summary of the obtained results.

Il. NOVEL 5-PHASE DFIG DEVELOPMENT
In modern electromechanical energy conversion systems,
multi-phase machines are becoming more and more popular.
However, until now, the major problem has been the control
of such machines and the price of the dedicated power con-
verter [27], [28]. Dynamic development of the semiconduc-
tors has resulted in wider availability of the various types of
converters. Moreover, the prices of these converters have been
reduced also. Thus, the large-scale application of multi-phase
machines in the industry seems to be a matter of time [29].
The specifications of the prototype DFIGs used in this
study are shown in Table 1. This generator has a six-pole,
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TABLE 1. Main specifications of the studied five phase dfig.

Parameter Machine
Rated Power Pn 4 kW
Voltage Un 400V
Speed nn 1000 rpm
Pair poles p 3
Stator phases ms 3
Rotor phases mr 5
Stator slots Qs 36
Stator turns in series per phase Ns 203
Rotor slots Qr 30
Rotor turns in series per phase Nr 183
Rotor turns in series per coil Nrs 61
Outer stator diameter Dso 208
Inner stator diameter Dsi 134
Airgap length lg 0.3 mm
Axial length Is 149 mm

three phases stator winding with one parallel branch and
was constructed in the frame size of 132 mm. The generator
has been developed using the original stator from a 5.5 kW
Sg132m-6 induction motor.

The operating rotational velocity of the machine has been
set as 700—1300 rpm and maximum power 5.3kW. This rotor
range of operation affects the linear current density and nom-
inal power of the designed rotor and would be the same
for three and five phase DFIG considering the same current
density and rotor volume. During the designing process, sev-
eral key aspects have been considered - the current densities
for the stator and rotor should not exceed 6 A/mm? and the
maximum flux density of the teeth and the yokes in the stator
and rotor are below 2.0 T.

The authors decide to use the original three-phase stator of
the induction motor to be the stator of the developed genera-
tor. This stator was wounded to operate in delta (@ 400V) and
star (@ 690V) configuration. However, because the machine
is supposed to operate as a generator the stator was connected
in star configuration at a nominal voltage of 400V. This
approach leads to a decrease in the nominal power of the
machine from 5.5 to 4 kW. Nevertheless, this allowed to
decrease the flux density which in turn, allowed to increase
the induced EMF for the generator operation and reduced the
possibility of operation in high saturation conditions at higher
than a nominal voltage level often present in power generation
system nodes.

Proposed the research approach will allow for the
generator uninterrupted power generation operation dur-
ing converter or the rotor winding faulty operation. The
fault-tolerant performance of the generation system will be
achieved during single or dual rotor phase failure with-
out a significant decrease in the machine stator power
output.
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FIGURE 2. The FEA simulation of the flux density distribution in stator
and rotor core.
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FIGURE 3. The airgap magnetic flux distribution. Red color is simulation
with 5 rotor phase ON, blue and green colour is fault case with 4 rotor
phase and 3 rotor phase ON respectively.

A. FEM ANALYSIS

The proposed DFIG design was verified using FEM simula-
tions in Ansys Maxwell software. The full view 3D model
of the five-phase DFIG has been designed using Autodesk
Inventor and after that imported to the Anysys Maxwell.

The simulations were conducted to verify the analyti-
cal design calculated dimensions and parameters. Moreover,
FEA was used to validate the designed prototype’s capability
in performing in different operating conditions.

Fig. 2 show the 2D FEM simulation of DFIG’s flux density
distribution, the maximum value of flux density is 1.4 T. The
maximum value of flux density in airgap is 0.75 T (Fig. 3 red
chart). The results fit in desired ranges. Moreover, the flux
distribution corresponds to the stator and rotor slots distribu-
tion (no skewing is implemented in the 2D FEM model).

The fault-tolerant performance has been analyzed. The
operation with one rotor phase failure has been simulated.
The comparison is presented in Fig. 3. It could be noticed
that, with 4 or 3 rotor phase ON, the average magnetic
field is smaller than with 5 rotor phase ON. The distribu-
tion of the magnetic field is distorted but still has a sinu-
soidal shape. The difference in airgap flux distribution normal
component THD is within 5 percentage point as show on
Fig. 3.

The simulation results and laboratory measurements have
been compared in chapter IV dedicated to prototype perfor-
mance measurements.
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FIGURE 4. A simplified structure of the three phase stator and the five
phase rotor DFIG.

