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Abstract - This paper is concerned with the power characteristics of the
wind power system based on modular principle. A mathematical model
for analysis of energy characteristics of the electric power generation
system consisting of a synchronous generator with excitation from per-
manent magnets, the active rectifier and the voltage inverter with PWM
is considered. Various algorithms to control the active rectifier and in-
verter for variable speed wind turbine shaft are analyzed. Analytical
relations for the calculation of currents, voltages and power generation
in the system are obtained. Recommendations on the choice of control
algorithms and structural circuits of the generation electrical energy at a
variable speed of shaft of wind turbine (WT) are given.

Index Terms -- permanent magnet synchronous, active rectifier, volt-
age-source inverter, power characteristics.

I.  INTRODUCTION

A promising energy conversion system for the Wind Power Installa-
tions (WPI) with variable wind turbine speed is the system “Permanent
Magnet Synchronous generator — Active Rectifier — Voltage Source
Inverter” [1], Fig.1. Further the system is called Wind Power Generation
System (WPGS).

WPGS-type systems can realize all the required options: generation
mode with non-linear load, asymmetrical and non-stationary load, elec-
tric starter launch mode, in-phase and parallel work with electrical net-
work and other WPL

This paper evaluates general power characteristics of the system in

SG,S",S’,S

work. The main feature of this research is taking into account factors
appearing due to variable speed of the wind turbine shaft. These factors
are variable frequency and magnitude of the synchronous generator (G)
output voltage and dependency of the generated power on wind turbine
rotation frequency. Besides that, presence of the active rectifier (R)
changes functional and energetic abilities of the WPGS.

T sections in condition of working for high power net-

II. MAINPOWER CHARACTERISTICS OF THE SYSTEM “SYN-
CHRONOUS GENERATOR — ACTIVE RECTIFIER”

Power characteristics of electromagnetic processes in WPGS define
the efficiency of the mechanical energy conversion of shaft rotating with
variable speed into electrical energy by synchronous generator and volt-
age source inverters. Also these characteristics evaluate degree of the
WPGS influence on electrical network through its energy quality per-
formance.

The main power characteristics are efficiency, power factor and
THD. These characteristics are indirect because they require calculation
of the RMS values for currents and voltages.

For the further analysis the following quantities have been chosen, as
basic:

U =iy y Uy N5 = Ui = %,

1)
Xy =, (Lf +Ld);1b =1, =E, | X,:S, =3Ey1, /2,

where U, —is the magnitude of the electric network voltage reduced to
the primary transformer winding, 7, ¥, = const — is the magnetic
linkage generated by permanent magnets.
Let us denoteq =L, /L, andk, =L, /L, then taking into ac-
count (1) it can be written:
Xip=0'q/(+q).X) =o' [(1+q),
X; =o'k, [(1+9). X} = 0"q/(1+q),
X =0'[1+q), X, =o'k, [(1+9g),
Xps =Xg+Xip=0
Xiy =X, + X =0 (k +9)/(1+).
Let us assume, that the blank cycle EMF of the generator, ¢, , and
active rectifier control voltage are conformed to the following equations:

G = @' cos[9—(m—1)27/3];
Uiom =t 1, SIN(B,) = M sin(8,):

where

6, =9—(m-1)27/3+7/2—¢p.;
J=wt;m=1,2,3(a,b,c),

and u, —is the amplitude of control input wave, u_ —is the amplitude
of sawtooth carrier wave, M —is the modulation index.

Neglecting by the active losses, equations of the “G-R” system in the
rotating dg frame with angular location () = 3—7/2 can be writ-
ten as:

it
. dig,

a)‘kL+q-i;;
d9 I+qg ™ )

* —
Upg =—0O

Lk g dig,
579 0t v o,

I+qg d&

* p—
Up, ==

Active ( P ), reactive (Q ) and the total power (S ) for the fundamental

harmonic can be found through the following equations (here and fur-
ther all fundamental components have index 0):
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Fig. 1. Structure of the Wind Power Generation System.

