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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 WPI.

In this paper we attempt to identify the main energy characteristics of system in
sections S, Sg, 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

Source: Wind Power, Book edited by: S. M. Muyeen,
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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:

Lsg -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. @y/®=ap =const and
@, /Q=a; = const .

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

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 S .

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

(w), 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 =—T5lg — EWZ —oys, vs =Lyic -y, (1)

where: yy = [‘I’Td ‘qu] LYy, =Y, +Lpicg, Wy, =W, +Lgic, , ¥y, ¥, - the magnetic flux

of generator in the longitudinal and transverse axes, uy :[uRd uRq] t,ig :I:iGd qu]t -

vectors of the active rectifier voltages and currents of the generator;

v, = [‘Po O]t ,'W,=const- the magnetic flux created by permanent magnets;
iy =diag{rs, 15}, re =1+ s Tk - the active resistances of stator phase windings of the
generator and  cable connecting the  generator and  active rectifier;
Ly = diag{ de,qu} /Lyg=Ly+Lsg, Ly, =L, +Lgr, Ly, L, - inductance of the generator in the
0

longitudinal and transverse axes; a)=[
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):

uR:—T):iG_LZ%iG_wLZiG"’e 82[0 Eo]t’ @)

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
. dicy . dic, .
Upg =—lgq T, — Ly _dt + a)LquGq =~—L;s _dt + a)ququ,

L B T N . P 3)
Gq dx*Gd o~ > dt dxtGd 0

q

In any section S active (P ), reactive (Qg) and apparent (Sg) powers will be defined by
means of the following parities:

1
3, . 3¢ . 3r. 4.3/ . . b
Py = E(u,z) = E(udzd + i, ), Qs = E[u,z] = E(udl”’ —~ uqld), Sg = [PSZ + Qé] 2 (4)
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

Uy =Ug| 2F, =D 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;

f a followi ity F, =
means of a following parity F, {0, VT, —is switched ojf.

vr, ] 1vr, J T,
jjzx ﬂjzs 1@ v
U
szz szs = Ca
v\ | Y | VT
1 ¢2 ¢3
U, Load

Fig. 2.

They also can be defined by means of a series:

F,=Msiné, /2+Z nsj SIN(j - 4 P) + . cos(j - 4, );

3 .z(__l)] [(—1)j—cos(j7z-Msin9m)]; E ~=ﬂsin(j7r-Msin9m);

mcj

]z jr
u./u, SPWM; 1 SPWM; o7

= max Hm (m 1)_ + ¢
2u,[\Bu, SVPWM; 2/J3  SVPWM; 3

where: 9=wt, a, =0./®, ®., - the cyclic frequencies of PWM and an of operating signal,
accordingly, M, M, ., - the depth (index) of modulation and its maximum value, u, -
amplitude of the control input wave, u,. - the amplitude of saw tooth carrier wave, ¢, - the
phase of the control input wave, is defined by the chosen algorithm of control.

After a number of transformations we will obtain for SPWM

u,, =U, Msin(8,,)/2 +—< udc z z p+3k/P ka1 (prM) -sin[apd+ Bk +1)6, ;1 (6)
T p=—cok=—o
p#0

where J5,,1(....) - Bessel functions of the first kind of an order 3k+1.
Obviously, expression for the fundamental component will look like:

um(l) = uch Sin(em )/2 .

1 In 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=v-1, u,,m=1,2,3 the three
voltages can be written in the orthogonal coordinate system:

_ .2 2
uaﬁ—ua+z-uﬂ—§(u1+a-u2+a “Ug).

Using parity (6), we will obtain:

U 1 p+3k
U, = zdc Msin(6 e z z Jaxsa (- M)sin[ap+(3k +1)8, |; )
"o
up=—HeMeos(0) - 3 3 o Mycos[apr+ (R4 18] @)
T p=—eok=—e
p#0

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

ig = Z igyEy, Where i, - the instant value of phase currents of the generator. The average

value of current i;. from the condition of equality of the active power in AC and DC circuits
of inverter is: I, =3MIy,cos¢p / 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 >>€2 . In a first approximation it allows to neglect the effect of capacitorsC; . 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,;) and transformation factor (kp):
kr =wy/wy; Lot =Lgyr + L gor=Loir + Loor -k%; where w,, w,, - the number of turns of
primary and secondary windings of the transformer, L, L, - 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 + L5y .

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
Uy =V3Uy:; Eﬁz\/%:uN‘; 0’5:\1,—6; X5 =5 (L +Lg) = 5Ly (1+9);
o
L=l =55 -3 k1 0=-2 =By ot ol g O 9)
X5 2 W5 E; E; I @

where U, - 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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X @'q . X4 o X o

X* =—=—, = = , = —=
fR X 14977 X, 1+g
ki +qg

Xz = X+ Xjo =00, Xjp =X+ X =0 1L

kL,

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

. dit y dit, .k +q .
Upy =—Xis —SL 4 X007 =—" —SL 4 " L —L.57
Rd ax qZ'Gq A 1+5] Gq
4 ] (11)
Up, ==Xy — — Xisivr + @0 = —@" =& 1 -0t + o,
Ry = ds'Gd 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:

PSGO =PSR0 =PSN0 =w Z.gqo'

* * o3k * o3k E3 E3 o3k * 3
QSGO = UGdolGgo ~ UGgolGdo s QSRO = URdo'Ggo ~ YRqo'Gdo s (12)

1 1
S;Go = [(PS*NO )2 + (Q;Go )2] 2; S;Ro = [(PS*NO)Z + (Q;Ro )2] 2;

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 ( Py, ).

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:

PS*G = P;R = PS*GO ’ S;G = ué,rmslé,rms; S;R = u}ki,rmslz,rms;
* PN 2 * N2 % \2
Qs :\/(Ssc) —(Psg)”7 Qsr =+/(Ssr)™ — (Pr)

We will define the power factor in sections Sy also S; by means of parities:

Xc=P ;c / Szc =VicVug COSPsc; Xr =P ;R / S;R =VigVur COSQPsg , (13)

where: v;g; = IE(l),rms / IG yms + VusG = ug(l),rms / UG rms »Vusr = URr(1),rms / UR, s + Vis » Vus, Ps- @
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, Ié(l)ms s 16 s s

UGy, rms + UG, rms » UR(1),ms » UR yms - 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
(U ) Varies according to the law:
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eém:a)*cos{ﬂ (m— 1)23”} Ugey = Msin(b,,);

2T 7

6,=0—-(m- 1)?+——¢RC,19 ot; m=1,2,3(a,b,c);

m

and taking into account the relation (7, 8), we obtain expressions for the quantities uy, and
Upg : URdg = Upa +1-Ugy = Upggexp[—i- y(9)], 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, =Mecosgyg., itis obvious thatM:,/Mi +M%] .

