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(Abstract‘continued)

view of the network, behaves like a normal, synchronous
generator and that the converter only needs to be designed
for about 15% of the rated power of the generator.

ii



Contents | oreles Page
I. General Introduction 1
l.a. Wind Energy 1
l.a.1l. Introduction 1
l.a.2. Properties of wind energy 1
l.a.3. Properties of energy conversion using
a windmill - 4
1.b. Generation.of Electrical Power Using a Windmill 5
1.b.1., Electrical part; tasks, requirements 5
l.b.2. Electrical part; possibilities 8
II. Method Investigated 12
2.a. Theoretical Considerations 12
2.a.1. Description of the method investigated 12
2.a.2. Power balance as a function of wind
velocity
2.a.3. Derivation of the machine equations 38
%? gower balance; the electromagnetic couple
A Pimilarity to a normal, synchronous
generator 33
- Similarity to a transformer 38
2.2.4. Special properties of a combination
windmill-DSG ; 47
Control of the max1mum*capa01ty point 48
by controlling the converter frequency ),
€ontrol of cos 79network with converter
voltage - 49
;0verload capacity of the generatorf.'“ 51
bepper and iron loss es in a DSG 60
e
, 2.845. The _Converter 64
2.b. Practical Section 66
2.b.1. Description of the experimental set-up 66
= The generators used 67
The converter used 69
2.b.2. ’Flndlngs in the experiment 70
2.b.3. Measurement résults 73
2.b.4. Effect of non-perfect system parts
the behavior 6f the machine 75
2.b.5. Calculation’ method 82
Conclusions 88

iii



INVESTIGATION OF A GENERATOR SYSTEM FOR GENERATING
ELECTRICAL. POWER, TO SUPPLY DIRECTLY.TO THE PUBLIC
NETWORK USING. A WINDMILL .

c. Tromp
Power Electronics Laboratory

I. General Intrqduction

I.a. Wind Energy

lea.l. Introduction

The transformation of wind energy into electrical energy [l*
proceeds in two stages:
wind energy is transformed into mechanical energy
by means of a windmill.
the mechanical energy is transformed 1nto,electrlcal
energy using a generator whose lower part is made up
of what we shall call the "electrical part" of the
system. .

The mechanical energy is presented to the electrical part by
means of a turning shaft. Defining the power (the couple and the
revolution) which can be presented, we have:

the properties of the wind energy itself,
the properties of the energy transformation using a
mill. o

Studying this is thus a first requirement. A detailed
consideration given over to wind energy falls outside the
specifications of this report. Only what is of immediate interest
for the system concerned here is explained further. For a
detailed treatment, consult the literature, for example [1].

l.2.2. Properties of Wind Energy

The kinetic energy per:second, for an amount of air which
flows at a certain velocity: Vy. perpendlcular to a specified
surface, is:

—— . e g e
P = 0,64 A v3 [watt] (1) (1)

LTt s e eee———— - - —_— =

* Numbers in the margin indicate pagination in the foreign text.



where: Pw = the wind capacity (energy per second)
A"- = the size of the given surface (m?)
V,; = the wind speed perpendicular to
surface A _ (m/sec)

The constants in eq. (1) are determined by specific mass of
the air, which depends on various factors. As an average value,
we here take & = 1.29 kg/m3.

In the case of the wiﬁdmill, A is the circular surface which

is drawn by the vanes (Fig. 1) and P is the power which the mill
offers. :

If D is the diameter of the surface A, then:

P = 0.503 D4v, > ,
or simply: .

P, % % D2y ° (2)
The power is thus very highly dependent on wind velocity.
In general, it may be said that wind velocity:
depends strongly on the location on earth, due to
climatological circumstances,
increases with height above the earth's surface
(naturally not unlimited), :
is greater on the coast and at sea than inland.

Because of this, there is a need for information in a clear
form on the behavior of the wind at a particular site. This
information must relate to wind velocity. Wind direction is
left out of consideration, because a windmill can always be
directed into the wind.

The wind velocity distribution curve gives the information
in question. Along the abscissa is set the wind velocity Vy,
where this is divided into small increments 4 V. Along the
ordinate is hours per year (see Fig. 2). The graph, which
consequently is a histogram, gives the number of hours per year
for each area AV that the wind velocity occurring at the site
where it is measured lies within the area 4Y . By selecting
a sufficiently large number of areas 4V, the histogram turns
into a continuous line. Along the ordinate one also sees well
marked the. probability that wind velocity lies within 4V. 1In
this case one speaks of a probability density function.

It is clear that, for a reliable curve, many years must be
measured.

Fig. 3a (taken from [1]) gives an example of a wind
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velocity distribution curve measured on the coast of Wales (GB)

at a good 4O meters high. The wind velocity is given in meters
er second. Because use is often made of the Beaufort scale

% ind power), this is taken up in the appendix at the back.

The most often occurring wind velocity (top of the graph in
Fig. 3a) is always lower than the average wind velocity %here,
7.24 m/sec).

On the graphs made at other sites, the top may lie more to
the left or right. The latter naturally is more favorable.
Moreover, the graphs may be smaller and higher, or wider and
lower.

The surface under the curve is, however, constant, because
it is defined by the number of hours in a year.

Fig. 3b gives the power Py (= 0.64 Avw3) as a function of
Vi where A = 1 m<,

Fig. 3c is obtained using Figs. 3a and 3b. In Fig. 3a,
for each area 4V , the number of hours per year is glven for
which v, lies within that area. The curve in Fig. 3c is
obta;neg by multiplying that number by the correspo%dlng Py
from Fig. 3b. We then obtain the number kWh/year/m< as a
function of the wind velocity with which this energy passes
through surface A.

Although Figures 3a and 3c alone are valid for the measuring
site names, it can still be used for individual general conclusions,
because its form is very characteristic.

So we see that a more or less regular energy yield is out
of the questlon, for a given curve, it holds true that the
maximum power put out (v, << 25 m/sec) is about 125 times as
%reat as the)power for the most often occurring wind velocity:

25 m/sec

Fig. 3c shows that right at less frequently occurring, high ZQ
wind velocities, the greatest yearly energy yield is expected.

