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Abstract: The world’'s energy consumption grows[l]:[lg,S I gs lar I/;r] and [|]=£[|];
unceasingly, raising important questions abouftfablem . dt
of global warming due to greenhouse gases (GHGjhen [B]=diag[-1 -1 0 (;
one hand, and to the exhaustion of the fossil resmion [A] = diag[ Lororor ]
the other one. Given this awareness, an economic s

development that abides by the environmental requants 0 0 0O O
is absolutely necessary. Wind power is one of thetm 0 0 0 0
promising renewable energies. It is within this ot that [C] = ;
this paper attempts to study the different configjons and 0O L, O L
performances of the most used generators in wistB)s. L 0 -L 0
m r
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1. Introduction LL] - Lop Lps Lap Lug .

The search for a lasting development that i Ly Log Lar Log
complying with the environmental requirements and I T

the imminent exhaustion of fossil energies have ap
contributed to the development of renewable ensrgig .o

in general and wind energy in particular [1]. Withi : ;
I context, s research ok deals with thaour (=41 e S30eciely e po Piase storresistance
L

generators used in the field of aerogenerators. A"y | "and L, are respectively the direct and
classification approach to the various generatseslu o5 qratyre of the total stator and rotor inductance
in wind systems will be introduced, and the maill “ic'the rotor electrical angular speed:

r )

configuration of the fixed speed system and th#tef : . »

variable speed one will be described. The matheaiati \S/‘%ﬁ;}d\/‘g‘]tggeegeasﬁg %L‘ﬁéﬁ?m components of the
models and the simulation of the induction geneeratgﬁS andis are respectively theg” components of the
(IG), the dual-stator windings induction generatogi- . voltages and currents;

(DSIG), the doubly fed induction generator (DFIG) a; i

i, andi, are respectively thex” and "4’ components
well as the permanent magnet synchronous generag@ihe r/gtor currgntS' y thex p P

(PSMG) will be dealt with in detalils. Lis the magnetizing inductance;

That under linear magnetic conditiobg = 0, L, =

2. Induction gener ator L = Ly Lus = Lygs@ndL, = Ly,

2. 1. Mathematical model The saturation effect is taken into account by the

%rxpression of the magnetizing inductaricg with

in the quasi-stationary reference frames] are given respect to the magnetizing curréptiefined as [5]

as [2-4]
[B][U] =[A[1]+ @ [C][1]+[L][1] @ o= llastor) * (5t 50) )
with To express., with respect ta,, we use a polynomial

. approximation is given by
[U]=[Vas Vs 0 0] ; L, =0.3308- 0.0099,- 0.0074+ 0.00§  (3)



The electromagnetic torque is evaluated as [6-8]  satisfy and share the energy that they producedastw

3 L the two consumers of the reactive power. Fig. 4sho

Tem =5 PLm('ﬂ da " lalp r) (4) the variation of the load current at resistive-iciile
P is number of pole pairs. load, which stabilizes at 1.84
The mechanical equation which remains the same for
all generators is described as 300 g ; ; ;

aQ __ 200| i :
Jhﬁ “ T e R 1 A ST T
gi(sart%e mechanical spee@ € «,/P); ;n © |'H “”lH"“H"H“H!|||H|'|HHHH"'|
Tals the shaft torque; .
Jis the moment of inertia. L e
2. 2. Resistive-inductive load model

General resistive-inductive passive load s ° os D omimeen == ?
represented in the quasi-stationary reference fi@sneFig. 1. Variation of the IG voltagev{(V)) at resistive-
the IG with the following equations inductive load.

PVas = (Y C) (bs ~ o' s)
Pigs. = (]/LL) (Vos — Ribs)
PV = (]/ C) (g5~ igs1)
Pigs = (]/LL) (Vss— Riigg)

where,

p denotes differentiatiow.r.t time;

i,s. and ig are respectively the o” and "p”
components of the currents flowing into excitatiofFig. 2. variation of the IG currenti,{A)) at resistive-
capacitor,; inductive load.