Ill. MODELLING OF THE GENERATOR

The DFIG mathematical model was developed in a natural
reference frame relaying stator parameters to the symmetric
three-phase system of the stator and the rotor parameters to
the symmetric five-phase system of the rotor. Such a model
while relatively complex and requiring more computation
power is more universal and enables simulations of the var-
ious generator operating states, e.g. loss of any excitation
winding phase.

Fig. 4 shows a simplified structure of the newly developed
DFIG consisting of three stator phases and five rotor phases.
The stator windings are marked with the letter s and the rotor
winding with the letter r.

General structure of the five-phase DFIG model is based
on the voltage and linkage flux equations of the stator and
rotor windings [30]. The stator and rotor voltage equations
are defined as:

Vil [Ry 0717, d[w,
EAR k| A 1

where: Vg, V.- stator and rotor voltage vectors,Is, I.- stator
and rotor current vectors, R, R,.- stator and rotor diagonal
resistance matrices, Wy, W,- stator and rotor flux linkage
vectors.

The voltage, current and flux linkage vectors of the stator
and rotor windings are defined as:

()" = [fas fis fos] 2
(fr)T = [far fbr fcr fdr fer] . 3)

The flux linkage equation for the stator and rotor winding
are defined as:

W _ Ly Ly (@) | | L )
"pr Lrs ((0) er Ir ’
where: Ly, - inductance matrix of stator winding, L, - induc-
tance matrix of rotor winding, Ly, = L;rs- — the matrix

VOLUME 10, 2022


http://mostwiedzy.pl

A\ MOST

R. Ryndzionek et al.: Fault-Tolerant Performance of Novel Five-Phase Doubly-Fed Induction Generator

IEEE Access

TABLE 2. Electrical Parameters Of The Studied Five Phase DFIG.

Parameter Machine
Stator resistance Rs 2.5 ohm
Rotor resistance Rr 2.27 ohm
Stator magnetizing inductance Lms 334 mH
Stator leakage inductance Lls 45 mH
Rotor magnetizing inductance Lmr 252 mH
Rotor leakage inductance Lir 34 mH
Mutual inductance Lsr 290 mH
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FIGURE 5. Synopsys Saber simulation wiring diagram.

of mutual inductances between stator and rotor windings,
@ - rotor angle.
The DFIG model (1) completes the mechanical equation:

dw
tem =tl+JE + Dw, (5)

where: t.,, - electromagnetic torque, #; - load torque, J -
moment of inertia, ® = C(li—f - rotor angular velocity, D - the
mechanical damping constant.

The electromagnetic torque is determined from the

equation:

_ 1 T T d Lys  Lgr (@) | | s
tn =3 [ 7155 [Lrs @ L } H - ©

Detailed forms of the variables appearing in equations (1),
(4) and (6) are listed in the appendix. The electric parame-
ters have been determined based on design specification and
measurements (Table 2).

Using similar approach a model of standard three phase
DFIG was also developed. Both models were than imple-
mented in Synopsys Saber simulator using MAST language.
The purpose of this effort was to compare and investigate the
behavior under the rotor phase failure in case of 3 and 5 phase
rotor DFIG.

The simulations for both the standard 3 phases rotor and
novel 5 phase rotor DFIG were conducted under similar
conditions:

« both machines operating in no-load, off-grid conditions,

« before the failure, the rotor winding of both machines
are supplied with voltage sources allowing for the rotor
current to produce nominal stator voltage,
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FIGURE 6. Standard 3 phase rotor DFIG normal and with single phase
failure, off grid, no load performance stator voltage (us) and rotor
current(ir) waveforms.
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FIGURE 7. Novel 5 phase rotor DFIG normal and with single phase
failure, off grid, no load performance stator voltage (us) and rotor
current(ir) waveforms.

« both machines operate with the rotor supply voltage
frequency of 13.5 Hz and rotor rotational velocity of
730 rpm, producing stator voltage with a frequency
of 50 Hz,

 during the failure test in both cases single rotor phase
voltage source is disconnected.

Firstly, the simulation results for 3 phase rotor DFIG, off-
grid, no-load performance have been performed. The results
are presented in Fig. 6. We can observe that single rotor phase
failure impacts the stator voltage significantly, the amplitude
is around 50% of nominal voltage.