Without the chance of an increase in one form or another,
or a replenishing energy source for periods with little wind,
wind energy is therefore not useful. In addition, it holds true
that, as a result of a strong increase in P, for an increase in

(Fig. 3c), it is also not obtainable for each V,, to use all
tﬁe energy put out.

Mass inertia, friction, and loss make it so that each
installation can be used only up to a certain minimum percentage
of the full capacity.
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An extensive study of meteorologlcalﬁ data must decide how
the installation must be sized for optimum profit.

l.a.3. Properties of Energy Conversion Using a Windmill

- With detailed demonstration, it will be seen that all the
klnetlc energy flowing through surface A (Fig. 1) can never be
given over to the vanes of the mill. 1In order to guarantee a
permanent steeam of air, the "used wind" must always leave the
area behind the mill at a certain speed.

The power that is given over to the mill vanes, provided
‘through the power of the wind P is given by the power coeffi-
cient Cp.

Cp is defined as P3elivered

w’

dimensionless (3)

Pwind

"A. Betz held, at the beginning of this century, that the
theoretical maximum value.,of C_ is equal to 16/27 = 0.593.
That 1s, the theoretical power Eo gain is less than 60% of the
power put out by the wind.

The maximum value of C , where C 16/27, appears as
the ratio between vane shafg regolutlon an8 wind velocity, which
we shall call with a spécial value «, assumed. That is, for
each wind velocity, a certain vane aft revolution is involv-
ed whereby Cp is maximum.

Using the following notation:

tip speed ratio -

- = value of wat C, = -
Vtip = circumfé/intlag spega of the tip
of the wvane m/sec
a%n = angular velocity of the vane
shaft rad/sec
Ny = revolutions of the vane shaft r/sec
- V. w D/2 - m_D
" u def - tip _ m/ - __1"___ “)
o 'vw A Vi v N
w



The value of and the decline of C_ as a function of
is determined by the shape of the vanes and not by their
size.

Fig. 4: gives the power coefficient for two types of mill,
as a function of tip speed ratio.

For Cp = C at the valuq/ﬂgmust be allowed to in-
crease for a mlgl revolution proportional to V., (Eq. 4).

If this requirement is satlsfled then for
follows that: . A /

The maximum of C Chor is much lower than the theoreti-
cal value 0 593. Thlg is” caused by aerodynamic loss.

If the length of the vane (D) was not determined for the
value , from eq. (4) it appears that D is easily determined
for t revolution for which the mill must operate for a cert-

ain wind velocity in order to obtain Cp = Cpo'

From eq. (4) and the requirement that = , it is con-
cluded that only for very small installations 1is the mill
revolution high enough for the electrical generator to be
driven directly with the vane shaft. At higher powers, a
translation takes place to a higher revolution. This means
extra losses. _ /7
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Even more losses develop whereby it is not possible to keep C
continuously equal to C Because of the high inertial massP
of the mill on the one gand and the strong fluctuating character
of the wind on the other handc/éé;ﬂr,ab will occur regularly,
whereby the average value of will be lower than Cpo'

In Fig. 5, the final couple-~drive curves are sketched for a
certain windmill at three different wind velocities.

Point a gives the running couplé and point b the maximum
couple at the wind velocity concerned.

The ratio between the running couple and the maximum couple
depends on the type of mill. With a type with high goes a
small running couple in proportion. 4

At point b ¢, holds (for each mlll type), while somewhere
to the right of b 1es the point where ¢ . The hyperbola
which is exactly in contact with the tou e-drive curve has this
point as the contact point (Fig. 5, point m).

At point c, the couple-drlve curve goes through the n-axis.
At the mill revolution, the passing air does not discharge the
propelling power out of the vanes (at the wind velocity which
involves the curves concerned) If one increases the revolution
(by driving), then the passing air will be propelled by the
mill (fan).

Summing up:

for optimum energy yield, the mill revolution must be
kept proportional to the wind velocity which occurs,

the wind energy output is highly irregular,

favorable places for windmills in this respect are
on the coast and at sea,

‘because of the freakish character of the wind, use can
only. be.made of wind energy: if the energy savings are
of not inexhaustible sources; in fact, the annual output
of a windmill-generation capability can therefore be
better expressed in tons of o0il, or in cubic meters of
natural gas than in kilowatt-hours.

1.b. .Generation of Electrical Power Using a Windmill

l.b.1. Electrical Part: Tasks, Requirements

The electrical part of the system has as its primary task
the conversion of mechanical energy into electrical energy.
An electrical generator is necessary for this. The choice of
generator type, along with further necessary provisions, is



determined by a second task which the electrical part has to
fulfill, namely:

The adjustment of the characteristic properties
of the energy source (wind) to that of the user
network voltage, network frequency), in such a way
that the power provided to the vanes for a given
wind velocity is always at maximum, Cp = Cpo'

This is the field of power electronics. The focus at which
Cp = Cyo We call the maximum power point. The following input
agd ougput quantities of the electrical part play a role in
this (see also Fig. 6).

¢ - 1is the mechanical angular velocity of the generator
r in rad/sec. It is determined from the vane
revolution n, and the conversion ratio for the
generator shaft., A variable conversion ratio is not
practically realizable for high power. We therefore
start out from the fact that always holds:
&~ n, , and with eq. (5) for Cp = Cpp : ep®Vy.

Because of the large difference in P at high
and low wind velocities (Chapter 1), one generally
tries for Cp, = Cpo between certain limits for wvy.

We shall call the lower limit of vy /Vpi,, and
the upper limit vy (see the abscissa on Fig. 7).

The value of vi/vgpin f6llows from the ratio
between P, at vk and ?w at vpin, which will be
recorded ¥hrough the properties of the installation
itself, namely through the smallest percentage of
the full capacity at which energy generation is
possible (zero load loss). .

The value of vy, and thus the amount of electrical
power to install per square meter of the vane circle
A (Fig. 1) is determined by using meteorological
data, with the criterion of maximum kWh output per
years. )

Furthermore, it is defined: vp., is the
maximum wind velocity occurring, ana the maximum
wind velocity at which the mill can be kept in
operation.

P, - is the mechanical power to the generator, in watts.
We call ny the combined mechanical output of the
windmill and the transfer at the generator shaft.



net

&y -

Then:

P = Cpuppy, (6)
In Fige. 7, the dotted line P_, is given as a
function of v, if is constant and Cp = Cpo in
the whole ared #Zv&£vpyay .
'The solid line given P, as . a function of vy /11

for:

£V LV : P, = 0; Py is too small to cover
B W mn a the total zero load loss.

