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MACHINE-TRANSFORMER UNITS FOR WIND TURBINES

Background. Electric generators of wind turbines must meet the following requirements: they must be multi-pole; to have a
minimum size and weight; to be non-contact, but controlled; to ensure the maximum possible output voltage when working on the
power supply system. Multipole and contactless are relatively simply realized in the synchronous generator with permanent mag-
net excitation and synchronous inductor generator with electromagnetic excitation; moreover the first one has a disadvantage
that there is no possibility to control the output voltage, and the second one has a low magnetic leakage coefficient with the ap-
propriate consequences. Purpose. To compare machine dimensions and weight of the transformer unit with induction generators
and is an opportunity to prove their application for systems with low RMS-growth rotation. Methodology. A new design of the
electric inductor machine called in technical literature as machine-transformer unit (MTU) is presented. A ratio for estimated
capacity determination of such units is obtained. Results. In a specific example it is shown that estimated power of MTU may
exceed the same one for traditional synchronous machines at the same dimensions. The MTU design allows placement of stator
coil at some distance from the rotating parts of the machine, namely, in a closed container filled with insulating liquid. This will
increase capacity by means of more efficient cooling of coil, as well as to increase the output voltage of the MTU as a generator to
a level of 35 kV or more. The recommendations on the certain parameters selection of the MTU stator winding are presented. The
formulas for copper cost calculating on the MTU field winding and synchronous salient-pole generator are developed. In a spe-
cific example it is shown that such costs in synchronous generator exceed 2.5 times the similar ones in the MTU. References 3,
figures 2.

Key words: wind power, wind turbines, inductor electric machine, transformer-machine unit, pole, stator winding, generator.

B pabome npeonosicena nogan KOHCMPYKYUA UHOYKMOPHOIL 31EKMPUYECKOT MAUWIUHbL, KOMOPAA 6 MEeXHUYECKOoll aumepantype
Ha3zvigaemca — mawunno-mpanchopmamopnuiii azpecam (MTA). /Ina maxkozo azpezama noyuyeno coommuouienue 01a onpeode-
JNleHua pacuemnoit mowsnocmu. Ha konkpemuom npumepe noxkazano, 4umo npu 00UHAKOBLIX 2A0APUMAX PACYUEMHAA MOUHOCHb
MTA moscem npesviuiams maxosyro 0aa 00bIYHBIX CUHXPOHHbIX MawuH. Koncmpykyua MTA no3eonsem pazmecmums Ka-
mywKu 00MomKu cmamopa Ha HeKOMOPOM PACCMOAHUU OM NOOBUIHCHBIX ITEMEHMOE MAUIUHbL, 4 UMEHHO, 8 3AKPbIMOI eMKO-
cmu, 3anONHEHHON INEKMPOUIONAUUOHHOU HCUOKOCMBIO. IMO NO3601UM YEeIUYUMb MOUWHOCING 34 cuem Donee IPhhekmueno-
20 0XN1AMHCOCHUA 0OMOMKU, A MAKIHCE NOBLICUNMD 8bIX00HOe Hanpsaicenue MTA kak zenepamopa 0o ypoeusa 35 kB u 6onee. budn.
3, puc. 2.

Knrouesvie crosa: BeTpoIHEPreTHKA, BeTPOIHEPreTHYECKHE YCTAHOBKH, MHAYKTOPHAS dJIeKTpHYecKass MAIINHA, MAIIHHHO-
TpaHc(OPMaTOPHBIIi arperar, oJc, 00MOTKa CTaTOpa, FeHepaTop.

Introduction. Electric generators of wind turbines  machine shaft 2 of the rotor hub 3 is fixed on the outer

should meet the following requirements: they must be
multi-polar, have a minimum size and weight, but be
guided contactless, while working on the electrical system
to provide maximal possible output voltage.

Problem definition. Multi-polarity and
contactlessness are relatively simply realized in
synchronous generators with excitation from permanent
magnets and the inductor synchronous generator with
electromagnetic excitation, and at first, as a drawback —
no ability to control output voltage, the second — small
(up to 0.4) utilization factor of magnetic flux of
excitation.

State of the problem. In [1] the new design of
electric machines — machine-transformer unit, which is
non-contact, has electromagnetic excitation type inductor
generator and a greater relative to the last utilization of
magnetic flux is proposed. But the design of the unit,
especially in three-phase version, is complex and, in
addition, requires a significant copper consumption for
stator windings. In [2] an improved design of machine-
transformer unit with vertical shaft in three-phase design
is presented.

