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1. Introduction

For the high-power Wind Power Installation ( WPI) with a variable speed wind turbine the
system of transformation of mechanical energy into electric energy of the alternating
current, constructed under the scheme "the synchronous generator with constant magnets -
the active rectifier - the voltage inverter" (fig. 1) is perspective. Then the system is called the
Wind Power Generation System - WPGS.
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Fig. 1.

WPGS of this type implements the full set of options required from the generation for high-
power WPI, namely this: a generating mode at work on the nonlinear, asymmetric and non-
stationary loads, electric starter startup mode of the wind turbine, in-phase and parallel
operation of an electric network and other WPL

In this paper we attempt to identify the main energy characteristics of system in
sections S;;, Sz, S;, Sy, Sy (fig. 1) when working on high-power electric network. Processes

in the active rectifier and the voltage inverter are well studied at a constant frequency and
voltage of the generator. The peculiarity of this study is the consideration of factors that
arise when working within the system to generate WPI with a variable rotation speed of the
wind turbine. These factors include: changing the frequency and the voltage of the
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24 Wind Power

synchronous generator (G), as well as dependence of the generated power on shaft speed of
the wind turbine.

Presence in the system of the active rectifier (R) modifies the functional and energy potential
of WPGS. The active rectifier with a PWM, which frequency is much higher than the voltage
frequency of a synchronous generator (G), allows for a number of modes, significantly
affecting the power consumption of G in the WPGS.

As a result of the conducted research where as an example it is accepted that the active
rectifier and the inverter are based on the classical scheme of the two-level voltage inverter,
the analytical description of WPGS system is obtained at a variable speed of rotation of the
wind turbine, the basic expressions for currents, voltage and capacities of the synchronous
generator, the voltage inverter are defined, algorithms of the management are offered by the
active rectifier, and also the modular principle of construction of the voltage inverter and
WPGS system as a whole are considered.

2. Basic assumptions. Mathematical model of the system.

For a generality of results of the analysis in the scheme elements which not always are
obligatory are entered:

L -inductance of the cable connecting the generator and the active rectifier;

T - the matching transformer;

Cy; - capacity of the output filter, for the smoothing of pulsations on a transformer input.
The active rectifier and the voltage inverter are controlled by a high-frequency PWM, and
their frequencies @ and @, , correspondingly, are significantly higher than frequencies of
the fundamental harmonic voltage of synchronous generator (@) and the electric voltage
network (Q). The multiplicities of frequencies are constant, i.e. @./@=ag =const and
@, [Q=a; =const .

The electrical network has a capacity much bigger than the power of WPL

Let's assume also that the synchronous generator does not contain soothing contours and its
magnetic system is linear.

The generating mode is a subject to consideration. In this case, the active rectifier (R)
entrusted with the tasks of forming a given voltage in the DC link U, and reactive power
control on the frequency @ in sections S; and Si, while the voltage inverter (I) is tasked to
ensure the specified quality and quantity of the generated current in the electric network .
Let's consider that the capacity C,.in a DC link is big, the voltage regulator U, in a control
system works with the maximum speed and is non-static then in the established mode it is
possible to accept that U ;. = const . In this case in sections S;, Sy it is possible to consider the
electromagnetic processes irrespective of processes in sections S;, Sy and Sy .

It is convenient to study WPGS in the rotating coordinate systems. In this case in section

S¢ the coordinate system rotates synchronously with the frequency of the generator voltage
(), and in sections S;, Sy respectively, with the frequency of the mains voltage ().