Vmin € Vw< vk] P v Vw3 3 this is attained by
. keeping Cp = Cpo in
this area.

V& £v

w= Vpaxs §§ is equal to the full capacity .

the installation.

For the limits of P_ at full power for
Vké‘vwé:vmax' special pr%visions are necessary.
is the mechanical couple for the generator shaft in
Nm. With the definitions given for Ty, Py, and W,
it follows that: : ‘

Ty s P /e, (7)
If é%ﬂde and Paﬂlvw3, then:
Ta"'vw2

- is the effective value of the voltage, relative to
ground for the output terminal of the electrical
part, in volts.

This voltage is, possibly after a transformation
constant, equal to the (constant) network voltage.
By the network, we mean here the public, three-phase
current network.

is the electrical angular frequency of the three-phase /12
current network in rad/sec; &4 = 27 f; (f1 = 50 Hz '
network frequency). ' ‘

cos - is the work factor. This is the cosine of the (phase)

Fnet

angle #p. between U,., and Ip.e, if Ipet is the
current given by the eiectrical part. With this can
be written, for the watt-power P, given by the



The requirements fér the electricél-part are summarized:
.. 1. For vpin% v, %<V, the electrical part of the windmill

o must set that revolution whereby P, is maximum for a
) given wind velocity (Cp = CpO ; maXimum power point).

2. Irrespective of that revolution, the electrical part
must generate three-phase voltage with constant
network amplitude and frequency.

We require, moreover: '

3. The electrical part may not‘assume:i@lginﬁgr?fiﬁ,fs
desirable to be able to deliver a certain amount of
idle power.

For P , and therefore for I t» DO requirements may be
set. Because the electrical part R&E no energy storage
capability worth mentioning, Ppoy follows from the power P,
supplied. -

It can even be required of the electrical part that the

electrical part:

Pnet = 3Unet Inet ©0S fnet ("3" for 3 phases)

shaft power P, be limited for vy <v, < vpax. For the present,

we are n

w

ot;se%ting this requirement, because other, mechanical

methods appear to be suitable for this.

In Fig. 6a, the electrical part is further worked out,
using the requirements formulated in this chapter (compare

Fig. 6).
The

converter is a static transformer. It plays an

important role in satisfying the requirements set.

l.b.2.

Electrical Part: Possibilities

‘Method 1

e

We can build the electrical part so that the set requireménts
satisfied step by step. That is, without paying attention

will be

to voltage or frequency, the generator is adjusted so that the
livered at the wy occurring is maximum. Then, using a
converter, the voltage (three phases) and the frequency are put

power de

at the c

orrect value. We call this the cascade system.

Fig. 8 gives the block diagram. The converter builds up

the load

for the generator. Through its build-up, the converter



is in a state of its assumed power, and with it the generator
current is adjusted. The generator current determines the
(inhibiting) electromagnetic couple T_, of the generator. The
generator will go around with the angular velocity uD for
which T, (a&)) = Te1 (see Fig. 5a, NB: only the inteFsection at
side bc? gives a stationary position; compare the T-n curve for
an asynchronous machine).

At p01nt Q (Fig. 8), the electrical power dellvered by the
enerator is measured. ThlS is a measure for P, :
NB: P = . T )e

By varylng To1 (using the converter), we can find the setting
at which the power at ‘@, and thus P ar is maximum.

With the aid of the text for Fig. 5 on page 10l, it is
plain to see that we come point m agaln (see also Flg. 5a), for

whichs Pa is max1mum,//a,//zé

Requirement 1 of Section l.b.l is thus satisfied. '

Fig. 9 gives an example of a three-phase DC -2 AC converter /15
with voltage adjustment, which satisfies requirement 2 in
Section lobolo .

Voltage Regulation:

. U, depends on the generator (mill) revolution, but must
always be greater than the usual value of Uj,

The CSS is a controlled semiconductor switch (transistor, or.
thyrlstor with an.idle circuit).

If the CSS is closed, a current passes which loads the
condenser, upon which u (t) increases. This load current is
limited through the 0012 L, which is of special interest if U
is indicated to be greater than U If the CSS is opened, then
if IgZ 0, the voltage u,(t) will eorease.

Naturally, the current through L may not be interrupted
suddenly. The diode D takes care of a closed current circuit
if the CSS is opened.

uo(t) must be kept constant as much as possible at the wvalue

Uo. For this pur ose, t) is compared with a reference voltage

If en 5’ = +£ w1th O< € «<e..), then the regulator
tgkes caré of ghe CSS being closed, so that ug(t) increases. /16
As soon as e, - u_(t) actually equals -&, the °css is again

opened at the comfiand of the regulator.
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Fig. 10 gives an example of uo(t) for specific values of

AC —=>DC Converter

The converter transistors connect the points U, V, and W,
varying with plus and minus for the stabilized supply voltage.
If this happens as given in Fig. 1la, then the symmetric,
3-phase block voltages given in Fig. 1lb exist between the points
U, V, and We If T_  is the period (20 msec for a voltage of
50 Hz) and Ty, the time per period during which a transistor
is conducting, then it must hold true that T, is the same for
all six transistors. ‘

Moreover, the three pictures which Fig. 1la shows for the
connection for the transistors in the three different phases
must always be 1/3 T, to be [unknown] relative to each other.

In Fig. 1la, it is deduced that T,, is equal to 3T,, so
that in comnection with the danger of & Bhorteireuit in the supply T
source via the two transistors in one phase can naturally never
be completely realized. .

If we reduce Ton (Fig. 1lc), then we obtain voltages between
U, Vv, and W. :

The Course of Fige. 11d

If we load the converter with a star connection of three
like resistances, then they will assume these currents, as
given in Fig. lle (at 11b) and in Fig. 11f (at 11d). At the
same time, the current Ip taken up by the converter is drawn in
these figures. From this, it is seen that by adjusting T n
(pulse width modulation), the size of Ig can be controllea.

If Ip is large, the frequency at which the condenser C must
be loaded is high, while the CSS must be closed during a
relatively long connection period.

At a smaller Ip, a lower connection frequency and a
relatively shorter and time per period holds. This means a
smaller effective value for the generator current.