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

Upg = Upgy + Allgg;  Upy = Upgy + Al u;dl):\/gMd/Z; u;q0=\/§Mq/2;

]3k+1 pr - M)Cos[asz9+3k19+(3k+1 (/2 - @g.) ], (14)

ARd:—Z Z

p=—co k=—co
p=0

p+k

Jaks1(pr - M)sin[agpd+ 3k + 3k + 1) (/2 - ¢g.)],

£;6°° -

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

voltage of the active rectifier; Aup,, Au;;q - 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

(Uras pi » Urdep » Urgs pr » Urge i ) Of the harmonics with frequencies v, = agpa+3ka:

p

u;dspk = _gkp sm[(Bk + 1)(7[/2 J ¢Rc ):I ’ u;qspk = gkp COS[(3k + 1)(7[/2 - ¢Rc ):I ’

URgepk = Sip cos[(?)k +1)(7/2 - Pp, )] i Urgepk = Sy sm[(3k +1)(7/2 - @, )] ,
3 _1 p+k
here g, :g( ) Jakn (p7- M) .

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

ZGd = lGdO + AlGd ; le = lGL]O + Ale .

Then, using equations (11) and (15), we obtain
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'* uRdo 1+ q * \/g 1+ q e u;qo \/7 1
IGo =%+ ~ = URto = Ml =1-— i q
2 k; +q) @ 2 w
Xz o (k, +q) o (k;+q

Aig () = Z Z [ Iédspk sin(agp +3k)9+ Iédcpk cos(agp + 3k)19] ;

p=reok=—oo
p=0 (16)
Aqu (¥ = Z Z [ IGqspk sin(agp + 3k)P+ IGqCpk cos(agp + 3k)z9}
peo
where:
Iédspk = gdkp[uRqspk - uRdcpk (aRP + Sk)] ;Iédcpk = gdkp[uchpk - uRdspk(aRp + 3k)] ’
Iéqspk = qup[uRdspk + uchpk (LIRP + Sk)]' Iéqcpk = qup [uRdcpk + uRqspk (HRP + 3k)] ’
here gdy, =1/[(agp+3k)* ~11X 5 , 89y, ==1/[(agp+3Kk)> =11, .
Voltage of the synchronous generator is defined as follows:
uéd = A”Ed + uédo; ”Eq = Auéq + uéqo
UGdo =Urdo — X RrlGgo = B3 k );
(17)

quo = uRqo + XRflGdo = r W q+ 7M008(¢R0) )

ok

dic, Aig £ a
Augy = Aup, + XRf 15 XRfAqu, Aucq = AuRq + XRf dz?q + XpeAicy.

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

harmonic of generator voltage, Aug,, Aug, - 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:

Uy = Ky tiigo (ki + ), UGy = (g, +05) [(1+9). (18)

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

2r

1 S DI
E!(E) dﬂ_z’ 20 .([Ff Fdo

N|H

(1-05M); i,j=1,2,3;(i=j).
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Then:

ES u rms
U s =+/MJ2; vuR:LI;(;)’:\/SM/Z.

R,rms

We define RMS of the generator current through the equation:

16 s = G002 + (icgo )2+ (AIEY N2, (19)

where

1
AIé{J.g*Mh(”'M)z e )2}2' (19a)

Tw (ag +1)*(ag -1

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

Voo = (iédo)2 + (iéqo )2
l (lGdo )2 + (leo )2 + (AIqu )2

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

2
UG s =% (w*cose)2+ﬁ.[M—[§Mcos¢cj ],

where 6 - the angle between the main harmonics of the EMF and the generator voltage. In
accordance with the vector diagram (fig. 5) @ is given by: 8 = arctguc,, / UGgo -

A g

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 modeig,, =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

* L3
voltage ug, > e .

M =1,lg=0,k, =1,05,ay =214, =

1.8
1.6
1.4
1.2

M=lLyg=0.k=105a, =210, =0

}

v Ay

/

0.8
0.6
0.4
0.2

0.1 02 03 0.4 0.5 fi%

(@)

06 07 0.8 0.9

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 a; >15+20 and
@ =04 +0.8 you can take v;z =~ 1. This means that the active power generated by the system

is determined by the fundamental harmonics of current and voltage.

1

* —— ) ———
Vir o.|=153.2p.| 0" =/0.8 f/ Vir P s —
0.996 0.994
k, =[1.05 / /
0.991 0.989 7
ar =21 aR=2]/ / ¢C=]53ﬂ.2p.,[w=0.9
0.987 0.983
L / / / k, |=1.05
dp =1
S I / T a, =18 / /
0.979 0.971
dy = lf'/ ap=13 /
0.974 0.966
/ M o
0.97 0.96
01 02 03 04 05 06 07 08 09 1 0.1 0.2 03 0.4 05 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,,
ie.k; —1; besides this, usually, the inequality L, <L, takes place, sog<1.
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For WPI with a variable speed wind turbine the generated active power (P, ) in the
working range (@ € {@yrmins @vrmax] ) 1S determined by the speed of the wind and can be
calculated for the known characteristics of the turbine using the relation:

Pory =7+ (@) (20)
where y - a constant coefficient determined by the design of wind turbine;

{OWT mins PvTmax) - the  working range, also characterized by the value

Divr = O] O nin 3 @ovTamin» Do ma - the minimum and maximum operating speed of
WT, respectively.
Obviously, the active power generated by the system ( Py, ) should satisfy the inequality:

PRo 2PWTO .

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

P, \k, + P; k
uRqo:w'(l_ fojkL z; quo:w'(l_ " R0 Jk Ll;
Urdo ) KL — Ucao(1+q) Kk —

On the other hand, the active power generated by system

~ . . . Uy cUgg,  1+q . 14q .
Py, = egiic, = @'ig,, = 0 —L2 = ¢ ~Clo — Upgy = ——1 (21)
Ro Gq*Gqo Gqo * * Rdo Gdo-*

X s X, ktq k;

At kL_)1 Plzozu;doz(l—'—q)ugdo' .

Fig. 8 shows the dependence u;;qo of uy,, 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:

N | =

So =[(Qe0)* +(P5)*12 , cosgp = Py, /Sko s

where the reactive power Qy, is determined by the ratio

* 1+q * 2 1 * 2 *
=—-(U +—A(U —Upq,- 22
QRO P (kL +q)( Rdo) (0*( Rqo) Rqgo ( )

On fig. 9, 10 the dependences of S;and cos(¢y)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 =iy, + (Ura) (1+9) =i (¢a0) 1
0 * 0 *
! Uggo (1K) 7 Ucgo ™ K1
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Fig. 10.
As appears from (22), the orthogonal components uy,, also u}}qo are connected by the
equation

Ll* 2 M?{qo — 7
Mro |y T2 ) o, (23)
YoRg Ry
where:
(k, +9)/(1+9), Ry =1@'Qs, +(@'/2)* . (24)

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

Thus the ellipse centre in «d g» co-ordinates is located in a point (0, o / 2) .
Considering the known relation [8], equation (23) in polar coordinates takes the form:

2
P(9)? '[1_(8C05¢)2]_2Pucr(¢)/’0 Hb_‘fj CoSPcosd, +sin¢sin¢O] +p2 1 —(&-cosg )2]—bq2 =0,
a

d

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

n T b, \ k, —1
Po="i = 52:1—(—" a2 (25)
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Considering (24) + (25) we will obtain the following expression for the locus of voltage

Ug, = \/(u;d0)2 + (u'f{qo)2 in section Sy

Ug, :{a)* sin¢+\/(a)* sinq))2 +4:6()*QEO(1—82 COS¢)}/[2(1—82 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 g, = J3 / 2 is limiting mode
withM =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, = uy,, , 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 (Qy, ), and at a negative value of Qr, Promax decreases. Indeed
from (23) and (24) we obtain:

PEomax = 7QRQ = \/a)*Q;o + (a)*/2)2 .