Materials of investigations. A considered machine-
transformer unit consists of two parts — the machine (Fig.
1,a above) and transformer (Fig. 1,a below), which have a
common external magnetic core (stator) in a longitudinal
package 1 of isolated plates electrical steel. On the

surface of which is placed radial toothed packages 4 and
5, also made of insulated electrical steel plates and are
relatively shifted in the axial direction. Teeth in these
packages are oriented toward the gap between the rotor
and the stator longitudinal packages and mutually
displaced in the tangential direction geometric angle m/z,,
where z, is the number of teeth in one package of the
rotor. Between toothed package contains 6 annular
excitation coil attached on its outer surface to the
longitudinal stator packs. Winding divided into two
sections, located nearby. Each of the leading bands wound
in mutually opposite directions, and the sections are
interconnected at the end of the part winding rotor.
Longitudinal package 1 along the length of the machine
unit fixed by fill gaps between nonmagnetic alloy, which
also forms part of the housing 7. In the radial direction
packs 1 are based on the cylindrical sidewall 8 and 9,
which made holes for their passage. In sidewalls
constipation Leno-bearings 10 and 11 are seated on the
shaft bearings 2. Outside bearings are closed by lids.
Width of each of the packages 1 is made less than
width corresponding groove in its outer rotor (radial) side.
The packages of the transformer, in extreme along the
length of the working areas mounted coil windings
interconnected respective schemes — «triangle» or «stary.
The lower end oppression packages to the ring yoke 13
wound with insulated ferromagnetic tape. Package 1 of
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the transformer coils 12 and 13, yoke placed in a closed
container 14, which is filled electrical insulating fluid.
The outside of the containers secured cooling device 15
combined with the internal volume of the pipes 16.

At supply of the excitation winding 6 by DC
magnetic system unit, a magnetic flux, which is obtained,
for example, tine rotor pack 4 and included in those
packages stator longitudinal area «overlap» and whose

maximum rotor teeth (in Fig. 1 direction magnetic
excitation flow shows by arrows). Next, the magnetic flux
of 1 packet enters the ring yoke 13 and then — in other
packages stator 1, and it is in those areas «overlap» which
package and rotor teeth 5 maximum. Then, with a
package of one stator magnetic flux enters the rotor pack
teeth 5 and the sleeve 3 again in package 4 of the rotor.
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U

Fig. 1. Machine-transformer unit design
(a — longitudinal axial section; b, ¢, d — cross-sections in different places in height)

As the rotor rotates, for example by the wind turbine
its teeth continuously change their position relative to the
longitudinal stator packs, which leads to changes in the
size and direction of the magnetic flux in the past. These
flows permeate the working coil winding 12 that it causes
the electromotive force (EMF) with frequency f'= z,n/60,
where 7 is the rotor rotation speed, rev/min.

Design power of the machine-transformer unit
(MTU):

P =mEl , (1)
where m is the number of phases of the stator winding; £
is the electromotive force (EMF) of the phase; /; is the
phase current.

On each package longitudinal magnetic stator coil

one phase is placed. Number of coils per phase will be
z,, = zi/m, respectively, EMF of the phase

E=zEK= zphE K, [ m,
where z; is the total number of packages 3arampHa Kinb-
kicte maketiB; E,. is the EMF of one coil; K, is the
distribution ratio that takes into account the mutual phase
shift vector EMF coils phase.

Figure 2 conventionally shows the relative position
of the stator packs and rotor teeth at some initial time and
after displacement of the rotor on the pole notch T = 0.5¢,,
where #, is the tooth division of the rotor.

The magnetic flux which penetrates the coil turns,
&, = @, — &y, where @, is the flow, part of the package
of the stator tooth rotor; @, is the flow that of the stator
package includes a groove adjacent rotor package.
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Average EMF of the coil

AD 20
(Ec)=w, ~ Wcﬁ =4fw (D, @) @
where w, is the number of windings of the coil; A® =29,
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is the magnetic flux change through the coil during time
At = 0.5T, corresponding to a distance of displacement of
the rotor relative to the initial position. 7= 1/f'is the EMF
period; fis its frequency.
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Fig. 2. Schemes of relative position of stator packets and rotor teeth at different times

Magnetic flux values:
@, - Hol5S2 L By = o551 ’
8y )

where o is the magnetic constant; F3 is the
magnetomotive force (MMF) winding one air gap; d;, 9,
are the air gaps between the package and the stator tooth
and rotor, respectively, between the package and the
stator slot rotor; S.;, S, are the area magnetic flux
between the tooth and the package and between package
and groove, and, S.;=b.il.; S1,=b'pl.,, where b, is the
width package; L, is the axial length (thickness) wave rotor;
b'y is the estimated width of the groove of the rotor.

After the substitutions above formulas in expression

(2) we have:
Slb, 2
-—£=1, 3)
62bzl

<Ec> = 4chB8122bzl {1

where B; is the magnetic flux density in the air gap
between the stator package tooth and rotor (maximum
value).