(Sc) =)
ariable-Speed
Wind Turbine
W1
Py, = P, = Py, = @ Logo »

Q;G(? = u;dn i;qo - u;qoi:?do 5 Q;Ro = u;doi:?qo - u;qoi:?do ;
¢ 2 2. f 2 2,
S;Go = (P;No ) + (Q;Ga ) s S;Rn = (P;No ) + (Q;Rn ) s

It has been taken into account that active power in each section is
equal to the generated power for electric network.

Active power value is not changed with considering higher
harmonics. Calculation of reactive and total power with considering
higher harmonics is shown in [2]. Orthogonal components d and ¢
are M, =M sing,, and M, = M cos ¢, respectively.

Taking into account high frequency ripples, equations for the ac-
tive rectifier will be written as in (3) at the bottom of the page [2].

Upy = Upgy + Allgy; Upg, = \/gM Sin(¢Rc)/2 = \/gMd /2;

©)
Up, =Upgy T DlUp, s U, = \/gMcos(gbRc)/Z = \/qu/Z;
In the equation (3)uy,, , Uy, — are the fundamental harmonic

orthogonal components in the active rectifier, Auy,, Auy, — are
the higher harmonic orthogonal components in the active rectifier,
J,(x) — is the first order Bessel function, a, = 2/ @ —is the
angular frequency of PWM in the active rectifier.

Analytical equations for generator currents were defined in [2].
Generator current and voltage can be defined by the similar way.

i:;d = i:?do + Al:?d 5 l:?q = i:?qo + Al:?q
u;d = u:}da + Au;d 5 u;q = u;qo + Au:}g

For steady state condition it can be written:

P U, l+g o _ﬁ l+q
Ggo X* a)*(kL+q) Rdo 2 a)*(kL-f‘q)

qz

M Sin(¢Rc );

Gdo *

. B K

* * .
UGdo = Upao — XRflGda = M sing, ;

TkL+q
e L Bk
+XR/~leo=E (06]+7 L

. Iy
p zl_ﬂzl_ii*Mcos((IﬁRc);
2 w

ok
quo - uRqo

M cos ¢y, |.
q

L

RMS values for voltage and current of the active rectifier will be
defined using results of [2] and well known relations:

- r’R(l),l‘ms /UR,rms = J3M/2’
Iy =\, + 5V + (AL N2,

*
UR Jrms

= M/Z’ VuR

where

1

2 2
AL ~ \E* i JI(E.M)Z% :
T-® (az +1)(a, -1)
ViG = \l (igdo )2 +(iéq0)2 /I;,rms .

RMS value of the generator voltage will be defined assum-
ingk, = 1:

2
1 . 2 1 3
UG,rms = $ (a) Ccos 0) +W' M _(gM COS¢R6J 5

where 8 — is the angle between the fundamental harmonics of the
generator EMF and the generator voltage, Fig. 2, defining as
0= arctgu;do/u;qn

The character of change of the generated power, voltages and

currents will be considered further using previously derived equa-
tions. For WPI with variable speed of the wind turbine generated

(B,) in speed  range
(0" € {Drin> Do + ) 18 defined by wind velocity and known

active  power working

turbine parameters.
Thus, generated active power can be found from equation (4)

B, =)’ @)
Where y =const — is a construction parameter. Without taking
into account active losses P, ~ B, .

In the sections S, and S g-components of the voltage with
specified active power are defined by the following equations:
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Fig. 2. Vector diagram of the Generator-Rectifier system in dg-frame.