Taking into account the accepted assumptions the mathematical model of SG in rotating system
of co-ordinates, under condition of axis orientation d on a longitudinal axis of the
synchronous generator will look like:
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., d .
Up =—ts1g — EWE -y, ¥s = Lyic -y, @)

where: Y5 = [‘-I’W ‘P&J LW =W, + Lygigg, Wy =YW, +Lygig, , ¥y, ¥, - the magnetic flux

of generator in the longitudinal and transverse axes, up :[uRd uRqJ t ,ig =[iGd quJt -
vectors of the active rectifier voltages and currents of the generator;

v,= [‘-I-’o OJt ,W,=const- the magnetic flux created by permanent magnets;
iy =diag{rg, 15}, rg=r,+ Tyr 15, Tk - the active resistances of stator phase windings of the
generator and cable connecting the generator and active rectifier;
Ly = diag{ LZd,qu} sLyy=Lj+Lsg, Ly, =L, +Lr, Ly, L, - inductance of the generator in the

longitudinal and transverse axes; w:{ 0 }, - circular frequency of the electromotive

force (EMF) of SG (@ = var ).
Selecting the generator currents as variables, after simple transformations, we obtain from
equation (1):
. d. . t
uR:_rZ’G_LZElG_wLZZG"'e e=[0 E]", @

here E, = ¥, - EMF-load of the generator ( E, = var).

Neglecting the active resistance it is possible to write down parity (2) in the scalar form

. diGd . diGd .
Upg =—lgg " Ts —Lygs T + Wqule ==L e + quZqu,
dig di
. q . Gq .
Upg =—igy s — Lz TR OLgsicy +E,=—Lgs T @Lgsicy +E, ®)

In any section S active ( Ps), reactive (Qg) and apparent (Sg) powers will be defined by

means of the following parities:

3. B0y 30 30 o o
Py —E(u,t)—i(udzd +uq1q),Qs ‘5[”"]‘5(”dlq —uqz‘,,),SS —[PS +QSJ . @)

The mathematical description of the active rectifier and the inverter will be obtained by
means of switching functions. We will consider that transistors and diodes are ideal keys. R
and I are realized on base of the voltage inverter schematically presented in fig. 2.

The phase voltage on alternating current clips is defined by means of parity:

3
u, =Ug | 2F, =Y F | [3; m=1,2,3, (5)
k=1

k#m
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where F,, - the switching functions of transistors VT, of the inverter which are defined by

1, VT, —isswitched on;
0, VT, —isswitched off .
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means of a following parity F,, = {
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Fig. 2.
They also can be defined by means of a series:
E,=Msiné, /2 + z

sin(j - 4 8) + F, cos(j - 4, 9);

msj

msj

(@VIPPN . . 1y . _
= -1) - -M 2] ; ch, = M Hm ;
i [(-1)' - cos(jz - Msin6,)]; F, i sin(jz - Msin#,,)

u./u, SPWM; 1 SPWM;
_{ C/ ¢ max { "1:19—(m—1)2?”+

2w, /NBu,  SVPWM; “2/J3 svPwM;
where: d=wt, a,=m./®,®,, - the cyclic frequencies of PWM and an of operating signal,

accordingly, M, M.,
amplitude of the control input wave, u,, - the amplitude of saw tooth carrier wave, ¢, - the

- the depth (index) of modulation and its maximum value, u. -
phase of the control input wave, is defined by the chosen algorithm of control.
After a number of transformations we will obtain for SPWM

Uy, = udc MSHI /2 +— Udc z z p+3k /p ]3k+1 pﬂ-M) sn’l[akpﬂ-'— (3k + 1) m] (6)

p=—cok=—s0
p¢0

where J3;,4(....) - Bessel functions of the first kind of an order 3k+1.
Obviously, expression for the fundamental component will look like:

=U,;Msin(6,,)/2.

m

1In this parity and further the high-frequency harmonics are defined for SPWM.
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If we introduce the operator of rotationa=exp(i-27/3),i=~-1, u,,m=1,2,3 the three
voltages can be written in the orthogonal coordinate system:

—y 4ip.=? 2
uaﬁ—ua+z~uﬂ—g(u1+u~u2 +a° - us).

