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ABSTRACT

This paper presents the sizing of a Doubly Fed Induction Generator (DFIG) with a power of 690.747
kW for the coastal area of Benin. The sizing of the proposed DFIG starts from the power density of
the offshore wind potential of Benin obtained at 80 m at the sea surface to determine the power of
the generator. Thanks to the geometrical, electrical and magnetic parameters obtained after sizing,
the simulation of the generator operation was done using the finite element analysis (FEA). This
simulation is done by running the generator at nominal speed in supersynchronous mode. The
results of this simulation show that the powers obtained are close to the expected theoretical
values. The curves of the powers and those of the flux densities in the air gap of the generator are
presented. Electromagnetic model results are then used to develop the thermal model of the
generator. The results of the thermal analysis obtained after simulation by the FEA allowed us to
know the temperature values in each region of the DFIG.

Keywords: DFIG; FEA; power density; electromagnetic model; thermal model.

1. INTRODUCTION measures of the Beninese government's action
) ) o program is to develop renewable energies to
The request for electrical energy in Benin is  improve the living conditions of the population by

becoming more and more important every year  reducing their difficulties in accessing electrical
and the coverage of the country in energy still  energy[1,2].

remains a major problem today. One of the
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Several projects for the production of electrical
energy from renewable sources are therefore
underway. But most of these projects are based
on solar energy. However, studies conducted in
[3] have shown that Benin has a good offshore
wind energy potential. In addition to the available
solar energy, Benin must exploit its offshore wind
potential to better strengthen its energy mix. The
choice of the generator adapted to the production
of electrical energy by wind turbine in an offshore
environment requires to be made by taking into
account the various parameters related to the
environment, to the structure of the generator, to
its operation in nominal regime, to its heating,
etc. In this context, this paper proposed the
sizing of a DFIG for the generation of electric
energy by wind turbine. The goal is to produce a
technical document exploitable by the
manufacturers for the design of the DFIG
adapted to the offshore wind profile of Benin. In
this paper, the power of the generator is first
determined from the power density. Knowing this

power, the sizing technique to find the
geometrical parameters of the DFIG s
developed. The geometrical and electrical

parameters found were then used to build the
dynamic model by FEA under flux-2D, 2022
version software. From this model the powers
developed in the stator, in the rotor as well as the
total power for an operation in nominal regime
are obtained. theses powers are close to the
calculated theoretical powers. Then the thermal
model of the DFIG is developed by determining
the steady state temperature distribution in the
active parts by FEA. The results obtained are
satisfactory and can be used for the design of the
DFIG. In addition, to complete this work, a study
on the optimization and control of the DFIG is
underway.

This paper is subdivided into three main parts. In
the first part the operation of the DFIG in a wind
power system is described. The second part
shows the sizing and simulation steps of the
DFIG for the chosen area. Finally, In the third
part, the thermal model of the sized DFIG is
presented.

2. DESCRIPTION OF THE OPERATION
OF THE DFIG IN A WIND POWER
SYSTEM

The wind turbine power generation system (Fig.
1) generally consists of a turbine that rotates
using the kinetic energy of the wind. This turbine
is usually coupled to a generator through a
gearbox. The generator transforms the
mechanical energy received by the turbine into
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electrical energy. The step-up transformer allows
the connection to the distribution grid.

DFIG is the most commonly used generator in
wind energy, especially in offshore environments,
as it offers great operating advantages. This
generator is connected on the stator side directly
to the electrical grid while its rotor is connected to
the grid via a converter. This latter includes an
intermediate DC bus and two reversible AC-DC
stages. The DFIG operates at a variable speed
of about £30% of the synchronous speed (£2,). It
can operate in subsynchronous mode where the
rotational speed ( 2 ) is lower than the
synchronous speed ( 2< g ) or in
supersynchronous mode where the rotational
speed is higher than the synchronous speed
2 > 0,) [4-6].

GRID

i TRANSFORMER

CONVERTER

Fig. 1. Wind turbine power generation system
3. DFIG SIZING AND SIMULATION

In this part the sizing flowchart of the DFIG is
shown in Fig. 2.

To determine the power of the generator, a zone
located at sea at 10 km from the Beninese coast
is chosen. The coordinates of this zone are
6.25°N in North latitude and 2.25°E in East
longitude (Fig. 3).

A horizontal axis wind turbine located at a height
of 80m from the sea surface is chosen. The
curves of the distribution of the power density
available at 80m in the exclusive economic zone
of Benin are plotted and presented in [3].