P]:o kL+q.
k, -1’

L

w1
uRqo = - -

*
u Rdo

ugqo =0 [1 _*LJIC_L'
g, 1+q) )k, —1
Generated active power of the system can be found through the
d-components of this voltage:
R:a = egqi:;qo = a)*ig'qu = Cl)* ’ u;;do /X;E =
=0 Uy, [ X, =g, - (1+9)/(k, +q) =
=g, (1+Q)/k,,

Fork;, —1, Py, gy, =(1+q)ug,, - The total power and

the  displacement  power  factor in  sectionSy:

1
St =[ () + (B2 |7 . cosdn ™, /S, . where the
reactive power Qp, is defined by:

1+g¢
' (k, +q)

O, =

1
() + =0, ) =

As can be seen from the Fig. 3, there are minimums of the total
power for certain values of the angular frequency, when the reactive
power is zero. Let us denote the frequency when the minimum total
power as o; . This frequency is defined by:

* 2 1 * 2 1
a); — u;qo 4 (uR:{a) ( + q) — u;q{) (uG:b) .
e (K, u,, K

From the equation for O, an equation linking coordinates ofu},,

and u,, can be obtained:
(tr/70R0) " +[ (0 = 2) /RQ]2 =1
Where 7, = \(k, +@)/(+q), R,= ﬂfw*Q;,, +(a)2)" .

Equation (5) is the ellipse equation with the big axis is 2a, and the
small axis is 2bq , where a, = YoRos bq =R,. The ellipse
center is located in coordinates (0, o' / 2) . In the polar coordinates

equation (5) will be following:

0

.
[0}

0.1 1 10

Fig. 3. Dependence S, on o

b 2
() -[1-(&cos go)z 1-2p(@)p, H;] cosgpcosy, +singsing, |+

d

+p; ~[1—(g~cos¢0)2]—bq2 =0,

where ¢ € (O, 27[) , Po» @, are the ellipse center coordinates and
parameter ¢ is defined by the following equations:

po=a' |2 ¢ =1/2; & =1-(b/a,] =k, ~D/k, +q).

Thus the locus equation uy, () = \[(u,,)* + (uy,,)* in section

S can be written:

\/(a) sin (/))2 +40°0;, (1 — &’ cos goz)
[2(1—82 cos @’ )]

uy, (@) =" sing+

Locus uy, (¢) for different values of @° and is shown on Fig. 5.

Here and further circle with the radius uf,  =+/3/2 limits

mode with M =1 1ie. out of this circle the modulation index is
limited. Therefore all obtained equations are correct within this
circle.

Varying values of uy,, and u},,, makes it possible to regulate
generated active power and consumed reactive power by the fun-
damental harmonic. Since P, = uy,, , it can be seen fiom Fig, 5

that the maximum active power, which is defined by the maximum
d-component of the locus, also considerably depends on reactive

power (Q,) and @ . What is more, with the negative value of
O, valueof P,

Romax

decreases:

By 2 7oR, 200y, +(0'/2)
On conditions that Qf = tgdy,P,, and g =0 equation (5)
can be rewritten:
2 . 2
[0

PRa _7tg¢SR 'kL uRqo _7

* + *
\ﬁ% }1+kL (igds)’ %,fHkL (tgdy)’
a, :\/E,fHkL (tgds ) - @' [2:b, :Jl+kL (tgdy)” - @'/2.

=1 ©)
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From this equation dependence P,

0 max

P = TR0

*

Fig. 5 shows changing of P,

on ¢, canbe obtained:

P*

*
P, Romex(3) )

*
P, Romex(2)

0 max ( Romax(1)
with different values of ¢, .

Thus, from the obtained results it can be concluded that there are
operating modes with different values of cos(¢ ) by varying " .
It became possible thanks to independent regulating of the orthogo-
nal components of the reference vector u,, by the active rectifier.
For instance, following modes are possible: fundamental harmonics
of current and generator EMF are in-phase, Fig, 6, a; fundamental
harmonics of current and generator voltage are in-phase, Fig. 6, b;
fundamental harmonics of current and generator voltage are not in-
phase and their phase difference varies.

k, =105, ¢=0, ®" =08

Urgo s =0

P

Roma(2) B

Fig.5.Locusfor Py, .. (P Roms) )

Romax(1) *

Let us consider the last mode assuming that in low frequency
mode the current advances generator voltage and in high frequency
mode generator voltage advances the current. Analysis shows that
in this case the same power value can be obtained by two operating
modes with different M _ .