Using parity (6), we will obtain:

p+3k
U, = 2dc Msin(6,)+ Uy Z kZ =D Jaks1(p7 - M)sin[apd + (3k +1)6, |; ()
(ol
udc ( 1 p+3k
Uug Z—TMCOS( Z Z ]3k+1(p7r~M)cos[ap19+(3k+1)91]. (8)
T p=—cok=—e
p#0

We will determine the current in a direct current link (i;) by means of parity:

ie= i [ onFn, Where i, - the instant value of phase currents of the generator. The average
m=1

value of current i;. from the condition of equality of the active power in AC and DC circuits
of inverter is: I, =3MlIycosp/4, here ¢- an angle shift between the fundamental
harmonic of phase voltage and an inverter current, I;)- the amplitude of inverter current,
I, - the mean value of a current in a DC link.

In the analysis of electromagnetic processes in sectionsS;,S;,Sy we will assume that
@y >>Q . In a first approximation it allows to neglect the effect of capacitors C;. When
considering the transformer (T), we assume that its magnetic system is unsaturated, active
losses and the magnetization current are zero and its influence on the processes we take into
account with the total leakage inductance (L,r) and transformation factor (k;):
kp=wy/wy; Lgsr =Lgir +L gor=Lgir + Loor - k%; where w,, w,, - the number of turns of
primary and secondary windings of the transformer, L, , L;,r - the leakage inductance of
primary and secondary windings, respectively.

We will express the voltage of an electric network through the voltage on a primary
winding of the transformer using the relation: uy. =uy -k; . The equivalent inductance in
the output circuit of inverter: L; =L, + Lgyy

Taking into account the accepted assumptions WPGS can be presented in the form of two
equivalent circuits, for example, in phase coordinates fig. 3 and fig. 4.

In these figures dependent sources of voltage which reflect the voltages R and I in
alternating current clips are presented in the form of rhombs. These voltages are defined by
relation (5).

3. Basic energy indicators in the chain of "synchronous generator - active
rectifier"

The power quality parameters of electromagnetic processes in WPGS determine the
technical efficiency of converting mechanical energy of a shaft rotating with a variable speed
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Fig. 3.

Fig. 4.

wind turbine into electrical energy by means of a synchronous generator and the voltage
inverter, and the degree of influence of WPGS on the electric network through quality
indicators of the electricity generated.

The basic indicators include: efficiency, power factor, and factors of harmonics and
distortions of currents and voltages. For calculation of these indicators the definition of the
operating values of currents and voltages in system elements is necessary, therefore they
also are indirect power indicators.

For generality of the results, we introduce the relative units, as a basic value we choose the
following;:

u E
UdC:\/guN\; EEZ\/%CZUN\,' wﬁz?ﬁ;Xﬁzwﬂ(Lf+Ld)=wﬁLd(l+q);
[
li=ly =082 Elso =2 B =t c o= 2 L g 2O, ©)
X5 2 W5 Es E; Is w

where Uy - the amplitude value of voltage of electrical network, referred to the primary
winding, @ the cyclic frequency PWM of an active rectifier.
Denote:

x (10)

Taking into account (9) and (10) we obtain:
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Xo SR e Xy @ o Xy o
RTXs 1+ 77 Xy 1+ 77 X, 1+q 7
sk +q

X =X+ X =0, Xxs =X+ X =0 .
dz d fR qz q fR 1+q

Considering relative units and the entered designations of the equation (3) will become:

. dity o ity Lk +q .

Upg =—Xjp—L + X0vit, =~ —L + o L—L. 37

Ra = s gy T TG 4y T+g

« ge 5 « ky +q dig . :
Upy ==Xy — = Xigicg + @ =—0' L— - —L —0'il, + &,
Rq =9 aslcd 1+q v Gd

where ¢=wt.
Accordingly, we will define the power for the basic harmonics in sections S also S; by
means of expressions:

e

* ¥ * ¥
PSGO =PSRD =PSNU =0 qua’

k * o3k * ok * * ok * o3k
QSGD = UGdolGgo ~ UGgolGdo s QSRO = URdo!Ggo ~ URqolGdo 7 (12)
1