By changing the coordinates ugy, , tig,, 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 Qy, = tg@sr Pz, and assuming ¢ =0 that equation (23) can be rewritten in

the variables Py, and ug,,

2 2

K

PRo_7tg¢5R ky uRqo_?

. +
) 2 2l 2
\/E.? 1+k; (1g0r) o 1+ky (tg0sr)
a)* > a)* 2
ad=7ﬁ{ 1+k; (tgpsr) " bq:? ATV

Thus the ellipse centre in «d ¢» co-ordinates is located in a point
(0't80sx Ky - (1+9)/2,0'/2)

=1 (26)

® 2
n 2 1 2 bj 1
=—J1+(t ki) =arctg| —— ;e =1-|—| =|1-———|.
Lo 2\/ (t8Psk k1) ) arcg[fg(PSR ‘kL] (a ( kL(1+¢7)2J

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

Promax =g + @ kLtg(pSR/z = W*/Z[\/Etgfﬂszz +41+ ki (t30sr) 1.

www.intechopen.com



38 Wind Power

k, =105 g¢=0., ® =09

k, =1.05, ¢=0.1, Q, =-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 vectorup, 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 ¢=0, ¢SR=_§ kLzl'OS, q:(), w =0.7

180

270

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;ﬂ/i;O = u;do/ugqo .
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Fig. 14.

This ratio provides a functional link between the orthogonal components
us =3M, / 2 and u;U = \/qu / 2. For this we use the relations (16) and (17), as a result we
obtain:

s«

W —URg _ kL +q _ VgURdo

u;do 1+ q 7du*Rq0 + (1 - 7d)a)*

, 27)

where 7, =Xq/Xq2 =k, [(kp+q), 7, =X, /X =1/(1+9) .

Expression (27) represents the ellipse equation, in a canonical form this equation will become:
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, 2
(Upgo)’ 4 (tRgo +tioy)

(7,R)? R?

=1, (28)

where the semi-major axis a; = 7,R and semi-minor axisb, =R , values of y,, Rand Ug, are
determined by the relations:

k,+g 1 o . @
Yu 1+q (_kL 7 ( q) qu ) (q )

The equation (28) in polar co-ordinates looks like:

. " " @ —(q-1)sing++/(g—1)*sing® + 4q - (1 — 2 cos ¢*
o = T = @ M8 Ysing (g 1) sing” +4g ), g€ (0,27, 29
2 1-¢g,” cos@
(7.R)? ktq) 1
11—l gy )2 =1-| L2 =, > Jk, ;
i R (%) (Hq] PRt
where &5, =

5 2
1- R 1—L—1—£1+qJ kL,eC/Luq<\/E.

R () ki+q

The character of change uy, as the function of ¢ is shown in fig.15.

In figure 16 the loci are constructed in accordance with the relation (29) for the different
values of ®", g and k; . With the increase of g (fig.16a), with the same value uy,, = Py, , the
coordinate u}‘zqo changes sign and increases the module.

g<l
A4

a; =7y,R

Fig. 15.

At k; —» 1 (tig.16) the loci are circles, while it should be noted that when k; =1+1.1 you
can takek; =1. At a constant @" in this mode, the voltage module uy, increase should be
accompanied by the growth of the both orthogonal components u;, and u;O .
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k, =1.05, @"=0.8

Fig. 16.

The loci of voltage and current of the generator in this mode are determined by the
following relations:
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2 2\ 2
, r O .
Ucdo Uep =5 . @ k; sing +
—* + —* = 1 7 uGO = . 2 2 7
\/k—g [ k; sing® + cos¢@
) 2
2
e 1+ i}
do — 1 » (ag+1
2 I 9 =1, i, = C?S¢2(q ) Z, (30)
1+q 1+q 1 k; sing” + cos¢
2 2 Jk;

The three loci (ug, , ug, , ic, ), built on the same graph, are shown in figure 17.

From the graph and the relation (30) it follows that the maximum values of a current in
orthogonal axes are:

omax =(1+0)/2; inymax =(1+0)/2k; . (31)

k, =105, ¢=0.2, w*=0.3

Fig. 17.

Taking into account, that

_ ProasLg(1+9) _

1+g J J3 1+gq
E; ki +q

Rdo:?kLﬂ]

Py My,

0

Equation (28) can be rewritten in the coordinates ( Pg,,uy )
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% 2
(Pro)® _, (4rgo + t0g)” _

1, (32)
(R/\/E)Z RZ
R=2 (L+q) 5, = 2(g-1).

1

o (1-q)sing +{[(1+q)sing]* + 4gk; (cosq))z}2
2[(sing)* + (cos¢)2 ki 1 .

The graph of u,, change at a variation of Py, is shown in fig. 18.

J(BRY + (ko) =

k, =1.05, ¢g=0.2

* 2 * 2
! \/ (Protim) ™+ (U ggotim)

270

Fig. 18.

The limiting locus is determined by the condition
Mi+M: <1,

whence we obtain

2
(Pliolim )2 n (u;qolim)

149 3 2 7 2
kL+q7 2

=1. (33)
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V3 1

\/(Pliolim)2 + (u;qolim )2 =5

2 2 '
\/(kf:qu (cos¢)2 + (sin ¢)2

For a given active power Py, limiting the value of the modulation of control input wave on

the transverse axis (g) is determined using the relation

2
2 (ky+q) p
M im = 1-|— D 0
ql \/ { \/5 (1 +q) R
As appears from fig.18, with increasing of the frequency of rotation of the shaft WT (@")

there is an increase in active power and for each the value @ holds the maximum value of
active power Py, ., which is defined by the relation:

P]; — PRomaxw6Ld(1+q) — C()* ( q) :ﬁlﬂ AP
omax Eg 2\/E 7 kL+q max

(34)

while taking into account the introduced relative units (9), the real value of power can be
found from the expression:

PRomax = Eb%/wﬁLd w*/z\/z .

. . . . . Ed E3
The maximum power is achieved with the following voltageup,, =Uggpmax and
* * * Ed
URdo = URdoPmax and also VOltage URo = URoPmax -

J3 . ok +q N3

2 MqP max/ YRdoPmax = 7 X 2 dPmax’
L

;W
uRqumax = _qu = ?(1 - q) =

(35)

: * o k, +q)°
HRoPmax = \/(uRqopmaX)z + (uRqopmax)2 - ? . \/(q - 1)2 + ( Lqu) .