We write: b,=04t, where a; is the pole arc ratio. As
a result, the corresponding calculations obtained ratio
(b'p/b.1)=1.2. The machine that analyzed by the rotor has
two packages; area of the excitation magnetic flux action
in the axial direction is the active length of the core, i.c.
ls = 21,. We write the expression in parentheses of the
formula (3) as follows:

8 b :[ __anSIJZK
o>
8y by, )

where K is the coefficient taking into the magnetic leak-
age flux.

In view of the above we write the expression for the
current value of the EMF of the coil

Ec = Kf<Ec> = 2Kf(XBKGWCfB515’C . (4)
where K is the shape factor of the excitation magnetic
flux.

Stator winding coils similar in design to the same
bars of power transformers. As for transformers we write
ratio for linear load: 4 = I;w./I. where [, is the axial length
of the coil. From here the phase current

I 1 = Alc . (5)
WC

Substituting relation (3), (4), (5) in the formula (1)
taking into account the fact that: f = pn/60 and T =
= nD/(2p), where p is the number of pairs of poles of the
machine, which is the number of rotor teeth z, in one
package; D is the diameter bore on which stator packets
placed; 7 is the rotor rotation speed, rev / min we receive:

" TT 2
P =6O—Da5KfK,.KGBBAD lglczln . (6)

Let’s consider in detail the expression for the linear

load:
— Ilwc _ jaSch _ jahcchd _
/ /

where 4, is the length of the coil; K, is the filling factor of
the copper coil longitudinal section; j, is the current
density in the coil.

The interval between packets in a circle on the stator
diameter D denote as by, and b, = t— b, where t, is the
tooth division of the stator. It is desirable to ensure
bg1 = 0.5¢;. Then, the thickness of the coil 4. = 0.45b, =
~ 0.23¢,. The value in the next product of formula (6) will
be the following:

Ach]

A

jathd ’

c lC c

=0,72j,1.Ky .
After substituting the last value in (6) we obtain:
P'=3810"0sK (KoK, K Bsj,Dlslen.  (7)

Regarding the coefficient o5 = b.,/1:
e the width of the stator package b.; = t; — by = 0.5¢;;
o the pole dividing t = nD/(2z,).
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So

t z
oy =—="2
tzz Z1
To make the machine as 3-phase one it is necessary

to provide:

2] 2222 +K,
where K=1,2,3 ..., then
22 1

0.5.

o5 = = <
870, +K 2#%
2

The formula for the design power of classical syn-
chronous machines with electromagnetic excitation is the
following [3]:

P =01640,K (K,Bs AD*Isn . (8)

Design power ratio for the same overall dimensions

ad _ 0’23a5KrKGKdBﬁjalc (9)
P! o;K,Bs A

N

Perform by the last formula calculations (generators
in the power range up to 1000 kVA).

Assume: 05=0.45; K,=0095; K~0.58; Bs=1.5 T,
J. = 410° A/m* «=0.85; K,=0.92; B3=09 T;
A=4-10" A/m.

As a result of calculations obtain:

P 0,23-0,45-0,95-0,58-1,5-4-10°

B 0,85-0,92-0,9-4-10*

When [, = 0.1 m we have P’ = 1.12P, i.e. the
estimated capacity of the MTU exceed this for
conventional synchronous generator. Selecting the /.
value, you can change the size of the power within the
allowable heat load stator windings. It should be noted
that the induction in the air gap B; of the MTU is limited
only by magnetic saturation of the stator electrical steel
package, i.e. B; <1.8 T, which is significantly higher
compared with classical generators.

Spatial distribution transformer and machine parts in
the MTU will post stator coil windings at some distance
from moving parts, such as in a closed container filled
with electrical insulating fluid. This provides more
efficient cooling of the stator winding in operation, which
makes it possible to increase the current density in the
winding and, therefore, power MTU compared with the
case of air cooling. On the other hand, placing windings
in electrical insulating fluid will increase the output
voltage in generator mode MTU to the level of 35 kV and
above and thus refuse the use of power transformer,
which increases voltage before feeding electricity into the
high-voltage network.