It is important to notice that the potential varies
between 612 W/m? and 850.4 W/m? .This is
excellent for the production of offshore wind
energy. By exploiting these curves, the power
density (D,) for the coordinates of the chosen
area is deducted. Then it can be seen that
D, = 799.5336 W /m? for this zone. The available
wind power (B,) is given by the following
equation (1) [8]:

B, = D,.mR? (1)

Where F, is the wind power, D, the power
density and R the radius of the turbine in m/s.
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Fig. 2. DFIG sizing flowchart

Fig. 3. Coastal zone of Benin [7]

The aerodynamic power (P,,) recoverable by the the generator (Ppg; ) is equal to the recoverable
turbine shaft is given by the relation (2). aerodynamic power. Hence Ppris = Py

Where C, is the power factor.

For C, =0.44 and R =25m we obtain Ppg;; =

2
2) 690.747 kW

The geometry of the proposed DFIG for sizing is
shown in Fig. 4. One can notice that it is

Assuming that all the aerodynamic power is composed of a wound slot stator and a wound
transmitted to the generator then the power of  slot rotor.
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Double layer
winding

Rotor slot

Fig. 5. Cross-section of the DFIG
Table 1. Initial DFIG data

Designation Symbol Unite Value
Power P; kw 690.747
Stator Rated voltage Us \% 690
Rotor Rated voltage U, \% 690
Frequency f Hz 50
Number of pole pair p - 2
Rated slip S - 0.2
Efficiency n - 0.95
Power factor cos @ - 1

Air gap flux density B T 0.8
Synchronous speed Qq rom 1500
Rated speed Q, rom 1800
Number of stator slot Qs - 48
Number of rotor slot Q, - 36
Stack length/pole pitch A - 1.3
form factor ke - 11
Linear current density A kA/m 58.6
Flux density shape factor a; - 0.64
Stator current density Js (A/mm?) 4.4
Rotor current density Jr (A/mm?) 7
Stator chorded coil windings & 5/6
Rotor chorded coil windings & 7/9
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Fig. 5 shows a cross-section of the DFIG
indicating the geometrical parameters to be
determined. The windings used in both the stator
and the rotor are double layer.

The first four geometrical parameters to be
determined are: the inner radius of the stator
(1;5), the thickness of the air gap (¢), the outer
radius of the rotor (r;,.) and the length L of the
generator.

The initial DFIG data are shown in Table 1.

The powers of the stator (P,) and the rotor (B,) of
the generator have the formula [9,10,11]:

PDFIG
= 3
S 1+s ()
P, = |S|Ps (4)

For the determination of r;; the following relation
is used [12]:

1| 2.p?KgPs
P 5 (5)
2| [MAMA. Keoy3Bekyg cos @
With:
Kg = 0.98 —.005p (6)
And k, the stator winding factor defined by:
. s 1
kys = sin (85'5) X —————— (7

2qs sin (6lqs)

With q, the number of slots per pole and per
phase of the stator such that:

_Q

qs = op 8

In the same way the rotor winding factor k,, is
defined by:

o T 1
kp, = sin (ST.E) X m 9)
ar

With g, the number of slots per pole and per
phase of the rotor such that:

_ &

= 1
qr op (10)
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The air gap thickness is determined by the
following relationship (11):

£=(0.1+.0123/p). 1073 (11)
The outer radius of the rotor can be deduced
from equations (5) and (11) by the relation:

For = Tjs — E (12)
The length of the generator is calculated by the
formula:

Lo ATt (13)
p

A. Stator Dimension

At the stator semi-closed rounded slots is
chosen. The geometry and geometrical
parameters associated with this slot are
presented in Fig. 6.

The values of the opening of the slot hysm (z,,),
height of the slot hysm (y,,) and height at the
upper part of the slot (y,,) are fixed by
experiments and are respectively equal to

‘Zg =3mm;ygy =1mm;y, =25mm.

The following relationships are posed: z;, = 3.z
and z; = 4.z, . The section of the stator slot
(A.s) is calculated by the following equation:

mD;sA

A.=—" 14
e kfiQs]s ( )

With Dy, the inner diameter of the stator and kg;
the stator slot fill factor.

The expression of y,, as a function of A, is
established by equation (15).

8Acs — 22, (9 + 12)
28z

Vsa = (15)

The calculation of y,, allows us to deduce the
slot depth y,;, the slot height y,., and the stator
tooth height y,, by the following system of
equations:

3
Vs3 = Ys4 T EZSl 16
Yecs = ¥s2 T ¥s3 (16)
Yds = Yecs T Yi1s



yECS yb‘3

Yas

Fig. 6. Stator slot geometry

The width of the tooth (z4,) and the height of the
stator yoke (y.s) have the following expressions:
_ T(Dis — 2ys1 + 2Y53)
Zgs =
Qs

ainDing
4pBys

- 3251

(17)

Ves (18)

where B, is the flux density in the stator yoke
equal here to 1.5T.