At this point the generator voltage in accordance with (35) and (18) is determined by the
relations:

Z’L?Sqopmax = w*/zf uEdUPmax = w*kL (1 = q)/z(kL + q)/

2
; ; 23 k (1-
UGoPmax = \/(quoPmax )2 + (quoPmax )2 = 7 ’ \/1 + |:Lk(L—+:)} : (36)

In accordance with (34) and (35) the parameters of control signals for the point with
maximum capacity are determined by the following relations

® k. +q o'
M =—+—1, M max = —7—"(1-9);
dPmax /_3 [_kL qP /_3 ( q)
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o' k; +q)* Mp o k; +
MPmax zﬁ' \/(q _1)2 + ( Lk q) 7 PRcPmax = arctg{MdP - } = m’Ctg|:\/k7L (1q q):ll
L gP max L \+7

*

Dependence of the active power on the frequency of rotation (@), values of the modulation
depth of control input wave on the transverse axis (M, ) and parameters k; and g is defined

as follows:
2 2
. 1 W' V3 W'
Pi=— -1 XM+ (-1 .
o \/h{(zj {2 ! a )Z:I}

Graphs of the dependence of active power from the values @, M ; are presented in fig.19.
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Fig. 19.

As follows from (32a) and fig.19 the same value of active power Py, can be realized for the
two values of voltage along the transverse axis u;{qo (fig.19) - «operating mode 1 and 2».
These voltages are defined by the relation

k

5 2
”725/01,2 __%(q_l)i\/l:%(q+1)} _(\/EPR*o)2 .

Considering (18) the generator voltage in these modes will be defined as follows:

2 N2
® a)* — a)* \ kL Pfio ® kL *
= ~— = =—=—P
UGqo12 =7+ - s UGdo = Ro’

2 2 1+¢q 1+¢g
37)
2 2
# o \/2kLPE0 2 2 \/kLP[;O
= 1+ —| (k, -DF,|1+g) -| ————| .
UGo1,2 \/E ((1*_[7)‘(0* (ky =1)F,|(1+9) o 1+q
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k, =10, ¢=0, » =0.8

A

q

240 300

270

Fig. 20.

From fig.20 it is clear that the larger value of voltage u" corresponds to the lower value of
currentig, , while ig,; = ig,, that follows from (5a).

leol = leo2 = uRdo/XqZ = PRo/w ’

® s \2
o _q URgo1,2 1+q+\/[1+q]2 [\/EPROJ
lGaon 2 =1——+ = - T o :

10} 2 2

At the point when the power is maximum for a given frequency of rotation ( Py, = Prymax )r
(the relation (34)), the orthogonal components of currents and voltages are determined by

the relations (31), (37).
The full value of the generator current is:

2 2
: k; Py
ig(ﬂf% 1+(1—k9[ﬂ} +\/1—{2@j :

o (1+q) o (1+q)
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Graphs of the dependences ug, , ic, and ug, from @ are presented in fig.30. In these graphs
to the right of points «a, b, ¢, d» there is a limitation of the depth of modulation, and the
proposed model becomes inadequate to the real modes.

The first mode on the graphs of fig.21 is characterized by the fact that the generator voltage
does not change significantly with variation of ®" . From fig.21d it follows that in mode 1 the
system has a positive internal differential resistance and therefore may be potentially

unstable at some disturbing effects.
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It should be noted that the mode when the phases of voltage and current of the fundamental
harmonics are the same, essentially involves a change of u;, and i;, under the change of
frequency of rotation of the shaft of WT (@").

The equation (28) can be rewritten in the co-ordinates of orthogonal components of a control
input wave (M, M,):

" 2
(M,)? {M" +%(E’_D}
+

Y 2 ) 2
1) 1)
—(1+ — 1+
{n NEL q)} L/g( q)}
Expression (38) defines a parametric relationship between the orthogonal components,
which ensures the phase coincidence of the main of harmonics of the generator voltage and
current. This ratio allows us to propose the following control algorithm, in which the active

power is given. This solution is useful for the application of the system in the WPI.
In accordance with (16b), (21) and (38), we obtain:

- given the active power - P;,, when the condition Pg,... < Promax =@ (1+9) / 2k;

=1, (38)

must be respected;
- the longitudinal component of the modulation ( M ;) of the control signal is determined

by M,=2(k; +4)Pg,/V3(1+4);
- the transverse component of the modulation (M,) of the control input wave is

« + 2 2
() [0 2 x
determined b M, ,=—F@-1)F,||—=@+1)| =| —=+k Pg, | - here M, -
y q1,2 3 (9-1) \/L/g (9 )} ( ;3 VLR j q1
corresponds to the mode 1, and M, - to the mode 2.

Wheng >0 , the fundamental harmonics of inverter current and voltage (section S; ) do not
coincide in phase. The current phase is ahead of the voltage phase ( @5z >0). Fig. 22a shows
the dependence of cosgg; on the parameters g and k; . From figure 22a it follows that in the
first mode there is a significant reduction of cosgg; with the increase of the parameterg.
Dependence of cosgsz on the parameter k; is ambiguous, namely, in the first mode
cos@sr decreases with the increase ofk; , while in the second mode, on the contrary
increases.

The phases of the fundamental harmonics of generator voltage and current (section S;; ) are

always the same (cos@s; =1), the power factor in section S will be determined according
to (15a) by the relation y = Pis /Stc = Pi, /Sec = ViV -

The RMS of the fundamental harmonic of generator voltage is determined by the following
expression:

u* = — Ny
coms =B -\ | 20 (k. +q) 20 20"

1 & (@MJ [wﬂ)T [ﬁM]l ) q[@w] .
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Complete RMS of the generator voltage is found from the ratio

. 1 « M 3
UGo, rms =$\/(a) cos 6)2 + a :;)2 (1 —ZMsz . (40)

where: @ - the angle shift between the fundamental harmonic of generator voltage and EMF

ki(1+9) M,

Ltq9 M ’2+a,*i

of generator is defined as follows & = arctg

The RMS of fundamental harmonic of the generator current

2
i 1 1—£M 1 (\/EM%ZJ +(PI’QO)2 (41)

Go, rms1,2 \/5 Cl)* q1,2 (6()*)2 2

Complete RMS of the generator current is found from the relation (19) and (41).

In fig.23 the distortion coefficients (v,g; ) and harmonics (THD, 4 ) of generator voltage as
functions of the active power generated ( Py, ) and frequency of rotation (@") are presented.
As can be seen from fig.23 the best quality of generator voltage is characteristic for mode 2.
In addition, analysis of the relations (39) and (40) suggests a reduction factor of harmonics
THD, 5 with the increase of the parameter q. Similar conclusions can be drawn from the
consideration of fig. 24, which shows the distortion coefficients (v;5;) and harmonics
(THD;4; ) of current as a function of the active power generated ( Py, ) and frequency of
rotation (@"). In the engineering calculations we can take v,s = 1.