S;Gu = [(PS*ND)Z + (Q;GD)Z] 2; S;Ro = [(PS*ND)Z + (Q;RD)Z] ;

N | =

here it is considered that at the accepted assumptions the active power is identical and equal
in all sections to the power generated in an electric network ( Piy, )-

Taking into account the higher harmonics value of active power will not change, and to
calculate inactive and a total power it is necessary to apply the following relations:

£ £3 £3 * * * * &3 *
Py = Pog =Py Ssc = uG,rmsIG,rms’ Ssr = uR,rmsIG,rms/

Qio =(Sic)? = (i s Qg =+/(S5)* = (Pox)?

We will define the power factor in sections Sy also S; by means of parities:
6 = Pic/Ssc =VicVuc c0SPsc; Xr = Pir/Ssr =VicVur c0s Gsg s (13)

where: ViSG = Ié(l),rms /Ié,rms 7 VuSG = ug(l),rms/ué,rms s VMSR = u;;(l),rms/u;;,rms s ViS 7 VuS s wS -a
fundamental factors of current and voltage, and also a shift angle between the basic
harmonics of current and voltage accordingly in sections S; and Sy, I(*S(l),rms G s
ug(l)l,ms UG s s u;(l),rms s UR s - TOOt-mean-square - RMS of the basic harmonics and full

values of a current and a voltage in corresponding sections.
Assuming that the EMF-load of generator ( e, ) and the control voltage of an active rectifier
(e, ) varies according to the law:
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eem =0 cos[z? (m— 1)2\:} Upen = Msin(6,,);

6

m

=—(m- 1)—+ —Pre; O=0t; m=1,2,3 (a,b,c);

and taking into account the relation (7, 8), we obtain expressions for the quantities uy, and
Upgt URay = Ugg +1-Ugy = Upggexpl[—i-¥(¥)], where y(¥)=0-7/2.

At the analysis in «d g» co-ordinates it is convenient to present the three control input waves
of the active rectifier in the form of two orthogonal projections on d and g axes, then

M, =Msingg.; M, =Mcosgg,, itis obvious that M = ,[M? +M2q .

After the transformations we will obtain an expression for voltage of the active rectifier in «d
g» co-ordinates:

Upg = Urao + Aligg; Ugy = Uy, + Allgy; u;d0=\/§Md/2; u;qazx/qu/L

p+k

Aug; = z Z

p=—o k=0

Jsps1 (p - M) cos[agpdd+ 3k + 3k +1)(7/2 - ¢r.) | 5 (14)

p#O
p+k
z z Jake1(pr - M)sin[agpd+ 3k + (3k +1)(7/2 — ¢g.)]
7 p=—cok=—oo
p#0

here uy,,, u;;qo - the orthogonal components in d and g coordinates of the basic harmonic of

voltage of the active rectifier; Auy,, Aqu - the orthogonal components in d and g co-

ordinates of the high-frequency harmonics of voltage of the active rectifier.

In the steady operating mode for a particular value of generator voltage frequency (")
with the help of relations (11) and (14) we can determine an analytical expression for the
generator currents. To do this in (14) we will allocate sinus and cosine components

(Uggspk » Urdepk » Urgspk » Urgepi ) Of the harmonics with frequencies v, = agpw+3ke:

p
Ungspk =8y Sin| (3k+1)(/2= 8, ) | ; Ukgo i = &1 08| (3k+1)(7/2 - g, ) |5
URdcpk:gkpCOS[(3k+1 (”/2_¢Rc)]; Uchpk_gkpSIH[(3k+l ”/2 ¢Rc]

\/g (_1)p+k

here g, =—
b4

(15)

Jaa (pz- M) .

The equation for the generator current can be represented as a sum of components from the
fundamental (igy, , ic, ) and the high-frequency (Aig, , Aig, ) harmonics

o3 ok ok ok ok ok
Icg =lca +Aigy; iGg =lgg + Aqu .