In the case of novel 5 phases machine the results are shown
in Fig. 7. It can be observed that single phase failure has a
much lower impact on the machine stator voltage compared to
3 phase rotor machine, the voltage amplitude is around 90%
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FIGURE 9. The laboratory prototype five-phase DFIG.

of nominal voltage compared to 50% in case of 3 phase rotor
machine. This behaviour is understandable, however, what is
more important rotor excitation current in five phase DFIG
increases during the failure test and in 3 phase machine it
decreased. This also is something to be expected, however it
shows natural capability of 5 phase rotor machine to accom-
modate for rotor phase failure.

The use of five phase winding shows a huge advantage over
three phase standard system. The current in rotor winding
has small amplitude fluctuations, and the phase angle has
changed as well. It should be noticed that these simulation
results have been made without any control algorithms. The
application of the control algorithms should improve genera-
tor performance further.

IV. LABORATORY TESTS

In this paper, measurements are carried out to analyze and
validate the performances benefits of the proposed five-phase
DFIG and to verify the developed prototype construction
(Fig. 8).

The main purpose of the laboratory tests was to verify the
fault tolerance of the novel five-phases DFIG. In the labora-
tory test bench, the five-phase DFIG (Fig. 9) is driven by the
5.5 kW induction motor. The mechanical speed of the motor
is adjusted by an inverter control unit. The 5.5 KW induction
motor is mechanically coupled with a five-phase DFIG. This
configuration of the drive system enables regulation of the
generator rotational speed in a wide range.
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FIGURE 10. The laboratory test of one rotor phase failure - no-load test.
The voltage waveform with one phase OFF.

The prototype generator measurements were carried out
in an open-loop off-grid power generation system. The
five-phase rotor winding was supplied from a five-phase
voltage inverter, while the stator winding was connected to
a variable three-phase load. This connection corresponds to
the configuration of the generator operating in the stand-alone
mode. The voltage inverter allowed for smooth adjustment
of the five-phase rotor voltage amplitude and frequency. The
two-level voltage inverter is a structure entirely developed at
the Gdansk University of Technology. The control system of
the converter was implemented on a microprocessor system
with a floating-point digital signal processor (ADSP21363)
with a sampling time of 150 us and a field-programmable gate
array device (Intel/Altera Cyclone II). The inverter operates
with a transistor switching frequency twice of the control
sampling time, i.e., 3.3 kHz.

The research results presented in the paper were acquired
without the use of a closed-loop control system in the control
structure of the inverter. In such a scenario, the inverter
supplying the rotor circuit can be treated as a non-inertial
controlled voltage and frequency source with a high precision
of reference parameters set by the user.

A. FAULT TOLERANT PERFORMANCE

The fault-tolerant performance of the proposed novel
five-phase DFIG was analyzed. First of all, the no-load test
has been performed. After that, the tests with different elec-
tric load levels were conducted. The single and dual-phase
failures have been applied to the rotor of the generation
system during the operation. The performed measurements
are conducted during the disconnection of rotor phases A
and/or C.
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FIGURE 11. The reliability laboratory test of rotor phases failure. Stator
voltage waveforms. The generator is under active resistive load.

In Fig. 10 the rotor phase A is briefly disconnected during
the machine operation in no-load conditions (Pashe A - ON,
Phase A - OFF, Phase A - ON). As could be noticed, the
stator voltage drops approx. 30V. Despite the one rotor phase
being disconnected the stator voltage waveform shape is not
affected, however, small asymmetry in the stator three-phase
system could be noticed. The measured stator RMS voltages
on each phase differ by about 5 -~ 8 V.

In the load conditions (Fig. 11) a single rotor phase failure
also causes the decrease in amplitude and the asymmetry
in stator voltage and the dual rotor failure exacerbates this
even further. However, because the voltage is still generated
this indicates that the excitation five-phase converter algo-
rithm can be developed to mitigate the changes in amplitude
and shape of the airgap flux distribution for adequate fault-
tolerant performance. Moreover, the same tendency could be
noticed in stator currents (Fig. 12). The asymmetry appears
under the rotor failure however the stator current is still
sinusoidal. The active power in single and dual rotor failure
decreased by 20% and 50% respectively.

Fig. 13 presents the current waveforms in different phase
fault cycles. The laboratory test is consistent with the simula-
tion results. It can be seen that the amplitude of the individual
phases and the phase angles change. The five phase DFIG
behaves exactly as the simulation showed.