Power factor of the generator according to (15a), taking into account thatcosgg; =1, is
determined using the relation: y; =v;qV,; -
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Fig. 24.

Dependence of . on the generated active power ( Py, ) and the frequency of rotation (@")
is shown in fig.25. From this figure and the previous findings it can be taken: y; =V, .

As expected, the power factor is higher in mode 2. In the mode 1 with a decrease in power
Xc is significantly reduced because of the need to reduce the modulation depth M in order
to maintain cos@s; =1.
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From (33), (34) and (35) the conditions can be found under which the maximum power

Piomax (the point where modes 1 and 2 are the same, fig. 20) is attained at the beginning of

the limitations of the modulation depth (M =1), i. e. Pg,..x = Prosimy holds; the value of

omax

active power, in the performance of this condition is denoted as Py, .. jim -

2 2] 2
* * * \/§ 1_ k +
PRomaxlim = PRomax = PRolim =5 1 + L 79 . (42)
2 [l (1+q)] (1+g

The power Py, .xiim Can be reached at a frequency of rotation @ = @), jim :

_1
a);laxlim = \/5{(1 _q)z + ((kL +q)/\/E)2} ’ : (43)

Taking into account the taken relative units we determine the real value of active power

PRomainm from the ratio

2

b Romaxlim —

2
E_gﬁ 1_q +(k +q)2
oLy 2 |k t

Figure 26 shows the active power Py, .xiim / E2 / w;L4 and frequency @,,..im as a function
of the parameter g at different values of k; .
As can be seen from fig.26, the maximum possible active power ( Py

corresponding speed of rotation in this mode ( &,
(43) we obtain:

omaxlim ) and the
occur at g =0, kr = 1. From (42) and

axlim )
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Fig. 26.
Fig. 27.

b _[B/eV2)=06124-SPWM; o [[3/2=12247 - SPWM; (44)

fomadin T 11/42 =0.7071 - SVPWM; I V2 = 1.4142 - SVPWM.

When we select the power generation system PGS in the WP], it is convenient to use fig.27.
In this figure (for g = 0, k; = 1) the trajectory «a — b »corresponds to the points of maximum
power (Pgomax) for the different frequencies of rotation ®". At the point «b»
Promax = Promaxtim @aNd @ = @ o im - With the further increase in frequency @* to keep the
value cos@q- =1 without the restrictions of the modulation depth it should be the moving
on a trajectory«b — ¢ ». If @ — o the point « ¢ » is reached. The value of active power at the
point« ¢ »will be the maximum possible for cos ¢ =1 . The value of this power is

J3/2 =0.866 - SPWM;

PRomaxtim (@ = ) =
Romax hm( ) {1 - SVPWM.
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At work of the PGS from WT an active power will change under the law (20). The mode of
the maximum power with @ =@}y, is desirable by choosing from a condition

w;VTmax = a);laxlim :
In this case according to (20) and (44):

* E3 ES 3 *
PWTomax(wWTmax) =7 (a)WTmax) = PRomaxlim;
* & 3
V= PRomaxlim/(wWTmax) .

When we change @ the operating point should move along the trajectory «a — b » fig.28,
where the power varies according to the law (20), but cos ¢ =1 will be retained. For such a
trajectory the dependences of the amplitude values of generator voltage and current
(ug, i, ), the power factor ( ys: ) and the generated power Py, = Py, as a function of the
frequency of rotation are shown in fig.29. In fig.29a the movement trajectory "«a — b »"
occurs in mode 1, in fig.29b, respectively, in mode 2.

Fig. 28.

As follows from fig.29 at work in the 1st mode, despite the fact that cosgs; =1 the power
factor of the generator has a little value when @  — @}y, it is explained by sufficiently
small value of the coefficient of distortion of the generator voltage at low frequencies. In
addition, there is a large value of the generator current, so when @ — @i » ic, — 1 i€
the current is close to the value of short-circuit current. When working in 2nd mode the
power factor is much bigger, with the generator current is much smaller than in mode 1. In
the 2nd mode, the generator voltage has increased, but it is less than the EMF-load of the
generator current.

Note that if we want to save cos@s; =1 in the entire working range and M<1 at
@ = Oyrma @S well as to choose the frequency of rotation of WT from the condition
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Oy max > Pmaxtim  the working point of the trajectory at maximum frequency of rotation and
maximum power generated will be in the 1st mode (fig.30) and, consequently, will have a
low value of power factor.

/—'_\ {
1 T/ T
N TR p o ]
o . Y/ 0.8 t
0.8 % Go Z N //\ P }
| | Go
0.6124 i / | 0'6125‘6&4 --------------------------- el
T e S e s ! !
| / / i | i
! | 04T} [
0.4 T, / A I | / I
| | | |
/ // B;’I'o = “?)R'o =Y (60*)3 0.2 i //< i
0.2 } // ! HER L////\‘ P,;;y, =PR,” =y a)}f)‘} .
|
3%\ 07 o8 00 1 N 1,2‘\ S 0.6 0.7 0.8 0.9 1 1.1 1.2\ 13
Gy min = 0.6123 Oy = 1.2247 Oy i = 0.6123 O = 1.2247
(a) (b)
Fig. 29.
* * * *
90“qu0 @ = Onaxiim = Oprmax = 1.2247
' ok *
w = wWT max > a)max lim
*
P Ro
180 B
0
3_ p*
ax) - PRomaxlim
330
x
\/(P Rolim )
270
Fig. 30.

Taking into account the results obtained, we can conclude that the work with cosgs; =1 in the 1st
mode is not optimal for WPGS, because in the entire frequency range @ € {@ymin, @vrmax) there
is a large value of the generator current (i, =1 at @ — @y, ) and a low power factor ( ygc ).

If condition cos@s; =1 remain in the range of frequencies {@pr min, @ max) f0r WPGS should be
recommended the second mode, since in this case, the power factor of the generator in the working
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frequency range @, <@ <@, is large enough, with the generator current is much smaller
than in the first mode, but there is an increase in generator voltage.

Phases of the fundamental harmonics of current and voltage of the generator do not
coincide.

In this mode, the angle can be0>@s; or @s; >0 . Vector diagram for the case ¢5; <0 is
shown in fig. 5. Basic relations for the determination of voltages, currents and power in the
system are given in (14) + (26). For these values of the angle ¢, as in the case of s =0,
the same value of power can be obtained in the two modes, corresponding to different
values of the parameter M, .