MTU stator winding consists of individual coils
attached to the longitudinal packets. Reels are
concentrated, which will provide the minimum length
frontal parts. In conventional synchronous generator
stator teeth number is selected according to the formula:
z1=2pmq, where ¢>2. For low-speed generators, for
example, when n = 150 rev/min, f'= 50 Hz, ¢ = 2 must
provide p =20 and z; = 2-20-3-2=240. This is complicated
by the stator performance and forced to increase the size
of the generator. Consider the opportunity to realize three-
phase machine (MTU) where z;=2z,+K. The magnetic

1, =1121,.

field provides excitement in the air gap of each packet
number of rotor pole pairs p = z,. Mutual angle y (in
electrical degrees) of two coils located on adjacent stator
packets in this magnetic field will be:
yZZEZZR(zl—K):n_E'
2l ZZl 1
Neighboring packets belonging to one of the phases
and coil these packages are interconnected in series
opposite, the electrical angle between the vectors EMF
coils will be the following
Kn
Ye=T—Y=—".
21
Number of packages in the three-phase stator
electric machine z; = am, where a = 2, 3, 4 ... are the
packets numbers per phase. In the formula z; = 2z, + K
the K number denotes the number of branches winding of
one phase, connected in series or parallel. Number of
coils in one winding branch is:
_z _a
Km K
Electric angle that they occupy by the coil bore of
one branch

ap

SIS SO
K-m z m

Yo =apYe =

The last formula confirms the possibility of creating
asymmetrical three-phase windings with 60 degree phase
zone. From the preceding considerations it follows that
the number a; and K must be whole. Connection between
them describes by the relationship:

_ Z1 :222/(K+1). (10)
K-m m

The value of K is desirable minimal. Consistently
increasing the value of K, starting with one, we find from
formula (10) ah appropriate value as the first whole
number. For example, when n = 150 rev/min, /= 50 Hz,
z, =20, m = 3, then only at K = 2 we will obtain @, =7.
Then: z; =220 +2=42, a=z,/m=42/3 = 14.

As noted earlier, the excitement of the MTU
provides one fixed ring winding. Define the cost of
copper for the creation of such winding. For magnetic
circuit through which the excitation flow passes, the fair
equation:

ap

25H3KF :]foZFf,

where Hj is the magnetic field strength in the air gap pack
size &; between stator and rotor teeth; Kp > 1 is the
coefficient taking into account ferromagnetic of the chain;
Iy and wy are the current and number of turns of winding;
Fis the magnetomotive force (MMF) of the winding.

Consider the following: Hs = Bs/uo; Iwy = jSwy =
= S,wr where jris the current density in the winding; Sy is
the pre sectional area of the conductor; S; = Spwy is the
sectional area of copper windings, and

F / _ 20BsKp
Jf HoJ s
Taking into account that the average length of the

coil <> = w(D-hy), where hq is the radial thickness of
winding, winding copper volume is as follows:

J=
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2nDSBgK h 2V BsK h
Vd:Sd<l>: 0Ly F[l oj 555 F[l__oj’

HoJ f D HoJy D
where Vs = nD3 is the volume of the air gap between sta-
tor packages and rotor teeth.

For comparison, we determine the cost of copper for
the excitation winding of synchronous salient-pole
generators. We write the equation of magnetic
equilibrium magnetic circuit which passes through two
adjacent poles,

28Hs KpKgs =21 .w. =2F,,

where Kj is the coefficient taking into account the stator
toothness; /. and w, are the current and number of turns of
the pole winding; F, = I.w, is the EMF of the winding.
Cross-sectional area of copper of the coil
Sqa =Srw, ZQZMa
Je HoJe
where j. is the current density in the coil.

Volume of copper of the coil
Vy=384(I'),
where </"> is the intermediate winding length.
It is about </"> = 2,5(l5+b,); Is is the length of the
stator core; b, is the width of the pole core.
Usually b, = 0.35t. We write:

\_ _ospfls/ 055/ _ 0,55
(1 =2,5(5 +0,357) = 2,50[ o+ A j = 2,50(% +055/ j :

where A = [5/D. Then
08V835 KFKfS ( 05/)
“0]0
The total volume of copper of the excitation winding
consisting of 2p coils, taking into account the
recommendation to the choice A= 0.8/p”, will be the
following

0,9VsBs KsK
—< (1,45 1).
HoJe ( \/;_’_ )

The ratio of the volume of copper windings
excitation with the same volume of air gap, current
density in the windings and magnetic cores saturation:

ds =2pVq =

How to cite this article:

V. 04585 Ksll4syp+1)
Va Bs(1-h/D)
For example, for p =z, =20; Bs=1.5T; Bsg; =
K5 =1.2; ho/D = 0.05, we will obtain: V,/V,;=2.5.

09T;

Conclusion.

1. A synchronous electrical machine in the form of a
machine-transformer unit because of silent-pole design
and large magnetic flux density in the air gap will permit
to increase the design power and reduce the cost of copper
on the excitation winding compared to a classical
synchronous machine with electromagnetic excitation.

2. Placement of transformer part of the unit in a closed
container filled by electrical insulation fluid will permit to
increase the output voltage in the generator mode as well
as the power of the unit.
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