Indeed, the active power depends on u;g by the following rela-
tion:

q
. . .
e 1(;40'X‘, 1Gq - X
€ =0 = - .
—u' =ut G Ugo
Ggo = URgo o
. 25
1Go = lGq0
7
d
- » -
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Fig. 6. Different operating modes in the system

[(P,?o—Po)/nRup]z{(u;—UO)/RMP]Z=1 %)

where

2
k, +q @ fk +q
= i R,=— |1+|¢ L R
Vp I+g¢q w = (g¢sc/ l+q
® o k, +q
u,=2; p=2 WS )
0T, [ g¢SG/[ 1+g ]

From (7) we can obtain:

| . 2
. P, —P . k, + .
Uy =Us F _[ = 0] S U, = qPRa;
\ I+q ®)

2 * . 2 kL+q *
Mql,z =ﬁuqol,2’ M, =ﬁm Ro*

It can be concluded from (8) and Fig. 6 that the same active power
on the

0

transverse axis, Fig, 7. In the relations (8) and further indexes / and
2 denote the operating modes / and 2 in accordance with Fig, 6.

Maximum power for certain frequency " is defined from the
following relation:

value can be obtain from two values of the voltage u,

Pl:omax :PO +}/PRUF = a)*/z

©

Relations (8) make possible to obtain voltage dependences in
the system as angular frequency functions with different values of
@ and parameters ¢ and k, .

The choice of an operating mode for the system as a WPI part
will be considered further. Let us assume ¢ =0, %, =1 for the
certainty. In this case equation (7) will be rewritten as:

p(¢) = Sec(¢so)5in(¢ + gosc)
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k=10, ¢=0, o*=08

Fig. 7. First and second obelating modes of the system
Besides, d- and g-components will be defined as:

})1:0 (p)=0 sec(Py; ) sin(@ + Py, ) cos();

. . . . (10)
Uy () = @ sec(y;; ) sin(@ + Py, ) sin(@).

Fig. 8 shows proposed dependences of ¢q; and cos ¢g; on the
shaft angular frequency. This operating script makes possible to
work with the second operating mode. Thereto match the system
operating point for maximum WT power with maximum possible
system power. Above and beyond it, maximum power P, ...
must be conformed to maximum modulation index M =1, Fig. 9.

A

1
COSPsGmax [
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\d — ZWT max I @,
Dy min = D | OWT max
T R = S

Fig. 8. Dependence of the angle between current and voltage in the generator
Let us denote P, 0x = Promaxlim - Angle @, is defined from
conditon dp(p)/dp=0ie. Q. =7/4—Ps;/2. Rotating
ﬁequency for A I;komax =h ])?komax lim Can be found from the equa-

tion: P(@Ppax ) = \ﬁ 2 hence:

\/5 T Qg
o =—"1/sec(p. . )sin| —+ 3¢
‘max 2 / (q)_s(;) [4 2 ]

:ﬁcos £—¢S—G . Further,
2 4 2

As a result we obtain P;omax lim

let w;VTmax = wr;ax;
we can obtain:

7/ = PR*omaxlim /(a);mx )3 >

B V;To max P, 1:0 max lim* From equation (4)

Br(@) =P (@) (@)

In accordance with Fig. 9 let us assume @g; = —@gg . On condi-

tion " = @y,

. Also, the variation law of ¢, within operating
range @ € {@Wyrmins Oprmax + Will be following:

P (0") = P [1 =2+ (0" — @0}, )/(a);ax -]

* * *
, ,
* . WTr'max __ ~~max _ _WT max
where @, = @y, = D D Dy =— .
wr wT wWT min

Then

(U:]ax = g . 1/sec(¢SG) . Sin(z _ %ij

2
P = ﬁcos[f + Mj

>

Ro max lim 2 4 2
Minimum power with @" = @, willbe

* * 3
PRomin =PRomaxlim/(DWT) .