So it is to adjust the generator current with the converter,
as has already been assumed in the text at Fig. 8.

We are starting here from ‘an ohmic load. If the load also
comprises an inductive component, then the diodes delineated
take care that the following current can keep flowing if the
current through a conducting transistor is interrupted.

/17



Finally, a filter is still necessary for removing the higher
harmonics in the output current. This is placed between the
converter and the network.

Naturally a large number of variants are possible with this
method. Study and development of it are certainly necessary, if
one is to know how far the requirements of Section l.b.l. are
satisfied.

Typical of all the variants of this cascade system is that
the entire electrical power is ‘always adapted in order to satisfy
the requirements set.

The voltage regulation, the converter, and the filter therefore
always deal with the entire power delivered and must consequently
all be calculated at the (apparent) full power of the generator.

Because it operates here at high power (on the order of
megawatts), the execution will meet up with very technical
problems.

Method 2 /20

Fig. 12 gives a sketch of an entirely different approach.
The generator (double-feed synchronous) driven by the mill is
now directly coupled to the network. The converter supplying
at the rotor provides for the requirements set in Sect. l.b.1l.
being satisfied.

The most important advantage of this method is that here
much cheaper power can be:developed through power electronics
(converter) for the price, but the good comes especially in the
practical feasibility.

Because the higher harmonics of the already cheaper converter
power can, moreover, scarcely occur here again via the generator
at the output terminals, the voltages between U, V, and W will
much better approximate a sinewave shape than the comparable
voltages in Fig. 9.

The second part of this report is devoted to this method.
Because nothing can be found in the literature on this

method, a fundamental analysis and a practical test of the
principle were first required.

11
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I1. Method Investigated

2.8, Theoretical Considerations

2.a.1. Description of the Method Investigated

The generator usually used for the generation of electricity

for a public three-phase current network, the 3-phase synchronous

generator (SG), is naturally not suitable to satisfy requirement.
1 in Sect. 1l.b.1l. ("to set that revolution for the windmill
whereby C, = C,,"), at least not when it is directly coupled to
the netwo?k. 8gere is then always only one generator revolution
possible whereby the required network frequency can be delivered.

This is explained as follows. The operation of this
generator is based on two magnetic fields being "elastically"™
coupled to one another, which turn at a constant revolution in
the machine.

One filed, the stator rotary field, exists because in the
rotary current winding of the stator at the connected network,
the rotary current flows at the network frequency fl.

The other field, the rotor rotary field, exists because an
adjustable electromagnet rated _swith direct current (or a
ring of electromagnets, the pole wheel) is being turned around.

At the speed of the stator rotary field ny, it can be
shown that:

n = g | (8)

Here, p is the number of coils per phase of the rotary
current winding at the stator, or also, which is the same
thing: the number of pole pairs in the pole wheel.

It will be clear that, as long as the connection between
these magnetic fields exists, the pole wheel (the rotor) turns
round with a constant (synchronous? revolution ny, at which the
stator rotary field also turns. '

NB: If the stator rotary field thus draws the rotor
rotary field with it, then the machine operates as a motor. If,
on the other hand, the rotor rotary field draws the stator
rotary field with it (by driving the rotor), then we have made
a generator.

We now hypothesize just one generator with the same stator,
but where the rotor does not consist of an electromagnet with




(rétedrl/ﬁdirect current, but a direct current winding (network /22
as the stator), which is supplied with direct current at a
frequency f,.

Entirely analogous to what occurs at the stator (eq. 8), a
rotary field will exist at the rotor such that this rotor winding
(thus relative to the rotor) has a revolution of n, r/sec where
n, = f2/p (p must also be equal here for stator and rotor).

If we let the rotor turn now with a revolution n,. r/sec,
the rotary field thus generated for a stationary observer (thus
- relative to the stator) turns around with a rveolution n, + N.

If:

Ny + Ny = nq (9)
the machine can turn synchronously with the network with a
frequency f1 = p X nj. The "elastic"™ connection between the
magnetic fields therefore provides for the required relation
between the revolutions to remain as according to eq. (9).
If we have at out disposal a voltage source with an adjustable
frequency f,, so that we can control n,, it follows from eq. (9)
that we can let the machine turn synchronously at the network
for any desired revolution. In other words, we can set any
desired revolution for the machine by adjusting fae
ny ( =p+ f9) is always fixed. If we control np with-f,, then
n,. follows from eq. (9). R,

If, however, we load the machine too severely, the
connection between the (magnetic) rotary field is broken. The
machine falls out of phase and eg. (9) is not longer true.

If we indeed have a voltage source at our disposal which
under all the aforementioned circumstances can provide for a
rotor supply with the required frequency f, (power electronics),
this generator is very suitable for being griven by a windmill.

Because a high ratio exists between generator revolution
and mill revolution, we can always set the required revolution
with such a generator by adjusting f2 (thus by controlling the
revolution of the generatorg for the™mill  (requirement 1,
Sect. 1l.b.1l.), while the given frequency remains constant, so

that the machine can be directly linked to the network.

The fact that the generator at any revolution can turn [gg
synchronously with the network implies that it also satisfies
requirement 2 as far as the voltage is concerned (amplitude
and frequency).

13
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Equally, for the synchronous generator with:< rated . direct
current, we can also control the rotor current here. For this
purpose, the voltage source which "f," delivers must also be
adjustable in amplitude. .

We shall further show that then (network as for a normal. SG)
the idle power delivered by the generator can be controlled with

- rating ° - (requirement 3, Sect. 1l.b.1l).

With this, all the set requirements in Sect. l.b.l’'are
satisfied.

In Fig. 13, the principle is sketched. The voltage source
adjustable in U and f is a converter which is supplied from the
stator.

If we neglect the losses at the generator, then:
Py =Py + Py (10)

If we neglect losses at the converter, then: Pc = P2.
Furthermore, Ppet always = P; - P,.

From these three equations, it then follows that:
Pnet = Pa, which naturally is logical, for P, is the (mill)
power that is supplied from outside the system and Ppo¢ is the
power that is delivered. If we suppose that the system is
loss-free, these powers must naturally be equal to each other.

P, is, as it were, power which is pumped around by the
machineé. The amount of the power and the output at which this
"pumping around" occurs determine the extra losses in this
system, which ultimately are measured for applicability.