The external radius of the stator is therefore:
Tos = Yes + Tis + Yas (19)

B. Rotor Dimension

At the rotor semi-closed slots of trapezoidal

shape is chosen. Fig. 7 shows the different
parameters of this slot.

Zr1

Fig. 7. Stator slot geometry
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The opening of the slot hysm, the height of the
slot hysm and the height at the upper part of the
rotor slot hysm are respectively: z,., = 2.5mm ,
Yr1 = 1mmand y,, = 3 mm.

The first things to be determined is the cross-
sectional area of the slot (4,,) and the width of

the rotor tooth (z4.) by the following
relationships:
mD, A
=— 20
°r kfiQ.r]r ( )
T[DorBE
y/ 21
dr QrBtr ( )

With D,, the external diameter of the rotor and
B, the induction in the rotor teeth equal to 1.6T
in our case.

Then, the rotor slot depth y,; is determine by
solving the following second-degree equation:

21(ror — Yr1 = Yr2)
Qr

2
Vi3t |Zar —

T

Qr Yr3 + Aer = 0 (22)

The height of the rotor slot (y,.,) and the height

of the rotor tooth (y,;.) are calculated by the
following system:

Yecr = Yr2 T ¥r3

23

{Ydr = Yecr T ¥r1 (23)

The height of the rotor y.. is calculated by
equation (24).

;D4 Be

p (24)

Yer
yr

where B, is the flux density in the rotor yoke
equal to 1.4T.

The expressions of the large base z,., and the
small base z,.; are presented in the system of
equation (25).

21
Zyp = Q (ror —¥r1— er) — Zgr
r

o (25)
Zrz = Q (for = ¥r1 — ¥r2 — ¥r3) — Zar
r

The inner radius of the rotor has the formula:

Tir = Tor = Ydr = Yer (26)



C. Determination of Electrical Parameters

The maximum ambient operating temperature of
the DFIG is set equal to 115°C. The resistances
of the stator (R,) and the rotor(R,) at this high
temperature are calculated by the following
equations [12]:

_ 2pc0115°Ns (L + Lend_s)
Aco_s

R (27)

_ cholls"Nr (L + Lend_r)
Aco_r

R, (28)

where p, ... is the copper resistivity at 115°, N
and N, are the number of turns per phase at the
stator and rotor respectively, L.,4 s and L,,4 - are
the end connection length at the stator and rotor
respectively, A, s and A, , are the conductor
cross section at the stator and rotor respectively.
A.o s and A, s are defined by:

I
Acos =77 (29)
N
Irn
Aco_r = a ] (30)
Ur

Where I, and I., are respectively the RMS
currents at the stator and at the rotor defined by
the equation system (31) and a, is the number of
current paths in parallel equal here to 1.

(

Isn

P

V3Ugn cos @ 31)

L I = SU_rlsn

Lena s and Lg,4 - are calculated by the relations
(32) and (33) for a machine with 2 pairs of poles:
Lend s = 2y; — 0.02 (32)
Lend.r = 2y, — 0.02 (33)

With y, and y, the coil span respectively at the
stator and rotor defined by:

=, i (34)
Y1 S Zp
nD

Y2 =& Zpor (35)
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For the calculation of the stator and rotor leakage
inductances, we use equations (36) and (37)
[13].

12poLN2

36
s 0. s (36)
1241, LN2
er%xr 37)
r

With p, the relative vacuum permeability, 4, and
A, the respective stator and rotor slots leakage
geometrical permeance defined by the relations:

Ysa = Vs Vs  Vsi, Vs Z ¥s
A=k TRV AR - B (—) + 38
s 1o 3z, 2 2 (Zsz Zs1 Zs2 — Zs1 " Zs1 ) 4'252 ( )
Yrs = Wr Yo V1, Yn Zry ¥
A=k PN (LA S (—) + 39
" i 3zr2 ZT (ZTZ Zr1 Zr2 ~ Zr1 " Zr1 ) 4Zr2 ( )

Where the constants kg, kys, kq and k,, have
the expression:

9
ke =1 (gg)
s =1- ()
2s = 17 |7)&
4
5 (40)
e =1~ ()
3
o =1- ()
With:
g =1—¢g
{82 =1-¢ (1)

The parameters of the DFIG obtained after sizing
are shown in Table 2.

D. DFIG Simulation by FEA

The flux 2D, 2022 version software has been
used to simulate the sized DFIG. For that rotor
turn is fixed at the nominal speed of 1800 rpm.
This corresponds to an operation in
supersynchronous mode. The flux density map
and the flux lines of the DFIG obtained are
shown in figures 8 and 9 respectively.