In the general case, when g >0, k; >1 the active power Py, is related to M, by the relation:

2 x 2
(Pfso—Po] +[”q0_UOJ 1, (45)
YpR,p R,p
where
kp+q @ t8Psc : @ W 18Psc
Yp= 14 i Ryp= > 1+( ” J 7 Uy == Po=77p-
Whence:
. 2
Ugorp =Uy F \/(Rup)z —[%J ; UR, = ﬁplza?Mql,z = %”201,2; M, :%VSPEO-

Here the indices "1" and "2" correspond to the 1st and 2d modes in accordance with fig.20.
Maximum power achievable at a given frequency of rotation (@") is defined by the relation:

PR*omax T PO + 7PRuP = w*/z . (46)

Relationships (97) make possible to determine the dependence of the currents and voltages in
the system as a function of frequency of rotation for different values of the angle ¢5; and the

parameters g and kr. Major trends of these relationships can be seen on the graphs (22) + (25).
Let us consider the choice of mode of the system in WPI, while we assume thatq=0,k; =1.

In this case, the equation (45) in polar coordinates will be:

p(9) = & sec(ss)sin(¢ + @5 );
Pro(9) = Uy, = @ sec(@sg ) sin(p+ g5 ) cos(9); (47)
”;o(¢) = 0" sec(@sg ) sin(g + gs ) sin(@).
Fig.31 shows the nature of the proposed change of the angle (@) of current shift (ig, ) on
voltage (ug,) and cosgs; on the frequency of rotation of the shaft of WT. The proposed
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s«

scenario allows us to work with @7 . > @maxlim T€Maining in the second mode ( @, jim 1S

defined according to (44)). For this operating point with a maximum power of
WT Byromax (@vrmax) 18 compatible with the maximal achievable power P, ... (46), (47). In
addition, we require that the power P, . corresponds to M=1 (fig.32), i.e.

* *
PRomax = PRomaxlim .

Angle ¢, .. (fig.32) is determined from the equation @ =0, @ = % ~ ¥

2

We will find the frequency of rotation at which the equality Py, .y = Promaxiim 15 Te€alized,
from the equation: p(@,,,,)= J3/2, it follows that

1
O = %{see(%@)sin(% - %TGH : (48)

Based on (47) + (48) Prymaxlim = gcos (% —(/)S—Gj .

Then we require that

a);VTmaX = a)max; P;\/Tl)max = P;Omaxlim.
Proceeding from the equation (20) 7= P i/ (@) r Prvro (@) = Y(@0°)° .
In accordance with fig.31 we take @s; = @i When @ = @, .. . The law of change of ¢
in the operating range @ € {@yr min, Pvrmax) according to fig.31 will look as follows
g w - a);;in
P56(@) = D5 max {1 - 2*—AJ ,

), -,

max min

where a)r;in = wlt\/l"min = a);\/Tmax /D = Cl);;ax /D '
Then

; V3 ( T Qs j T J3 (71’ )
w. . =—1|sec sin| & — XSGmax . P =2 os| L4 FSGmax |
max 7 (¢SG) 4 7 Romaxlim 2 4 2 j

The minimum power at @ = @y min : Promin = Promaxiim/ D" -
The locus corresponding to the frequency of rotation @ =@y, IS

p(¢) = w;VTmin sec(?SGmax ) Sil’l(¢ + ¢5Gmax) :
The angle ¢=4¢,,,, at @ = @, is determined from the equation

& . E3 3
wWTmin sec(¢SGmax ) Sln(¢min + ¢SG max)COS ¢min = PRomainm /D

Db Romaxlim

Dza):;\/Tmax Sec((DSGmax)
¢min2 = 7[/2 - (¢min1 + ¢5Gmax)'

1 ) .
¢min1 = EarCSIH 2 - Sln(¢SG max) ~ PsGmax 7

(49)
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In the relation (49) angles @,,;,; and ¢@,,,» correspond to the 1st and 2d modes.

When the rotation frequency @y rmin <> @yvrmax changes the two trajectories are possible

(fig.32), namely, «a <> ¢ » and «a <> b » with the first corresponding to the system in the 1st
mode, and the second - in the 2nd mode.

As already noted, the first mode is characterized by the low value of power factor and the
big value of current. For this reason, the second trajectory is desirable, i.e. work in the
second mode. In this case:

My (@) = 2Py, (@)/NB; My (0) = &' [2+ (@ [2)% = [Pig (@) + @18 056 () By, ().
For 9scmax =7/12, D=2 and D=3 the result of calculation in fig. 33, when
6()* € {a);\/Tmin/ a);\/Tmax} :

T
. Dyr =3, q=0, k; =1, @sgmu =E
Dyr=2, q=0, k; =1 @somux = 2 L.
1.2
’ o COS Pgp
Go \
I . N
>-‘d cos =0.966 e
1 e e p—— PDsr |
05 @gp = 0.966 | ///'-“7/ /" ? N2
0.8 'I/ sk Psr } J/ .
| it ‘ 0.61— “ ]
B G, O N Y N O N osanp—L U
-~ % e okl
0.4 { ; | r
I Ll * ! &
| Bl =71 (w )‘ / | 0. : :
o | s
|
| |
00659 4- — &= o | 0.0195 :é,//’/ o
! H 2
06 07 08 09 1 L1 12 13 14 04 06 08 ! 12 14
@y in = 0.687 G =1.374 @y min = 0458 Oy max =1.374
(a) (b)
Fig. 33.

As can be seen from the figure 33 that choice of scenario allows a wide range of changes of
the frequency of rotation by increasing the value of @, at the given value of cos g .
Dependence of @, on the given value of the angle ¢s:,.., is presented in fig.34, which
implies that the maximum achievable value of the frequency @, for a given scenario of
control is equal to V3.

It should be noted that the selected above the linear law of change of ¢s; (@) is not unique.
In that case, if for the area of installing of WPI the prevailing wind speed is known, then the
frequency of rotation of the shaft of WT is calculated and at an obtained frequency the point
with cos@e; =1 is selected. The law of changes the function @g-(@’) can be optimized
according to the change in the winds, with equality cos¢g. at the extreme points of the
operating range { @y min, @vrmax} iS NOt obligatory.

Thus, the scenario of the WPGS system working according to the given law of change of cos @z
with change of wyyr allows to increase the maximum operating frequency of rotation while
maintaining the 2-second mode, which is characterized by relatively high value of power factor.
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Fig. 34.

4. Basic power indicators in the circuit "voltage inverter - electrical network"

The schematic diagram of the circuit "voltage inverter - electrical network» taking into
account the accepted assumptions is shown in fig.35. The estimated mathematical model of
the electrical circuit is shown in fig. 4.

Fig. 35.