Fig. 13a is a combination of Fig. 13 and Fig. 6a and gives
a diagram of the principle of the whole system.

It will be noted that the machine in build-up reminds one

of an asynchronous slip-ring armature motor (ASM). There are
differences, of course.

The ASM generally has a rotor winding which is made
for high current at low voltage (much lower than the
network voltage). This is unfavorable for the
semiconductor component of the converter.

The brfush arrangement of the ASM is usually not
calculated at continuous operation via the brushes.

/26



The ASM has a short-circuit ring for nominal operation;
it is superfluous here.

Building up a lesser known double-feed (a) synchronous
" motor is better suited for our application (ref. Eﬁ]).

Because in this machine stator and rotor are fed from the
network, the rotor windings are calculated at high (network)
voltage and low current, while the brush arrangement is well
suited for continuous operation. By analogy with this machine,
we will designate the generator we used by the name of
Double-feed Synchronous Generator (DSG).

15



2.2.2. Power Balance as a Function of Wind Velocity /27

. We have already noted that the size of the power P, that
must be supplled to the rotor, and that must be delivered by
the converter, is determined to a significant extent éy the
application of the system.

Therefore, we shall now give, with the help of eq. (10),
the power balance (P; = P, + P,) and the path of P,, drawn in
Fig. 7 on page 103, ; as a function of v (hereunder once more
portrayed), a.first approximation given Ior the course of P
a function of v,,. From the power balance used, it follows %h
this approximation holds for an entriely loss-free machine.

Once again, it is shown that Fig. 7 for v
gives the most favorable path for P_, which is onTy obtalneg if
requirement 1 in Sect. 1l.b.l. is satisfied. If we use Fig. 7
as the starting point for thercalculation of P; and P y it is
implied that here we assume that f, for v % £ v 1s ad justed
so that this requirement is always satlsfme8

We begln with working out eq. (9), = nq. With n2=f2/9{28
nﬁ £1/p, we have: f,/p + n,. = f£1/p. I% we multlply the
ole equatlon by 27 ; and define” &g = 2y, Qo = 27 £o, ‘
r = 27°n,, all three in rad/sec, then we can write:

Multiplying eq. (11) by the shaft couple T, yields:

| : )
— T = £ .
P a P Ta * wr fa (12)
By multiplying ST T s —n»-%;f_r‘__A I
Pa - Wy Ta - ‘ D .
P = o
! Pp v P, (10)

16




and the already proven assumption: P : 2 - a/;'aﬁ
we can solve eq. (12): / 2 /

\l\ “"1' \
‘,i P] =- 'p— Ta . (13) ‘\
i ' i
f w .
P, = 2 (14)

2 P a

- —

BN
From Fig. 13, it is concluded that Pa2>0 and Pl:>Q/must
hold. Otherwise, no power is ever delivered.

_Ye deduce from thls that the converter is so set up that
0

Py 2 also holds.

" From the power balance, it follows that: Pi}?Pa, or with
eq. (7) and (13) &, /p2z <), - That is, @1/p is the high--
est velocity at which the generator can turn

In the area, Vpijp £V, vy, &, ~v must hold. If we
choose & = <), P (the maxXimum angular veloc1ty allowed)

at vp (the highest wind velocity at which @ Vs then in this
area: '

Vg %) | | IR -
w = — , — _ (15)
ox v, . _

e - - C e e e
PO - " — T

holds true.

1

<0 means that the converter is operating (for the supply
netwark) The damping effect of the generator at the higher

harmonics then disappears. Therefore, we start here with
P, Z0.

17
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From the fact that all 1os9es are neglected, it follows,

moreover, that vy, = 0, so that eq. (15) holds for 0£ v, £vy.
In Fi 7, we say that for wvpi, (under the set
conditions P With ¢ as a propoytlo ality constant,

we obtain:

— —_— L e "'"“j
P = ¢ w3 ,
a r o (16)
A e
and with 7;, ? /o - , while the latter,

substituted in egq. (13) and (lh) yields:

- - - e —_ - =
—_— T - ———

(JL)1 ‘3)/
= —— 2 :
P, ¢y vp (17) .
w
2 k
P = 2 '
2 c b wr (18) ‘!

From eq. (16) and (17), it now follows that: 7 (), ) =
B {,) for a) ={) and for e = a)/

If we set (cJ:/P) (03 {5’) = C{“/F} then we
can indicate P, ma( a) for 0= A £d/p
Pmax Pmax
while P, ( ) can be constructed from this using the
Prax

power balance.



Because ¢)_~v. holds in the area designated (0% ¢ "')'/P)

e %;, \i>§e cin also set vy along the abscissa from O to
Vk [ .
—_—— - S - =
T w ‘ ‘ /30
P = (:—(iE w? P, =c —l-w7 P, =P =P | 2
a P T | P b 2 i a \

We shall further look at P, ( 63r). For this we write:

I B e e ——— .- .

) : w : !
P = - el 2 - 1
Z(wr) Pl(mr) Pa(mr) °7? Y ¢ mi o

c— ~

P =0 for a)r=0andfor a)rz“):/P . In this last
case, zﬂg = 0 (eq. (11). The rotor is powered by direct
h

current; e rotor rotary field stands still relative to the
rotor. The machine operates like a normal SG.
P, is maximum for éJr =2/3 “./p (v, = 2/3 vi). This /31
follow% from «J = 0. A%ter sugstituting, we find
d Jr

P, (2/3 éol/p) = L/27 ¢ C&)L/p)3 as the maximum value of P,.

We assume that for vk‘-v f;vmax, P_ is drawn as in Fig. 7;
it is no longer increasing, wiile™3S  i8 kept constant at
: direct current poWer; normal SG), then the
situation which occurs for a wind velocity greater than v will
remain equal for the electrical part at v, = vi. The stator
power occurring then :

e T e—
‘ » w o w
_ o Iy - L3
| Pl(vk) = P]( > ) = Pa(_p ) .= Poax = c,(vp )
is then considered as the full power of the generator. - .