C is the excitation capacitance;

R, is the load resistance; .
L, is the load inductance.

(6)

Current, L _(4)

2. 3. Simulation resultsand discussion

The simulations in this paper have been develope
in MATLAB/SIMULINK ® environment. In the model the
prime mover speed and the excitation capacitaree ¢
fixed at Q~=157.5ad/s and C=62uF/phase
respectively. The induction generator parametezd us
in the simulation are given in the Appendix. o5 o : s i = 3
Figs. 1, 2 and 3 show the variation of the stattiage, . Time (seq) ,
the stator current and the magnetizing currenhef t Fig- 3. Variation of the 1G magnetizing curref(f)) at
induction generator. At= 1.5s, the three-phase star resistive-inductive load.
load (resistive-inductive load?{ = 1502 andL, =

Magnetizing current, i (4)

500mH)) is applied. 1S ; f
Insert|i_r|1)éj therl)gad leads to a decrease of the Gl O AR SR S

the IG characteristics in comparison with those HHHHHHHHH”HHHHHHHM
observed without a load (prior to inserting it),iglh = *[ T ”‘HHHHH"HWHHHW
are 8.18% at the level of the stator voltage (E)g. £ o i ! ||w.j | |
6.66% of the stator current (Fig. 2) and 16.82%ef =< | = H|HHH||HHHHHH|MHM|HH
magnetization current (Fig. 3). This is essentidliey = *° HH“MHHHHHHHH i HHH
to the demagnetization of the machine and to ttle la R H R S

of reactive energy which is necessary for bott  _ ! : ‘
magnetizing the machine and supplying the loac ¢ o5 Y rime seor s 3

notably the one that is inductive and energpyig. 4. Variation of the IG load currerit(@)) at resistive-
consuming, and it is up to the excitation capasitor inductive load.



3. Dual-stator windingsinduction generator ry, r, andr, are respectively the per phase stator
resistance and the per phase rotor resistance;
3. 1. Mathematical model LmgandLyq are respectively the direct and quadrature
The mathematical model of the dual-stator windingmagnetizing inductance.
induction generator in the synchronous refererasadr That under linear magnetic conditiolngy = Ling = Lm

(d-g) is given as [9, 11] andLgyq = 0.
. L is the steady state saturated inductance andea gi
[BllV]=[A[1]+ay[C][1]+[H[1] () by [10]
" L,, =0.1406+ 0.0014,- 0.0012+ 0.000§: (11)
witn,
[U]:[vdl Vg Vaz Vg2 Var quT; Thle Pw{al%nitude of the magnetizing currend |s
calculated as
[I]z[idliqlidziqzidriqr]T; : N Y
[B]=diag[1 1 1 10 g = (a0 +(F i @ ) (12)

A], [C] and L] are respectively given by matrices (8 . .
E9§ aEn(]:I (10)there.d,pL|q andc?)/s?are de%i/ned as: ( )The electromagnetic torque is evaluated as [11, 12]

Lig = Lim + Lma Lig = Lim + Limg andws = we = wr; T :E Pi i+ —(i . +i 13
we is the speed of the synchronous reference frame; ™ 2 L, [( 4 qz)wdr (fa+i o)y qr] (13)
Va1, Ve @ndig, igo are respectively thed” components