In general, the obtained reliability tests are far more than
acceptable to state that the proposed approach allows for the
generation system fault-tolerant performance concerning the
rotor winding single or dual phase failure. It should be empha-
sized that the measurements were conduct in open-loop with-
out any control algorithms. This will be the next study in the
authors research series.
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FIGURE 12. The reliability laboratory test of rotor phases failure. Stator
current waveforms. The generator is under active resistive load.
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FIGURE 13. The reliability laboratory test of rotor phases failure. Rotor
current waveforms in different fault phase case. The generator is under
active resistive load.

V. CONCLUSION

In summary, this paper proposes a novel five-phase DFIG
to introduce a fault-tolerant generation system dedicated to
modern wind power plants. The proposed generator has been
developed and a prototype machine has been manufactured
and tested under different operating conditions. The paper
presents the complete research cycle with analytical model-
ing, FEA simulations, and laboratory tests. From both the
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simulations and measurements, obtained results have been
compared and commented on.

It should be noted that the tests carried out were performed
for non-nominal operating conditions - under-nominal volt-
age and under the rotational velocity within the nominal
range. However, the presented five-phase DFIG shows ade-
quate performance during laboratory tests in all investigated
operation conditions. The five-phase DFIG has a significant
advantage over existing constructions, an operation with a
damaged excitation phase (or even two phases). It is possible
to use six or more phases in the rotor winding. However,
the 5-phase winding, after the 3-phase winding, offers the
possibility of generating a rotating magnetic field. Currently,
the authors are working on a closed-loop control system for
fault-tolerant on-grid performance.

APPENDIX
Stator and rotor voltage vectors:

(VS)T = [Vas Vbs Vcs] )

(Vr)T = [Var Vbr Ver Vdr Ver] . @)
Stator and rotor current vectors:
(IX)T = [ias ibs ics] >
(Ir)T = [iar ibr fer ldr ier] . (3
Stator and rotor flux linkage vectors:
W) = [Vas ¥s Ves] -
(\Ijr)T = [war wbr 1ﬁcr wa’r wer] . (9)

The diagonal stator and rotor resistance matrices are defined
as:

Ry = diag(Rgs, Rps, Rey),

Ry = diag(Rar, Rpr, Rer, Rar, Rer). (10

The inductance matrix for three phase symmetrical stator
windings system is defined by:

Lis+Lps — %Lms - %Lms

Ly = _%Lms Lig + Ly (11)

- %Lms s
- %Lms - %Lms Lis + Ling

where stator self-inductance are the sum of a leakage induc-
tance (Ljs) and a magnetizing inductance (L,,;).

The inductance matrix of five-phase symmetrical rotor
winding is as (12), shown at the bottom of the page, where L;,
is a rotor leakage inductance and L,,, is a rotor magnetizing
inductance.

The mutual inductances matrix between three phase stator
and five-phase rotor winding is defined as (13), shown at the
bottom of the page, where p is the number of pole pairs and
Lsr is maximal mutual inductance between stator and rotor
winding.

The electromagnetic torque is given by:

tom = =pLay fiar [ 5in (29) s
+sin (po — 2/3 1) ipg
+sin (pg +2/3 1) l]
—}—ibr[sin (P +2/5 1) ias
Fsin (pg +2/5 T — 2/3 70) ips
+sin (pg +2/5 7 +2/3 1) ics]
+icr[sin P +4/5 1) ins
+sin(pe +4/57 —2/3 ) ips

i 1 cos (%n) cos (%n) cos (%Tr) cos (%n>_
1 | cos (%n) 1 cos (%n) cos (%n) cos (%‘n)
L.y =Ly, 1 + Ly, | cos (%n) cos (%n) 1 cos (%n) cos (%n) , (12)
! 1 cos (%n) cos (%‘n) cos (%n) 1 cos (%n)
cos (%71) cos (%n) cos (%n) cos (%n) 1
I cos (pp) cos (p(p - %n) cos (p(p + %n) i
cos (p(p + 71) cos (p 14—5n> cos (p(p - %n)
Lys) = (Ls,((p))T =Ly cos( pe + rr) cos (p + %n) cos (p(p — %n) , (13)
cos (p(p + n) cos ( + %n) cos (p(p — %n)
cos (p(p + rr) Ccos ( + —‘5‘71> Cos (pgo + %n)
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5in (pp +4/5 7 +2/3 1) s
+id,[sin (Pp — 4/5 ) ias

Fsin (pg — 4/5 T — 2/3 1) ips

+sin(pp —4/57 +2/3 ) ics]
+ie,[ Sin (pg — 2/5 7) ias

+sin(pp —2/5 7 —2/3 ) ips

Fsin(pg — 2/5 7 +2/3 7) im]}. (14)
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