Fig. 9. Operating scripts of the system with varying "

The locus for @° = @y, is following:

p(¢) = a)l/‘VTmin Sec( q)SGmax ) Sin(¢ + ¢SGmax)

Angle ¢ =¢,;, for that condition is found from the following
equations:

*

. * 3
a)WTmm Sec(wSGmax)S]n(¢min + goSGmax ) oS ¢mm = })Ra max lim /(DWT)

= SI0( Py )} = DsGman>

*

Romax lim

1 il 2
wmin] = —arcsin > "
2 Dy O e € P )

T
Prnin2 = 5 = (Print + PG )-

In these equations angles ¢, , and ¢, . , are conformed to the
operating modes / and 2 respectively.

There are two possible trajectories with varying frequency
a<>c(in the first operating mode)

*

wWijn < a);VT max :
and a <> b (in the second operating mode).
Low power factor and high generator current are typical for the

first operating mode. Therefore the second mode is more reasona-
ble. Then:



M (@)= 2P»;To(w*)/\/§;

M, (&) =o' [2+ \/(a) 12) (B, (@) + 01814 (0P, ().

For this case when ¢, = 7/12 for D,, =2 onFig. 11 cal-
culation results of the current, voltage, power factor, active power
and cos ¢ in dependence on @" € {@W); in> Oprome § ALC PrE-
sented.

It should be noticed that chosen linear variation law of
@5 (@") isnot only possible. In case of the prevalent wind velocity
is known for given area, the shaft rotating frequency is calculated
for this velocity on condition cos g, =1. In this case variation

max

law of ¢, (@) can be optimized an accordance with variation
law of the wind velocity.
What is more, equality cos @, = 1in boundary values of oper-

ating range {@j; .. » @y} 15 NOt NECESSATY.

s
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Fig. 10. System power characteristics

As can be seen from Fig. 11, this operating script choice makes
possible to realize expanded operating range by increasing @, for
specified value of cos g, . Dependence of @ .. on specified
angle value ¢ . is shown by Fig. 11. Figure also shows that

maximum possible frequency is @’

ma:

. for chosen operating script.
Thus, the operating script of the WPGS with varying cos @
by specified variation law in condition of varying «,, provides to

increase maximum operating frequency and to save the second
operating mode which has relatively high power factor.

/o-<~~&l>¢§

\

Psgimax

-4 -3 -2 -1 0 1 2
4

2
Fig. 11. Dependence of maximum operating frequency in the WPI on
maximum angle between current and voltage in the generator.

III. MAIN POWER CHARACTERISTICS OF THE SYSTEM “VSI—
ELECTRIC NETWORK”’

Principle circuit of the system “Voltage Source Inverter — elec-
tric network” is given on Fig. 12.

Let us assume that variation law of the voltage in the electric
network is following: u,,, = U, cos [U —(m—-1)2x/ 3] , Where
v=0t, m=123(y v w.

Besides, inverter control signals are defined by the equation:
=u_cos(6,), where 6, =v—(m—1)27/3+¢,.The
following quantities have been chosen as basic frequency and re-
sistance: @, =42, X, = w, L, . Let us introduce the term of the
frequency ratio: a, = @, /€2, where @,, —is the angular PWM
frequency and 2 — angular frequency of electric network. One
more assumption is U, = NER Uy -6y > Where 6, 21 is
exceeding of the minimum possible dc-link voltage.

u

Iem

U | VTj ZSWj VT,

%ﬁ
]H

Fig. 12. Principle circuit of the system *“Voltage Source Inverter — electric network™

Taking into account all above mentioned assumptions and de-
noted quantities a mathematical model of the circuit in the dg-frame
can be presented as:

. + -
ul, =dil, [dv—i

. " -
s U —1=d11q/du+lld,

(11)

where v = ¢ . In (11) Electric network voltage is oriented by ¢
axis.
Voltages u;, and u;, can be defined by the following equa-
tions:
Uy = Uy, + Auyy;

* * *
Upgy = Uy, +Au1q,

u;do = OpuM ﬁ/Z -sin(=¢,, ) = =06, M, \E/Z;
0y, = 8, M\J3/2- cos(=4,,) = 6, M, \B/2;

(12)

*

Here u;,, , u;,, — are d and g components of the fundamental

Igo
harmonic of the inverter output voltage; Au;, , Au;, —are dand g

components of the higher harmonic of the inverter output voltage.
Higher harmonics for SPWM are defined by the equation (3)
with taking into account coefficient &, .