of the stator voltages and currents; 3. 2. Resigtive-inductive load model
Vg1, Vgz @ndiqy, i are respectively they” components  General resistive-inductive passive load is
of the stator voltages and currents; represented in the synchronous reference frameeas t
Var, lar andyyq, are respectively thed” components of DSIG with the following equations
therotor voltage, current and flux linkage oV =(]/C )(i i)+ Wy
Vqr, iqr @andyyg, are respectively they” components of da A ea (14)
rotor voltage, current and flux linkage; Pigy = (ZI/ Li) (Va1 = Riga + @elidi ga)
I _rl _a)e(Lll + qu) _wequ C()J_ Iq 0 _w\!— mq_
_C‘)e(l-u + le) - —wl, —wl dq WL g 0
[A] - a)equ weL Ig _r2 _a)e(LIZ + qu) 0 _weLmq (8)
_a)eLId wequ _we(L p T L Id) -, w!— md 0
0 0 0 0 r 0
i 0 0 0 0 0 o
0 0 0 0 0 0 |
0 0 0 0 0 0
0 0 0 0 0 0
[C]= 9)
0 0 0 0 0 0
0 Ly 0 Ly 0 L,+L,,
__Lmd 0 _Lmd O I‘Ir+ I‘md 0 i
__(Lll + L|d) 0 —Ly _qu L g 0 ]
0 _(L|1 + L1q ) qu _qu 0 Lmq
[|_] = L Lyq —(L + L) 0 L 0 (10)
_qu _qu 0 —(L, + L|q ) 0 Lmq
_Lmd 0 _Lmd 0 I-Ir + Lmd 0
0 L 0 L, 0 L+l




{pvmz(l/csm)(icﬂ_icﬂ.L)_wevdl (15)

Pig = (j/ Ll) (Vg1 — Rilqn. = @eldi gg)
{pvdz=(]/Csh2)(id2_id2L)+weyq2 (16) i;
Piga :(]/Lz) (Va2 = Rolyo + Weld o) ;z
{pVQZ=(J7/Csh2)(i(12_ic|2L)_weyd2 (17)
Pigo = (j/ Lz) (Vg2 = Rolgar = Weld g21)

where, Fig.

Csie andCgyp are respectively the excitation capacitance
connected the dual stator windings Isahdll;

R, and R, are respectively the load resistances
connected across the windingslsendll;

L, and L, are respectively the load inductances
connected across the windingslsandll;

iqa, g2 @ndiqu, i are respectively thed” and "q”
components of the load current.

3. 3. Simulation resultsand discussion

In the model the prime mover speeg)(and the
excitation capacitance are fixed at &d/'s andCgy =
Cse = 4QuF/phase respectively. The dual-stator
windings induction generator parameters used in tl;x?g_
simulation are given in the Appendix.
Figs. 5, 6 and 7 show the variation of the staidtage,
the stator current and the magnetizing currenhef t
dual-stator windings of induction generator skts
respectively. Figs 8 and 9 show the variation @f th
load current of the DSIG sdtandll respectively.
At t = 35, the three-phase star load (resistive-inductiv
load R, =R, =20Q2 andL; =L, =0.084)) is applied,
the generated voltage, the stator current and tl
magnetizing current decrease respectively to 35,26¢
34.98% and 42.58% regarding to the values at rib log
Application of the load, as the case of classice
induction generator, causes the decrease of themyeol
generated by the decrease of the magnetizing ¢urre.,
Furthermore, the introduce of an inductive loaf'd:
generate more important decrease of reactive power.
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Fig. 5. Variation of the DSIG voltage,4(V) phasesy) at  Fig.
resistive-inductive load.
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6. Variation of the DSIG currenit§(A) phasesy) at
resistive-inductive load.
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7. Variation of the DSIG magnetizing curreit(4d)
phases,) at resistive-inductive load.
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8. Variation of the DSIG load currenj, (A) phase
S.1) at resistive-inductive load.
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9. Variation of the DSIG load currenf4 (A) phase
Spp) at resistive-inductive load.



4. Doubly fed windingsinduction generator way and with amplitude that is equali®/2/ and in

_ a frequency periodic oft2z. The rotor currenti{(A))
4. 1. Mathematical model stabilizes right at the second alternation. Then, i
_ The mathematical model of the doubly fecvolves in a sinusoidal way with constant amplitude
induction generator in the synchronous refereraedr that is approximately at 9.85and with a frequency

(d-0) are given as [13-13] that is identical to that of the rotor voltage.