Then, using equations (11) and (15), we obtain
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o _Mhap 144 . 3 1+g

IGoo = s = w7 MR T ST L
T Xy o (k) 2 o (k +9)

dar lGdu—1 = 1-—
w

A, ()= > Y [ Lesgepie SIN(agp + 3K) D+ Ly COS(agp + 3k)19] ;

p=—cok=—oo
A (16)
Aigq(ﬂ) => > [ I(*;qspk sin(agp + 3k)9+ Ichpk cos(agp + 3k)z9} ;
Tl
where:
I(*}dspk = 8ty [Urgspk = Uracpr (agp +3k)] ;Io*sdcpk = Qe [Urgepr = Uraspr(agp +3K)];
Iéqspk = qup[uRdspk + uchpk(aRp + 3k)]/ Iéqcpk = 8qkp[uRdcpk + uRqs;ak(aRr7 + 3k)] 4
here gd;, = 1/[(agp +3k)* — 11X s , 8k = —1/[(’1RP +3k)* - X5 -
Voltage of the synchronous generator is defined as follows:
”Ed = A”Ed + uZdo; uéq = Aqu + quo
* * * ok \/7
quo =uRd0_XRfle()_ 2 k )
17)

* * P 1 * \/§
UGgo = Upgo T X prlGao = Itq wq+ TM COS((/?RC)];

dl dAZG s ok
Gl XRfAqu ; Aucq = AuRq + XRf dﬂq + Xpphigy.

Augy = Aup, + XRf 15

here ug,,, Ugy, - the orthogonal components in the d and g coordinates of the fundamental

harmonic of generator voltage, Auéd,Auéq - the orthogonal components in the d and g

coordinates of the high-frequency harmonics of generator voltage.
From (16a) and (17) can easily be obtained the following useful relations:

ugdu = kLuT?do/(kL + q)’ uéqu = (u;qo ‘“7(0*)/(1 + ‘7) . (18)

RMS of the active rectifier voltage (U ) and its fundamental factor can be determined if
we use the following properties of switching functions F,, [1]:

2

1% 17
= I( )2(119_7 g.jpj,.ﬁdﬂ ((1-05M); i,j=1,2,3;(i=j).
0 0

N\»—x

www.intechopen.com



32 Wind Power

Then:

U rm [
u;,rms: M/Z; VuR:%: 3]\/1/2'

R,rms

We define RMS of the generator current through the equation:

Ig,rms = \/(1“(*_“1110)2 + (iéqo)z + (AI(*S)2 /\/E ’ (19)
where
V6 21 )
.. 6 | a2 ag +1 2
Alg ~[”.w*] []1 (7-M) (4 +1)2(a12—1)2] . (19a)

Then the fundamental factor of the generator current can be estimated using the relation:

) \/ (i200)? + (i)
Vic =.|7=
(iGa)

2 + (i(*}qo )2 + (AIqu)2 .

We will determine RMS of the generator voltage considering that, k; — 1, then:

2
Lo 2 1 V3
UG,I’mszﬁ (a) COSH) +W- M—[ZMCOSQJ ,

where € - the angle between the main harmonics of the EMF and the generator voltage. In
accordance with the vector diagram (fig. 5) 8 is given by: 8 = arctgug,, / uéqo .

Aq

Lk *
Iqu X

q

It * *
IG{:‘(J UGdo UpRdo
Fig. 5.
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In fig.6 as an illustration of the possibilities suggested by the mathematical model of the
system the calculated dependences of some power indicators as change of frequency of

rotation of the wind turbine for a modei’,;, =0, i.e. when a phase of a current and EMF of
the generator coincide are presented. In this case the active filter increases the

voltage up, > e .

18 9 =0, =105, ay =21 ig, = ' M =150, k|=105.ay 221,05, =0

1,

1

16 S
14
12

z.i ' S~ \ | Mo
, —
04 N

02 - My

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 ol 02 03 04 ns 0.6 07 18 (1) |
(a) (b)
Fig. 6.