In steady state condition analytical equations for inverter cur-
rents can be defined through the equations (3), (11) and (12). In this
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case d and g components of the fundamental harmonic are defined

as i;qo = _u;do; l;d = u;qo -1 P, SVPWwM
Let us consider the control algorithm of the inverter when WPI 08 .
generates into the electric network active power only. With this o " e !
algonthm u;qn = 19 l;; = i;qn = _u;dn; l;d =0 and genemted . / / /
active power is defined by the following equation: 04 S T3
.29
P, =i, =i ==, (13) SN p
D and g components of the inverter control signals and angle 055 09 005 1 1os 11 115
4 are defined as: M =2 / (\/5 “Ouz) Fig. 13. Generated power dependence on the modulation index.
c q e /2
M,=2-F, /(\ﬁ -Gy ) > @, =aragM , /VI =wrcigP o In accordance with (13) and results obtained in [2], RMS values
s Yie q .
Linear working range of the inverter is limited by the following ~ ©f the fundamental harmonic of current ., , ripple component
condition: Ai} e and total RMS value of the inverter current are defined by
f(Md)2 +(M ) < {1 — SPWM 2/ 3 = SVvPWM; the following equations:
s 1 (14)
= . * )2 - - * 1 *
N Ji+ @7 < {1 SPWM,2/\3 - SVPWM, 0= 5 P,
From this equation (in case of equality) we can obtain equation , 1
for the maximum active power which can be transferred into the AP = \E@MC W (7r~M)2 a, +1 g
network without current distortion: b e X ' (@, +1y’(a,-1* )’
2 ok _ ok 2 ok 2
(7\/5/2 . 5Udc ) — 1’ — SPWM l[,rms - \/(l[o,)'ms) + (A l[,rms) .
P = 15
Nomax [ 5 Y1 —SVPWM (13 Modulation index depends on the WT shaft frequency as fol-
( Ude ) T ) lows (in accordance with the condition (15)):
From (15) follows that the minimum value of &, for gen- . 372 /
erating active power is defined by the equation: M =2\ Fomas (a)/ Ot max ) i| +1 /300,
2 / ﬁ — SPWM; Knowing of this dependence can be used to find power charac-
e min = | — SYPWM teristics of the generated power as functions of WT shatft frequency.

As an example Fig. 14 shows plots of 7HD, (a)/ a)WTmax) for

Dependence of the active power P, on &, =U, / «/§U N SVPWM.

and on modulation index can be found through this equation: Since in high power WPI frequency ratio a, is limited by the
N 2 . o ) dynamic losses in switches, it can be concluded that it is impossible
By, = \/ ( \ﬁéwc M / 2) —1. With taking into account active o, meet the power quality demands by increasing PWM frequency

losses at the output of the WPI the fundamental harmonic of the ~ Without LC filter. Increasing of &, causes increasing of the de-link

current will be following: voltage and, as a consequence, rated power of the inverter.
2 N ‘ ‘ ‘SVFW‘M
1 2 \ Sp=13
i, =Py, =, [+ (@) ] = | ~1-a; 04 :
! 1+ (o )’ \/ h ’\/3_’5U¢1(»M ! :
0.3
18
where @, = R/X, R — equivalent active inverter phase re- 02
. =24 ™~
sistance. o N s N O
The plot of B, (M) for SV PWM is shown on Fig. 13. It can P N N N I e e S By
be seen from Flg 13 that regu]atmg range decreases if 5Ud£ de- 045 05 055 0.6 065 07 075 08 085 09 095 |1

creases. It should be noticed that using of SV PWM provides sig-
nificantly increasing generated active power. Fig. 14 also shows
that for each value of &, there is a minimum modulation index

Fig. 14. THD of the generator current in dependence on WT angular
frequency.