19
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Expressed in percentage of the full power, the maximum value
of P2 thus amounts to

' w
XES e (=h?
= 2P _ » 1002 20 P« 1002 = 14,87
P nax c (_u_)_l)<3

n

We can thus conclude that the maximum power that can be
"pumped around" Vvia the converter and rotor amount to not quite
15% of the full power of the generator, mind you, when neglecting
all losses. For electrical generator losses, P, is somewhat
greater than is indicated in Fig. 14, while P, Tor converter
losses is again somewhat larger than the real P2'

The value of v,, at which P, can just cover these losses
plus the frictional losses of tﬁe generator is defined as vpyipe

Below vp.,, the installation must be connected up in order
for the converter power to be received out of the network.

Finally, we can, by setting the second derivative to zero,
find that P, (&y) at ). =3 @,/p  has an inflection point.

2.3.3. Derivation of the Machine Equations

Because there is no literature on the way heretofore
considered in which an ASM operates as a synchronous generator,
we shall ourselves derive the machine equations with which to
prove the assertion presented.

The voltage equations:

In Fig. 15 are given first of all the names and sketch
arrangements used for voltages and currents at the stator and
rotor.

We shall, for convenience, in setting up the equations
start with a machine for which p = 1.

For the equations obtained with this, it is easy to show
that they also hold for p =2, 3, 4 and so on.



The spatial angle at which the winding of the rotor phase /33
u (relative to v, w) at a certain moment is twisted relative to -
the winding of the stator phase U (relative to V, W), we call the
position angle & (see Fig. 16). With &), as the mechanical
angular velocity of the rotor and J as the value of & at
moment t = 0, for & (t) we can write:

(19) |

In Fig. 16, it is even seen that for phase order uvw at
the stator and rotor, -, e 5, and “)r in eq. (11) are
positive. :

NB: For p = 1, according to eq{ (11):~

It is plain to see that the mutual influence of the stator
and rotor currents at a certain moment is dependent on the
position angle J . From Fig. 16, it is derived that the effect
(for p = 1) of a current in rotor_ phase u, v, w_at stator phase
U is proportional to ces d; cos (d+ 24 7); cos (S+ 43 T), pole wheel
respectively; while the effect of a current in stator phase
U, V, W at rotor phase u is proportional to cos (~J); ¢os (% ’/7’—5);

v

cos ({/B 59 ))« .pole wheel respectively.

We start with a symmetrical machine which is always /3L
unsatisfied and then define the machine constants:

Rl~;#;Qh@i¢fresist§nce\ofAa'statbr phase

L71 = selfinduction coefficient of a stator phase

Miq = Cﬁefficient of mutual induction between two stator
phases

Myq = coefficient of selfinduction between a rotor phase

“and a stator phase, at the moment when S= 0 (Fig. 16)

Ry, = ohmic resistance of a rotor phase

L3, = selfinduction coefficient of a rotor phase

Myo = coefficient of mutual induction between two rotor
phases

My, = coefficient of mutual induction between a stator

phase and a rotor phase, when 5 = 0.

We can now express the voltage equations as they hold for
arbitrary voltages and currents.

21
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Stator phase U:

/' - d. d . . d .
- . . 4 5 M, =—1 ‘
Co= Ryd by g Ba P M i T T dE T

4 .
2\ 4
o i = M. .cos{(8+zm) 1 }.
+ -g—t{Mz]cos(B) i), + MZlcos(6+3n) i, + My ‘3 -

Rotor phase u:

S _

o da . i . d
u, = R.i. + d_ 4 Ly
20 T Motoy Loy GE Yoy Y Mg Gr oy t My Trign t

_a. When no zero conductor is present, or when the current _
__in the neutral wire switchboard during symmetry is equal to zero, then

e M

: : . LTt T —
1 Y = MJ 1 + + = \
.\ 1. + 1y + llw 0. 2u 1»2v7 12w ()' co

With this, we can write, for the second through the fourth
term of the right member:

: G i ‘i‘:\‘
§C TN G by ~ ~ey

. —————— —



and

’\— ( d ‘\

(lag T M) G dgy s
\ - - —

b. In the case of gymmetrical, sinusoidal three-phase /35
voltages and currents, we can.make use of the following
notation: .

Stator:

u =U eJ(wlt +a‘l) i =1 e,_‘](())]t +a q)])

lu 1 lu 1 . ‘
IRE 2. i@t +a =d i) k
u, =1U, eI\ “y 7 3" i, =1, el o 1 \
lv 1 _ Iv 1 L
u, =y el ¥ oy = 3m i =1 edlyr e = —3m) 1
lw 1 v 1 S
Rotor:
_,’_—4/-_ B o ————
_ jlw,t + a,) . jlw,t +a, = ¢, )
Uy, U2 e 2 2 iy 12 e 2 - 2 2 4
= jlu,t + a, ~3m) . _ Jlo t + o, = ¢, ==u)
Uy, U2 e 2 2 3 i, I2 e . 2. 2 2 Z
- jlw,t + a m) . ot + a, = ¢, —2m)
u, U2 e 2 2 3 i, 12 e 2 2 2 3

This sets indices for revolution with angular velocities
cb, and &, in the index diagram (complex surface).

23



The projection of these indices onto the vertical axis of
the diagram gives the instantaneous values of the voltages and
currents.

9’1 is the angle between the voltage index and the current
index of a stator phase (phase angle).

;’2 gives the phase angle of the rotor.

With 0(1 and a’z, we set the values of Uj and Up fixed at
time t = O.

c. We find as a condition for synchronous operation:

Substituting in eq. (19), this yields: S= (-t
+ 4 .
-]

With regard to what has been stated under a, b, c, we can
write the voltage -equations in complex form as follows:

o S N Z}éA

U edperey) ooy ety me)) g d ey et se 0y
: 1 T e th
d j g — : w148 et ta .
M21dt IzeJ(m2L4“2 ¢2)'%{CJ(M‘L 02L+(0)+ o J(UIL'm2L460)) s

(ot g2 (0 e t46 +210) i (e 2,
IzeJ(m2L+a2 ¢2 3").£{cj(mlt mztr60+3u)+e J(wlL m2t+6o+3n.)}+

- w b g T
IzeJ(w2t+a2—¢2 3").%{e3(wlt m2L+6°+3n)+e J(m]t w2t+60+3n)}]

———————— - . . L - _ = I

2L




After multiplying by the e-power, we find, for the terms
between the large brackets:

IR (o eray=0y+80)  om3 (0 t20,tray=0,48,)

N w¢2+60) . e—J(wlt—2m2L+a2 ¢2+60+3n) N

; +
o (b try

. . o g
+ ej(w]t+32—¢2+60) + e —J(wlt 2w2L+a2 ¢2+60+3n)

[prI—

_— e e i = —y i m e = == —en —

The ﬂﬁbnd, fourth, and sixth terms offered herein add up
precisely to zero. :

For the voltage equation of the stator, we then obtain:

j(w t+a, =4 ) d jw, t+a —¢ )
1H119 e B +1th{11e 1 1 Y17} +
d 112 {3eJ(mlt+a2f¢2+do) }

25



Performing the differentiation yields the following:

L
v

' 4 t+
U]eJ(wlt +a1) - Rllle (w t+a, ¢ ) ., i LT J(w @ -$, )

it11¢

+ o n12 Il tray=,48 ) (20)

. s - e —————

where M = % M12 = % MZl is defined. (Mlz = M21 follows from
the definition on page 21).

It is important that the ¢),'s in these equations no (37
longer occur. If this is not the“case, it will be shown that
the voltages (and, consequently, the currents) at the stator are
non-sinusoidal and non-periodic. The sum of the two sinusoidal,
periodic voltages of the different frequencies is in general
always non~sinusoidal and non-periodic.

It is not difficult to see that, during the symmetry, from
eq. (20), the stator equations for phases \ and W,can be found
by multiplying all the terms by

Solving the voltage equation for rotor phasé takes place
in the same manner as is given for stator phase U»/g

We thus give only the result:

« Uzej(“2t+“2) = R,7,ed (P25 2709 4 ju,L,Le J(wytray=ty)®

+ jsz I]eJ (w2t+al-¢l—60)

26



We see that here the &, no longer appear, so that at thé
rotor as well the voltages &nd currents are sinusoidal and
periodic.

The equations glso follpg<9ene_£ggmphases v and w by
multiplying respectlvely by\e‘Jy'en e-J&r_ &

\

o ) S R £° 4 d
¢ We can divide equations (20) and (21) by € arn
e7% , respectively.  What then remains are the equations from
which we can get the moduli (independent of t) of, and phase
shifts between, different quantities.ea}gmfact, it happens we
are looking at the situation t = 0 (eZ“ =/) .

The choice of the time t = O is, however, perfectly free,
in view of the independence of t in the equations.

A -clever choice is to so choose t = O that é:, (S at t = 0)
is zero. Equations (20) and (21) change, relative to the above,
into: .

/38

I L T SN Pla=4) L (i~
¢ 1 l\].l.l(, I R Ju)'l,l.’f’e ] q!) + _'10)11'1 Ich(ﬂ'Z'(‘)Z) “

l
!
f
z

We now define the complex quantities:

= (o =) jo and
ls Ile . l 1 N Hr = UzeJ 2 \y
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Then we can write the equations in complex form:

Y = Rl—I-s * JwlLl-I—'s T e

ML | (22).

U, = R

U Z—I-r + W

oL *+ JuM I _ - (23)

We shall now show that equations (22) and (23) also hold

for p =2, 3, 4 and so on. For this, we return to Fig. 16 on
page 119. - :

The angle v.( through which the Totor must be turned to obtain
again from § = 0 a stator phase U and a rotor phase u opposite
to one another is 360° in the figure.

If, however, we do not have -one, but p, coils per phase,
then we again have even after 360/p° "U opposite u". There is
thus no effect” of the different phases as given on page 21, .
proportional to éss §; eos (S+%7/)and so on, but to a5 p (pd);
f0S P(d}-%ﬁand so on.

For p 5, we find, with S = a>rf -/-e); and P“)r .:a),-—a“%:f ,

P

/oa/: (a%—a’)?)t +,0c;.

In setting up eq. (22) and (23), we have assumed Jo = 0.
The effect is then proportional to o5 (o) = cos fu) —c) TR
cos [p (§+% W) = eosf (<) ‘%)Z‘+§67etc.

Because p is no longer here, eq. (22) and (23) will thus
hold true generally.-



Power -Balance; the Electromagnetic Couple /39

For the simplified power balance of eq. (10), P, =Py + Py,
we must now indicate three points. 4

1) P, must be replaced by Ppeche’ This is the mechanical
power whifh is useful to use, which is obtained by subtracting
the friction losses of the generator from the axle power P,. As
for P_, we shall consider P h positive if it is supplied to
the machine. We define T, §&%the electromagnetic couple of
the generator, then:

Prnech = cbr Te1 (24)

2) From choosing a positive current direction and voltage
polarity in Fig. 15, it follows that the electrical power is
also considered to be positive when it is supplied to the machine.
In the generator operation being discussed here, P4y 1is thus
negative (instead of positive, such as is assumed %or simplicity
in F%g.)lB on page 114, while P2 is clearly positive, as in
eq. (10). \’ e

3) Because we have introducedR, and Rp, the copper loss of
the stator (Pgy1) and rotor (P,,»>) Is taken into consideration.
In the power gaiance, we must gﬁgtract this from the supplied
power. ,

‘With this, we obtain for the power balance:
| Py + P2 + Prech = Pgu1 = Ppuz = O (25)
With the voltage equations (22) and (23), we can find
expressions for Py and P2.I£ always equals 3 Ae U .-Z "% and
&

P, always equals ~JF Ae U %? (* means "suppliegiéaﬁplex").
MA1tiplying eq. (22) by B3I and eq. (23) by 3I.* yields:

. % _ % e ) * . _ *

3 -lls —I—s 3 Rl ls' 17 + 33 wILl-I—s 1T+ 033 U’IM"'-I_—r;"}‘—s.

3U-I_ = 3R, 1.1 + 3o lo-T 1% + 3juMI. I
—-r =r 2 = ) kot 2 Ju it Ls ST,
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We take the real part Qf these equations andzwe co
moregver,: ghat I + I* = |I|° (thus real) and [Ig| Il
I 8 - ..

22 , then we .find?

2 o *
, 1]+ 3 Re {Jmln 119

P =3 Re (U ID) = 3R T
| L, )
= . = 1 1}
P2 = 3 Re {Er lr} 3R, I + 3 Re {Jm M

Solution for the termL_Re{Juﬂ41 1 Y = 3UM-ReiJ
with the definitions for Ig and I 23 glven on page 27.