Dependence of the fundamental factor of the generator current on the modulation depth
and speed of the wind turbine for different multiplicities of frequencies is presented in fig. 7.
It follows from these graphs, in engineering calculations, and when az >15+20 and
®" =0.4+0.8 you can take vz = 1. This means that the active power generated by the system

is determined by the fundamental harmonics of current and voltage.

1 1

Vie | @ |=154n.2p. 0" =[0.8 77‘ Vir /7‘;
0.996 0.994
k, =[1.05 / ]

0.991 0.989

L =2 ak=21/ ¢.=15pon.2p., M =09
0.987 0.983

/ k, |=1.05

e =1 00
0.983 / .977 ay = 18 /
0.979 0.971

r =13 ap, =13 /
0.974 0.966

M w*
0.97 0.96
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1 0.2 0.3 0.4 0.5 0.6 0.7
(@) (b)

Fig. 7.

Let's consider the character of change of generated power, and also currents and voltages
using (11), (12) and (16a,). For the real synchronous generators it is characteristic Ly = L,
i.e.k; —1; besides this, usually, the inequality L; <L, takes place, soq<1.
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For WPI with a variable speed wind turbine the generated active power ( Py, ) in the
working range ( ®@" € {@yrmins @vrmax) ) iS determined by the speed of the wind and can be
calculated for the known characteristics of the turbine using the relation:

Pomo = 7-(@)°. (20)
where y - a constant coefficient determined by the design of wind turbine;
(DT mins Ovrmax) - the working range, also characterized by the value
Dt = Ot ] @vranins 3 @vamin» @ ma - the minimum and maximum operating speed of

WT, respectively.
Obviously, the active power generated by the system ( Py, ) should satisfy the inequality:

£ £
Pro 2 Py, -

The orthogonal components of voltages in the sections Sy and S;; for a given active power
are determined, as it follows from (12), according to the expression:

Upgo =@ - 1——%" 7kL+q; UG = @ | 1= ——10— P, L ;
Upgo ) K =1 ucs(1+q) )k =1

On the other hand, the active power generated by system

Uy 1+g9 . 1+g .
&L= @ S = i URdo = -1 UGdo- (21)
Xos D AL ky

#
* TS ENEd st uRdg
PRD = eGqZqu =0 Zqu =0

At kL -1 PEO = ul*ido = (l +q)uédo :

Fig. 8 shows the dependence u;‘{qu of upy, for different values Py, . Constancy of the active
power is carried out on the sites of characteristics between the points of «a» and «b» outside
of these points the modulation index (M) is limited and the active power decreases.

The total power and power factor in the section S are defined by the relations:

1
Sko =[(Q&)* +(PL)*1%, cosgy =Py, /Sko

where the reactive power Qy, is determined by the ratio

1+g
o (ky +q)

* * 2 1 * 2 *

QRa = (uRdu) +E(”un) _uRqa' (22)
On fig. 9, 10 the dependences of S;and cos(@)on®" are presented. As can be seen from
figure 9 at a certain frequencies, there is a minimum total power that takes place at zero
values of the inactive power. Denote the frequency at which there is a minimum of full
power as @, , while its value is determined using the relation

o=y ¢ (k) (O40) _ o () 1
i u;zqo - (1+ kL) § UGgo kL
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| ”;da = 0 9
cos L'n 2 .’ {:mx725‘

0.8 \ N
iI \\ \>< \--T
0.6 /) \/ ™~ L
Uy =1 / | /\ N |

Ri / Tl q
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02| Kul= )/ s S =

. ‘ || &
0,1 1 10

Fig. 10.
As appears from (22), the orthogonal components tuy,, also u;qg are connected by the
equation

oo )| Mo = B
Rio |+ =1, (23)
YoRo

where:

Yo =k +0)/(1+7), Ry =a'Qx,+(@'/2)* . (24)