_ : The various characteristics of the DFIG functioning
[B][U] _['A‘][l]+w5'[c][|]t[ L][I] (18) show that the transitional speed is of a very short
with,[u]:[vdS Vos Var Vqr] ; duration.

T : 300
[1]=]ids Tqgsiail :[B]=diag[t 1 1 {;
-ty wl, 0 -wl ., _
[A] — —aly e wlg 0 : %;
0 0o -t 0 = 7
0 o 0 - , w i
) 0 0 0 oo
~ O 0 0 O . [} 0.2 0.;1“1? (sec(;.ﬁ 08 1
[C] - L Fig. 10. Variation of the DFIG stator voltage, at
0 L 0 L
m r resistive load.
-L, O L O 0

-L 0O L, O 1s

0 -L 0O L e
[L] = s m . = s

-L 0 L 0 S

m r
0 -L, 0 L

where,Ls andL, are respectively the total stator and —

rotor inductances;

The electromagnetic torque is expressed as [16, 17]

oltage, Vo

=

-20

[e] 0.2 0.4 0.6 0.8 1
Time (sec)

3 _L,/. .
em ™ 5 PL_m('q#’ds_ ot/ QS) (19) Fig. 11. Variation of the DFIG rotor voltage,(V)) at
s resistive load.

4. 2. Resistive load mode ® ;
General resistive passive load is representecein tl b

synchronous reference frandd) as the DFIG with

the following equations

Vds = RL Ids
Vgs = R

as

Current, i _(4)

(20)

gs

4. 3. Simulation results and discussion
In the model the prime mover spe&)(is fixed at ° o2 ® Time se) o8 !
106ad/s The DFIG parameters used in the simulatioRig. 12. Variation of the DFIG stator curreritd@)) at
are given in the Appendix. resistive load.
Figs. 10, 11, 12 and 13 show respectively the tiarnia 10
of the stator voltage, the rotor voltage, the statiorent
and the rotor current of the doubly fed inductior
generator outflows on a resistive lo&] € 10Q2).
At the start, the generated stator voltagg(\{)) and
stator currentifA)) increase in an exponential way &
during a few fractions of milliseconds, then they
respectively stabilize at 21%/&nd at 2.178 and at a =
rate of flow totally established &t 0.15&, then they
continue their progress with constant amplitude % o2 o o s 1
knowing that the frequency is kept constant. Thne Geo)

The rotor voltagew,(V)) progresses in a sinusoidalF'9- 13r'e\s{§;ii€g()lgagf the DFIG rotor current.(A)) at

L@
o

ent,

Curr




5.

Permanent magnet synchronous generator a resistive-inductive loadR( = 420 andL_ = 0.15H).
The results achieved demonstrate clearly that:

5. 1. Mathematical model The current following thei({A)) direct axis stabilizes

The mathematical model of the permanent magnat —0.1%\ staring front = 0.05%. The in squaring one

synchronous generator in the rotor framg)(is given isiys= 7.37A when beyond = 0.035%. This leads us to

as [18, 19] conclude that the duration of the transitional spise
. very short.
[B][U]=[Al[ 1]+ [C][1]+[L][I]+« [D]4; (1) The stator currenti£A)) which moves through the
with, load takes a sinusoidal form and evolves in a umifo
[U] :[ ]T . way and with a constant amplitude starting from the
second alternationt & 0.02%), its utmost value is
[1]= [XS ] , equal to 7.3A.
) The stator voltage/(V)) reaches its maximal value of
[B]= dlag[l 1; 482.6/ att = 0.022 (second period), and continues its
[Al=[-r, -r]; evolution in exactly the same way as the statareciir
s ys |’ The stator currenif(A)) is out of phase to the rear in
[D]=[0 ]]T. comparison with the voltage, which is due to the
’ presence of the inductive charge and also to the
[C] :[ 0 _Lys:|_ inductive nature of the machine.
o |
where, s00
Vess Wys andiys, Iys are respectively thex” and "y’
components of the stator voltages and currents; 250
L« andLsare respectively the direct and quadrature c a
the total stator inductances; o