Voltage of the electrical network changes according to the law:

Uny = Uy cos[v—(m—1)27/3];v=Qt; m=1,2,3(u,v,w).
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Change laws of the inverter control signals are uy,, =u.cos(d,), where
6, =v—-(m-1)27n/3+¢,;
Taking into account the accepted assumptions the mathematical model of an electric circuit

in rotating system of coordinates, under condition of orientation on an axis of voltage of an
electric network g, will look like:

where: u; =[u1d ulq} Loug=[0 Un]t, 4 :[ild ilq] ! - vectors of the inverter voltage
and the mains voltage, vector of the inverter currents; Uy - the peak value of network
voltage; 1 =diag{r,r;}, n, - the resistance of inductance of power filter and of the
transformer windings; L; - the equivalent inductance of the power filter and the transformer
0 -Q
Q 0

Neglecting the active resistance the ratio (50) can be written in a scalar form

leakage inductance; £2 = [ } , Q - circular frequency of the network voltage.

diyg | diy, |

dt dt
A mathematical model of the inverter will be determined by the relations (5) + (8). In these
relationships we take: U, =+/3-Uy- - 8,4, , where /3 -U,. - is the minimal possible voltage
in a direct current link with SPWM, §;,. - is excess of the minimal possible voltage of a link

of a direct current.

As before, in order to preserve the universality of the results of the analysis, we introduce
the following relative units: E;=Uy; @ =Q; Xs=wsL;; I =1,=E;/X;;
S; =3E;I5/2; a; = @, /Q; where @, -a cyclic frequency of the PWM inverter.

Taking into account relative units the equation (51) will become:

ok
® dl[d s %

di,
U = " " lgr U —l=——+iy,

where v=Qt.

The voltages u;; and uy, are determined by the relations

Upg = Uggo + Allpy;  Ugpy = Upgo + Allp,;

V3 V3

7 51,1ch Sin(_¢Rc) = _7 5lech ’ u}kqo =

" V3 V3
Urdo = 751,1ch COS(_¢RC) = 7511ch11"

here uy,, uy, - the orthogonal components in the d and g coordinates of the fundamental
harmonic of inverter voltage; Auj,, Au;q - the orthogonal components in the d and g

coordinates of the high-frequency harmonics of inverter voltage.
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We will define the high-frequency harmonics for SPWM from the relations (14).

The equation for the inverter current can be represented as the sum of the fundamental (i}, ,
i1,o) and the high frequency (Aij; , Aij,) harmonics iy =iy, +Aigy; i, =ip, +Aij,

The fundamental harmonic of the inverter current is determined by the relation

ok _ * . _ * 1
Ugo = Uldor Tra = Upg — 1.

The high-frequency harmonics of the inverter current for SPWM are determined from the
relations (16).

We assume such a control law of inverter, when the WPI in electrical circuit generates only
an active power. Then the vector diagram for the fundamental harmonic of current and
voltage will have the form shown in fig.36.

Under such a control up, =1; iy, =i, =—Uy,; iy =0. Generated in the electrical network

active power is:

PNo =l = o = ~Upgo - (52)

Vector diagram for the orthogonal components (M, M, ) of the inverter control signal in «d

g» coordinates is presented in fig.37
The quantities M,;, M, and ¢, are determined by the relations:

M, =2/ (J38u), My =2Py / (S30us), ic = arcigMy / M, =arcigPiy,.  (553)
The linear range of work of the inverter is limited by a condition:

1-SPWM;

MM <1 2
q \/5 SVPWM.

Fig. 36.
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A M

P

v =

Fig. 37.

From (53) (in the case of equality), we obtain an expression for the maximum active power
( PXomax )» Which can be transferred to the electricity grid without distortion of the current.

) ﬁcswc ~1,1SPWM
PNomax = 2

V(84 )? =1,-SVPWM.

The dependence of Py, on the value of &, is shown in fig.38, which implies that the
minimum value of ., at which the generation of active power begins is given by:

2

— —SPWM,;
§Udcmin = \/5
1-SVPWM.
1.4
PI;omax
- I /

: >VPWM/

! T SPWM
0.8 //////
0.6 // //

0.4 / //
0 / /
[/
0.9 \I 1.1 ; 1.2 1.3 1.4 1.5 1.6
3

Fig. 38.
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Dependence of the active power Py, from the relative values of voltage in the DC link
Ouae =Uy. / \/§LIN. and the depth (index) of modulation M can be found from the following
relation:

Pl = (38ucM /2 -1. (54)

Taking into account the active losses in the output circuit of the generating system an
expression for the fundamental harmonic current and the active power will look like

2
iy=Py,=—— -0z +,|/[1+(® — = | -1
Io No 1+((0;<)2 R \/[ ( R) ](\/gich]

where @y =R/X; , R - the equivalent active resistance of the inverter phase.

Graph of this dependence (at wy =0) for SPWM and SVPWM is shown in fig.39, which
implies that the adjustment range of active power decreases with decreasing of ;. . It
should be noted that when working on electrical network application of SVPWM can
significantly increase the active power. As follows from fig.40 for each the value of
Ouge there is a minimum value of modulation depth M, ;, below which the generating
active power is equal to zero M ;,, = 2/ (\/§5Udc) .

The dependence of M,;, on &, is shown in fig.40.

n

1
0.6 By, SVPWM
s P, SPWM 0.8 7/:
// 06 /// il
04 ' / ////’
0.3 0.4 5Ud =13 //// p /’
Spae =13 // . ’ // / /
0.
2 /1.275 / 02 .25] 5 / /
0.1 125005 / ' 4 Lis/ |
SYaviaTaE - y
088 09 092 094 096 098 1 08 09 09 1 105 1.1 115

() (b)
Fig. 39.

We determine how vary the coefficients of harmonics (THD;; ) and distortions (v;; ) of the
inverter current. In accordance with the relations (52) and (19) the effective value of the
fundamental harmonic of inverter current (i, . ), its fluctuating components (Aij . ) and
the total effective value (i; ,,,, ) are defined as follows:

1
zIo,rms = PNU/\/E ’ AlerS = [L)l;dj . []1 (7[ . M)2 (al—zj 4 ZI,rms = \/(llo,rms )2 + (A ll,rms )2 (55)

C
. ap + 1)2(‘11 -1)
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In fig.41 the dependence of the magnitudes THD; andv; as a function of the depth of
modulation M with ;. =1.3 is presented. As follows from this figure, the qualitative
indicators of a current are much worse with a decrease in modulation depth, while the value
THD;; =0.05is reached at M —1 and &;;;. 21.3 . For the Russian standards, the quality of
the generated electric current in the WPI network must fulfill the condition THD;; <0.05. It
should also be noted that THD;; practically does not depend on the inductance L; and is
determined only by the multiplicity of frequencies a; and the ratio of voltages d;;,, -

Taking into account that the phase of the inverter current coincides with the phase of
voltage of the electrical network, as well as a sinusoidal change of the voltage, taking into
account the relations (13) we obtain the following expression for the power factor in the
cross section Sy : ¥y = Pi, /S = Vi -

We define the changes in THD;; and v;; in the WP], as function of the frequency of rotation
of the shaft of WT. We assume

P;\/To =7 (a)/a)WTmax)3 : (56)

We define the coefficient yaccording to the condition Py, (@yrmax) = Promax » then
7= Pymax - Based on the (54) and (56) we obtain the dependence of modulation depth on

the frequency of rotation of the shaft of WT

3 2
2 # a)
M=—= P | —2— | | +1. 57
35Udc [N (a)WTmax]:I ( )

In fig.42 the dependence of M on @/ @y may for the two types of modulation (SPWM and
SVPWM) is presented. It implies that the modulation depth varies slightly.