The Fig. 10 shows the superposition of the radial
and tangential flux densities obtained at the
center of the DFIG air gap. It can be noticed that
the flux density in the air gap is mainly radial and
that it' s not perfectly sinusoidal. This is due to
the type of winding used in the rotor.
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Table 2. The DFIG parameters obtained

Symbol Value

P, (kW) 575.6225
Power B. (kW) 115.1245

Pppig (kW)

1r;5(mm) 212.2

;- (mm) 107.25

&(mm) 1.1

Tos (M) 336.8
Geometric parameters Tor (Mmm) 211.1

L(mm) 433.3

Vqs (mm) 67.7

Yar (Mmm) 43.2

Ves(mm) 56.9

Yer(mm) 60.6

zqs(mm) 19

zq,(mm) 18.4
Electrical parameters R, (Q) 0.0115

R.(Q) 0.0876

Ls(mH) 0.304

L.(mH) 0.185

Isovaleurs

Fig. 8. DFIG flux density map

4_ISOLIN NO_INFINITE

Fig. 9. DFIG flux lines map
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Angle
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Fig. 10. Radial and tangential flux densities curves in the air gap
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Fig. 11. DFIG powers curves

In the same way the curve of the powers
developed by the DFIG in this mode of operation
is shown in Fig. 11.

It can be seen that the DFIG takes at most 3s
before reaching its steady state. The maximum
powers at the stator and rotor are respectively
533.3 kW and 106.66 kW. A maximum power of
640 kW is reached and is developed by the
generator. This power value is close to the
theoretical power of the generator. this shows
that the values of the parameters found during
the sizing are acceptable.

4. DFIG THERMAL MODEL

To establish the thermal model, it is important to
determine the different losses in the generator.
These losses are dissipated in the form of heat
and are classified into two categories: joule
losses and iron losses. The respective stator and
rotor losses P;and Pj.are calculated analytically
by formulas (42) and (43). As for the respective

25

iron losses P;; and Py, at the stator and rotor,
they are determined by the FEA.

I:.js = 3RsIszn (42)
P = 3R/ I% (43)

The values of the different losses are shown in
Table 3.

Table 3. Loss values at the DFIG level

Losses Values
Prs (kW) 1.493
P (kW) 0.391
P (kW) 8.868
Py, (kW) 2.702

The results of the calculation of the heat sources
are obtained by dividing the losses by the total
volumes corresponding to each DFIG domain.
Table 4 below summarizes the heat sources
obtained.



Table 4. Heat source in each domain
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Domain

Losses (kW)

Volume (m?)

Heat source (W/m?)

Stator winding 8.868 0.013543 6.5510°
Rotor winding 2.702 0.008738 3.09 10°
Stator yoke 1.493 0.079072 1.89 10*
Rotor yoke 0.391 0.036002 1.09 10*

Thanks to these data the simulation of the DFIG
is done in thermal steady state under flux 2D,
2022 version software. The temperature map of
the DFIG is shown in Fig. 12. On this map, it can
be notice that the temperature of the DFIG varies
from 25°C to 92.94°C. This range of temperature
variation is satisfactory since the maximum value
of the temperature that the generator can support
(115°C) is not reached. This result shows that
the generator sized does not heat up excessively
in nominal operation.

Fig. 13-a shows on the one hand a half view of
the temperature variations observed at the level
of the rotor and stator yokes and on the other
hand Fig. 13-b shows a half view of the

temperature variations inside the rotor and stator
slots.

It can be seen that the temperatures in the stator
yoke are higher than in the rotor yoke. Similarly,
the temperatures in the stator slots are higher
than in the rotor slots. This result is normal
because the stator windings carry much higher
currents than the rotor windings and generate
more Joule losses and therefore more heating.
The average temperature obtained in the air gap
is 67.09°C.

The minimum and maximum temperature values
in each domain of the DFIG are shown in
Table 5.

ISOVAL 1

Fig. 12. Temperature map of the DFIG

Table 5. Temperature variation in each domain

Domain

Minimum value

Maximum value

Stator winding
Rotor winding
Stator yoke
Rotor yoke
Air gap

90.6°C 92.94°C
40.51°C 41.24°C
70°C 92.94°C
25°C 41.43°C
41.3°C 92.87°C
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Fig. 13. Half view of the temperature variations. (a) In rotor and stator yokes. (b) Inside the
rotor and stator slots

5. CONCLUSION

In this paper the sizing and simulation
of the DFIG adapted to the Benin offshore
wind profile is presented. For the sizing, we
started from an analytical model to obtain the
electrical, magnetic and geometrical parameters
of the generator. This latter is simulated
according to the dynamic and thermal models.
The results obtained according to these two
models are satisfactory. But only an experimental
study of the proposed generator will allow to
approve these results. Among other things, this
paper can be used as a guide for the
constructors within the framework of the design
of the DFIG.
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