¢ is the flux produced by the permanent magnets.
The electromagnetic torque is expressed as [20, 21]

Voltage,

-250

3
Tem =E PI:( Lys— Lys)l xL ys+¢ If ); (22)
(o] 0.2 0-;-1“19 (sec[;.ﬁ o8 1
5. 2. Resistive-inductive load mode Fig. 14. Variation of the PSMG voltage{V)) at resistive-
General resistive-inductive passive load is inductive load.
represented in the rotor frameyf) as the PMSG with s
the following equations s
0|_ _(rs+RL) @ Lys = .
0 @ Ly (rs+R)) =
(23) &
(L +Ly) 0 i C
0 ~(Lys+L)|dt )
with, .
d . ° . f)_ 0‘;‘11[19 (sec[;-s ) o8 ! o
=Rt L — d Fig. 15. Variation of the PSMG curreimi(A)) at resistive-
4 (24) inductive load.
Vqs = RLIys+ LLa I ys 70(: __________________________________________________________________ |

004 | -

5. 3. Simulation results and discussion

In the model the prime mover spe&?)(is fixed at
3l4rad/s The permanent magnet synchronou:
generator parameters used in the simulation aengiv

@)

e L e R e -

1
X

Current, i

E -0.08

-0.1

in the Appendix. PP | ISR N SO N S ]

Figs. 14, 15, 16 and 17 show the variation of th e+ — 11— 11— |
stator voltage, the stator current, the directostat -01s; i - o 1
current and the quadrature stator current of t Time (sec)

i9- 16. Variation of the PSMG direct stator cutr@g(A))

permanent magnet synchronous generator outflows 1t resistive-inductive load.



. « Moment of inertial = 0.00%g.nf;

f ________________________________________________________________ ] * Number of poles paiP = 2.
= ] 2. DSIG parameters:
ol I N N N A ) » Stator resistances per-phase (windingl satd
I N R N R R | ) ri=r,=1.9;
N R D R | » Stator leakage inductances per-phase (winding
N R R R | setl andll) L, =L, = 0.013H;
. * Rotor per-phase resistange 2.10Q;
© 02 e seq” o® ' * Rotor per-phase leakage inductantg =
Fig. 17. Variation of the PSMG quadrature statomemnt 0.013H; .
(iydA)) at resistive-inductive load. * Common mutual leakage inductantg, =
0.01H;
6. Interpretation « Moment of inertial = O.038<g.n12;

e Number of poles paiP = 2.
Considering the simulation tasks done during the

last years within the LEB research laboratory am tt8. DFIG parameters:
various generators previously studied, we can colecl Stator resistance = 0.952;
that the induction generators constitute 85% of the Stator leakage inductante= 0.094;
wind applications, for a power range betweenkifi0 Rotor resistance = 1.80;
and MW. The dual-stator windings induction Rotor leakage inductante = 0.0884;
generator, dealt with only recently, constituterlmis Mutual leakage inductands, = 0.08H;
rival to the induction generator. The doubly fed Moment of inertia) = 0.1Kg.nt: ’
induction generator is widespread in the great powe )
range. It constitutes, along wﬁh the permanentmlamag Number of poles palP = 3.
synchronous generator, one of the two competirlg
solutions in variable speed wind generators. :

PSMG parameters:

» Stator resistance = 0.62;

< Direct stator leakage inductancg = 0.0014H;
* Quadrature stator leakage inductarigg =

This paper has outlined the results achieved by the 0.00284;
simulation of the various generators that are most * Flux produced by the permanent magnets
commonly used in the aerodynamic conversion systems 1Wh
that function autonomously and which outflow on ¢ Number of poles paf = 1.
static charges.
The latter influence the generators which work vaith References
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