Knowing the dependence of M on@/@y ., We can determine the changes of the
qualitative characteristics of the generated energy as the function of the frequency of
rotation of the shaft of WT. For this we use the relations (55) (57).

In fig.43 graphs of THD;; and v;; on @/ @y .y for SPWM are presented.
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Given that in the powerful WPI multiplicity of frequencies a; is limited by the dynamic

losses in the semiconductor switches, we can conclude that it is impossible to satisfy the
requirements of the quality of the generated energy by increasing the PIWWM frequency, as in
the case of SPWM, and when SVPWM.

There is a positive impact of increase in the parameter &,;;. on the quality of electric power,
but it leads to a significant increase in the DC link voltage and, consequently, to increase of
the installed capacity of the electric power converter.

The solution of this problem can be modification of the voltage inverter circuit or reducing
the range of power change implementing SVPIWWM.

When constructing the WPI of MW capacity and more one should be guided by the
multilevel inverter circuits.

However, one of the ways of solving the problem may be the shunting "m" inverters
connected to a DC voltage source controlled by the same modulating signal at the output of
each phase, but the time of entry gates are shifted relative to each other in frequency ® and
at an angle 27/m that is carried out, for example, in bilateral sinusoidal PWM introducing of
m sources of reference signals with a specified phase shift. This decision, in addition to
improving the quality of energy, increases its level, providing a modular inverter and
system as a whole. The modular principle of the considered WPGS also has the advantage
that it can save about the same level of efficiency of large and small rotational velocities,
which provided by the different numbers of modules in the function of the frequency of
rotation of the shaft of the wind turbine. Fig.44 shows an example of parallel connection of
m inverters.

In parallel connection, each inverter independently from the other forms voltage u;; , which
value can be determined in accordance with the relation (6). This parallel connection is
possible if the parallel channels have no common inductance, i.e. each channel operates on
the electrical network, or at the entrance of a transformer there is a capacitive filter on which

high-frequency ripple voltage is practically equal to zero.
Each of the phases of such a system can be represented as an equivalent circuit (fig.45). For
this scheme the following relations are fair

m m m
) ) 1 ' L. .
11—2111'/ Uep __zuli/ L,=—, ldc_zldci'
i=1 mi—q m i=1

where u,;, L;, - the equivalent internal voltage and inductance.
The total generated power of the system of m channels will be determined by the
ratio Py, = ZPN\oi , where Py, - the active power of the i-th channel.
i=1
Fig.46 shows an example [2] of calculated the equivalent inverter voltage waveform (u,)

and locus of voltage u;,;, at m=3. Locus structure is similar to the equivalent multi-level

inverter. This conclusion is illustrated by the amplitude-frequency spectrum of the current
i; given at fig.47 for the three options m=1,3 (ata; =20).

Increase in the number of channels leads to exclusion from the spectrum of the current of
groups of combinational harmonics with frequencies v=n-@; tp-Q; n<m.
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Calculations show that a reduction in the harmonics of load current THD;,,) when you

turn on m parallel channels can be estimated by the ratio THD;;,,, = THD;;, / m?* , where

THD;; (3, - the coefficient of harmonics with m = 1.
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Not identical distribution of the active power between the “two neighboring” channels can
be evaluated using the following relation

Pliogiy = PN 2
5P _ INo(i) = PNo(i+1) *100% zl{ i J 100% .
Pogiy + Phogi+1) e ay
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Fig. 47.

The dependence of Jpy on the multiplicity of frequencies for different m is shown in fig.48,
which implies that when a; <8 and m = 2, imprecision in the distribution of active power
does not exceed one percent. With the increasing m the error decreases.

Thus, with the reasonable accuracy it can be assumed that

m
Plflo(l) == P:Io(i) == P;\klo(m)’ P:]o = lep;ro(i) .
i=
The analysis shows that the parallel connection of the channels leads to a decrease in the
number of groups of combination harmonics in the amplitude-frequency spectrumi,,, the
amplitude of high-frequency harmonics decreases. The power factor (s, ) and the
inactive power (Qg,. ) in the section S, at the voltage inverter input (fig.44) subject to m
parallel channels can be estimated using the relations of the form [2]:
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-1

» Qsae = Pro '\/1/(15dc(m))2 -1,(58)

Py, B 1+1_(ZSdc(1))2' 1

(PN0)2 +(Qs4c) (ZSdca))z (m)2

Asdc(m) = \/

where sy, Xsacmy - POWer ratios in the cross section S, of one channel and m channels

respectively.

From (58) we can conclude that an increase in the number of parallel channels included in
the input power increases the component of active power and virtually unchanged a
reactive power. Thus, the parallel connection of m channels leads to an increase in the
power generated by m times, to a decrease of ratio of harmonics of the generated current by
factor of about m? while maintaining the multiplicity of frequencies a;, the specific reactive
power of capacitor (Cy) in the chain of dc decreases by m times. When we save the value of
the coefficient of harmonics of generated current the shunting channels can reduce the
multiplicity of frequencies a; by approximately m2 times.
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Fig. 48.

Thus, the analysis of energy data in the circuit "voltage inverter - electrical network" provides an
opportunity for an analytical assessment of the main parameters and detects trends in integrated
settings, and characteristics when changing operating modes and control algorithms. When using the
voltage inverter of WPI on the electrical network of the power quality of output current varies
considerably. So, for example, at a range of change of frequency of rotation of a shaft of the wind
turbine D =2 it is practically impossible to provide at real parameters THD;; <0.05 of the power

scheme of the inverter in all range of frequencies of rotation. This problem is solved by using
SVPWM, multi-level converter circuit, or using the modular principle of the converter. The modular
construction principle allows increasing the efficiency of WPGS at low frequencies by turning off the
multiple channels. This solution allows extending the working range of wind speeds of WPI. The
principle of modular converter can be extended to WPGS; in this case the generation system is
constructed, as shown in fig.49. Here, as an example, a system of 4-channel generation is presented.
Fig.50 shows the change in power in one channel to generate at different ranges of speed of shaft of
WI. It would start one channel, then two, three and four. Increase in the number of working modules
reduces the current range of each module, which increases the efficiency of the system at low wind
speeds; this increases the maximum capacity of the system, generated by maintaining its high quality.
According to this principle the WPI «Raduga-1A" 1 MW was designed and built near Elista.
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5. Conclusions
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A mathematical model for analysis of energy characteristics of electric power generation system
consisting of a synchronous generator with excitation from permanent magnets, the active
rectifier and the voltage inverter with PWM is considered.
2. Various algorithms to control the active rectifier and inverter for variable speed wind turbine

shaft are analyzed.

3. Analytical relations for the calculation of currents, voltages and power generation in the system

are obtained.

4.  Recommendations on the choice of control algorithms and structural circuits of the generation
electrical energy at a variable speed shaft WT are given.
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