Expression (23) is the equation of an ellipse with the major axis - 24; and the minor axis -
2b, that we find from the following expressions:

a;=YoRg; bq =Ry

Thus the ellipse centre in «d g» co-ordinates is located in a point (O,a)*/ 2) .
Considering the known relation [8], equation (23) in polar coordinates takes the form:

2
p(9)% 11 —(gcos¢)2]—2pucr(¢)p0 {[bq] COSPCos @, +sin¢sin¢0]+p§ .[1—(5.cos¢0)2]—bq2 =0,
a

d

where co-ordinates of the centre of the ellipse p,, ¢, and the parameter & are defined by
means of expressions

* b, \’ k-1
n 2 q L
:7; = ,‘ E :1— —_— = 25
»o % (adj k +q @)
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Considering (24) + (25) we will obtain the following expression for the locus of voltage

U, =+ (Urgo)* + (ufwo)2 in section Sy

Ug, = {a)* sing + \/(a)* sin¢)2 +4w'Qk, (1 -&? cos¢)}/[2(l -&? cos¢)}; ¢e (0, 27).

The dependence uy,(¢) for different values @ and the value of reactive power Qy, are
shown in Figure 11. Here and below, a circle with a radius uj, ., = V3 / 2 is limiting mode
with M =1, i.e. outside this circle the modulation depth is limited, and therefore the ratios
obtained above are valid only inside the circle. The negative value of the reactive power
Qg, means that in the given section the current of the basic harmonic lags behind of a
voltage phase.

Considering Py, = gy, , from fig. 11b it follows that the maximum active power (Pgymax)
which is defined by the maximum projection of locus on a «d» axis, essentially depends on
size of the reactive power (Qk, ), and at a negative value of Qk, Pi,max decreases. Indeed
from (23) and (24) we obtain:

Plzomax = 7QRQ = w*Q;a + (a)*/z)Z

By changing the coordinates uy,, , ufgqa we obtain the possibility to control the active power
generated and the reactive power consumed from the generator on the fundamental
harmonic.

Using the relation Qg, = tg@sz Pz, and assuming g =0 that equation (23) can be rewritten in

. * *
the variables Py, and ug,,

2 2

i

P, — tg(”SR ky URgo — 3
=1 (26)

ooy | | oty
" o
ud=7\/E 1+kL(tg¢SR)2; bq=7 1+kL(tg¢5R)2'

Thus the ellipse centre in «d g» co-ordinates is located in a point
(@' t80sk k- (1+9)/2,0'/2)

—,/l+ (t8pse K1)?5 —urcfg[ } =1—(bjz :(1—1].
tepsr ki ( 2

a k (1+9)

The maximum active power generated for the each set of parameters is determined by the
point on the graph, as shown, for example, in fig.12a. From the relation (26) we obtain

Prtomax =04 + @'k 1805 [2 = W*/Z[\/Etg%lz +y1+ ky (tgsr) 1.
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k, =105 ¢=0.1, ® =09

k, =105, g=0.1, Qj, =-0.03

Fig. 11.

The graph of dependence Py, ., on the frequency of rotation @* and g for the various k;
is presented in fig. 13.

The above reasoning and results of calculations allow drawing a conclusion that thanks to
possibility of independent regulation by means of the active rectifier of orthogonal
components of the resultant voltage vectoruy, modes with various cos(¢y) values at
change " are possible in the system.

www.intechopen.com



An Analytical Analysis of a Wind Power Generation System Including Synchronous Generator
with Permanent Magnets, Active Rectifier and Voltage Source Inverter 39

k, =105 g=0, @& =07

T
k =105 ¢=0, @ =3

Fig. 12.

Phases of the fundamental harmonics of current and voltage of the generator
coincide.

The vector diagram for the fundamental harmonics of current and voltage in the given
mode is shown in fig. 14. As appears from the given diagram

tg(e) = i;o/i;o = u:vdo/ugqo .
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