Changing of the inverter topology or decreasing of the regulating

M, . If the modulation index less than M., =2/(\/33,,,.) the range of power with SVPWM can solve this problem. Therefore

active power is zero. design of WPI with rated power IMW or more must be oriented to
Dependence of inverter current THD on the WT shaft frequen- multilevel inverter topologies.

cy will be defined further.



Another solution is parallel connection of m inverters. All invert-
ers are connected to the same dc voltage source and controlled by
the same control signal in each phase, but switching times in every
inverter are delayed by angle 27z/m in relative to each other. It can
be realized, for example, by introducing m control signals with
specified phase delay. This solution increases power of the system
above and beyond energy quality performance. It also provides
modular construction for such systems. Advantage of modular
construction is saving the same efficiency of the system with low
and high WT shaft frequency. This feature is provided by different
numbers of modules. Number of the modules is a function of the
shaft frequency.

Increasing of channels number causes excluding groups of
mixed harmonics from the current spectrum with the following
harmonic orders: v=n-w, £ p-2; n<m. Calculation
shows that decreasing of the current THD can be evaluated by this
equation: THD,,, = THD,, /m* , where THD, - is the
total harmonic distortion with m=1.

Besides that, number of mixed harmonics groups is also de-
creases in the amplitude-frequency spectrum of the current in dc-
link 7, . Power factor yg,,, insection S, JFig. 12, in the invert-
ers’ inputs can be evaluated by the following equation [4]:

-1

1_(ZSdc(1) )2 ) 1

(ZSdL-(l) )2 e

where ¥y » Xsae(m — &€ power factors in section S, for sin-

gle channel and m channels respectively.

It can be concluded that parallel inverter connection causes in-
creasing of the generated power by m times, decreasing THD about
nt’ times. What is more, for the same frequency ratio a;, reactive
power density of the dc-link capacitor C;. decreases m times. On
the other hand, for the same 7HD using of parallel inverter connec-
tion provides to decrease frequency ratio m” times.

Thus, performed analysis of the system “VSI — Electric net-
work” makes possible to evaluate main power characteristics of the
system analytically in different operating conditions and control
algorithms. In conditions of low wind velocity THD of the system
does not meet the demands of power quality when WPI works for
high power networks. This problem is solved by using of multilevel
converters, applying SVPWM control, modular inverter topology.
Latest solution increases the efficiency of WPGS by disabling of
several channels when low shaft frequency. Modular construction
principle can be applied in WPGS. Fig. 15 shows an example of
modular-based WPGS.

Fig. 16 shows dependence of the power in a generating module
of WPGS in different intervals of the shaft frequency variation.

Xsde(m) = 1+

Network

G

Fig. 15. Modular construction principle in WPGS
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Fig. 16. Dependence of the power in a generating module of WPGS

It can be seen that first one module works, then two modules, af-
ter — three etc. Increasing number of the modules decreases rated
range of each module and increases system efficiency in condition
of low wind velocity. Besides that maximum power of the system
increases and its power quality still high. Using this technology a
'WPI named “Raduga’” was designed and built near Elista city. WPI
has rated power IMW and consists of four modules. Each module
includes permanent magnet synchronous generator, frequency
converter, control system and matching transformer. Operating
wind velocity range: 4-25nvs.

CONCLUSIONS

A mathematical model for analysis of power characteristics of
the system including permanent magnet synchronous generator,
active rectifier and voltage source inverter has been considered.

A control algorithm for the active rectifier and inverter with tak-
ing into account variable wind turbine shaft has been considered.

Analytical equations for generated power and its different graph-
ic dependences on different parameters and operation modes were
presented.

Useful recommendations for choosing control algorithms and
structures of WPI considering variable wind turbine were formulat-
ed.
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