We obtain:

Re {jL+17} = Re (511,03 (0270) | mila;-¢ ),

I,1, Re {jed (%70 05Dy |

‘IIIZ Re{ j{cos(az—alv¢2+¢l) + jsin(az—a];¢2+¢l)]] .

With this we find:

~ ~

. — - =
i

Re { J']ir' ‘

* .
ls} = - IlI251n(a2qal—¢2+¢]) .

E31der,

b

|
i
l
\
\

*{

~occurs



According to the same specification, we can calculate:

_——— - - et

1Re fitp1} = - I Iysin(e,-a, DAL DR

The equations are then changed to:

Ugorlyh = 3Ry - 3w M T T sin(a,-o, -4 +4,)

3
N
]
(98]
e
e
—~—
[}
o]
g
Lt}
(9%
=
[}
]

U o1y - 3w2M Illzsln(az—on]-q)2+¢])

IQ these equajions, we can already recognize the terms
3Ry I3“ and 3R Ix“ as Puyi and Pau2'

NB: If we have, as in Sect. 2.a.2, neglected the .€opPPer
losses (R,= Rp = 0), we then still have to prove here the
assertion’ found in that section: Pq : Py, = 1.3 2 (the minus
sign follows from the definition used here for Pl‘)
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When we add up the power equations for Pl and P2, we find:

T — [ e

— e 08
P+ P+ - | 1. si 2 2 -
| | 2 3(m] mz)‘ﬁ 11[281n(u2wa1—¢2+¢]) - 3R]I] “_BRZIZ. = 0 \

— J-ﬁ_-"—‘;'__‘._;_'_ .

Equating with P1 + P2 + Ppech —

P, «~P =0 (25
yields: ¢ul vz

!

: s R '"ﬁ:"’—‘—t
mech = 3(w]—w2) M 111251n(a2—a1*¢2+¢]) en met w; = w, + pw \
= : - _ \

Pmech_ 3 p.w, M 1112 81n(a2 , o, ¢2 + ¢]) _ (26)

e ~ ‘ \

-Iel = 3 pM I)IZ si_n(a2 -e - ¢2 + ¢l) ‘ . | 27y’

Equation (27), together with the voltage equations (22) and (23),
forms the machine equations.

s



Similarity to a Normal, Synchronous Generator

We shall now demonstrate that the couple equation (27) and
the voltage equation for the stator (22) can be recast according
to the equations usually used in the literature (and also the
most clear) for a normal, synchronous generator.

For the voltage equation of a (normal) SG, we can write:

. ——I i - »
by Ly + e Mg »» (5 with the notation used

is the rotor (direct) current, as is "seen" from the
stator, thus as an alternating current with angular frequency
&) 1 and effective value I, /72 .

We write here in the voltage equation for the DSG stator [ 42
U =RZL +j, L, T + jel ML, - and if we recall that the
difference between U and Ug and between I, and I_ fit only in
another choice for t}me t = O then the similarity is all the
more clear.

For a normal S 1t is usual to transform the term_/ﬁ’ﬁﬁz.ﬁ’7
through -€_ ) called the pole wheel voltage. It is -
the voltagg gengrat y the rotor in the stator, which in the
unloaded .state (I = O) is equal to the phase voltage Ujy.

The angle between gl and —f; is the load angle (usually)
called &.

¥
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The voltage equation for
known form:

the SG changes with this to the

o= MLy eyl 5

=1 = \

We will now do the same with eq. (2225 For this purpose,
we first multiply these equations by e
equation obtained:’

7 « Then from the

. -1 I's s .- . - - '
U = RIe Jo, joL I e 10y joo M IzeJ(a2 % =6,)

|
!\

so that




If we change to the notation here U, = Uy and £, =Z e 7/7’

we find the same equatlon for the voltag% equatlon for the DSG
stator:

U, = R LI, ~E (28)
U I_Il+3wl Zp .

[P I .

With eq. (28), we can now also set the couple equation in
a known forms:

= 1D $i = 3 P U P osing b
e 3 w, U Ty s1nd w1 el A

From Ke {34 &,-Z 4‘} , we find, in the same way as on
page 29 as follows ¢

For Pl - 3R1112 =Py - oo 1 we find on page 30:

e - . N - —

-3 - a -
w M I Izsm(a ap = ¢, + ¢l)'

<7

35



36

From eq. (26), it then follows:

- P w ‘
P 1(:\_1_! I \

mech

If we now substitute that in here, we obtain:

i |
w i
Pl _Pcul =3Re{-—}§-1*} e =_._w_T !
Y _]. o, mech T et
B e S

We calculate, using eq. (28)

I = l]-] i .]_L_ =
o N . _‘.___,_‘_" _] J(.l) 1 L ]
U, - £ el° U e"J"/z g el (0-1/2)
m]Ll mlLl



Thus

u ejn/2 - e~j(0—n/2)
; Ix _ 1 p
=1 - w, L
|
!
L e -
With this, we write:
e X o . T
: ¥ 30 uler ) Epe_J(O—i)
; 3 Re {- Eﬁ-ll} = 3 Re {Epe ( oL

171

. T .
=3 pr Re {UleJ(2+O) e dGQ)y o
1 P
EQ ::w wy o 3U]E
=3 - {U,cos(3+0) - E cos=} = - sind
w L, 1 2 P AR lLl
With
, L 0
3 Re {_-kip'l]} N ~ o,
w = - 1
o _ p r mech P el
we find:

-)1

‘

R
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ol —— v, Ep sin 0 (29) |

The advantage of equations (28) and (29) is that (espec-
ially in neglecting the small term RjIj;), it leads to a very
clear index disgram of the stator voltages and currents.

In partlcular, the effect of the size of I, (E’) and

of T (& el) is simple to review.

a
Fig. 17 gives the index of stator voltage and at the
same time the network voltage (Igll = U; is constant).

¢fp31n59 is a measure of T_,:; in the stationary state,
l" . is the index for pole wheel voltage. The mod-
ulis - p (E ? is proportional to I,.

If the point - for a partlcular value of I, (U,)
comes precisely at thg point P; .. then Ja)L «, eXists
such that I, lies exactly at the length of U ?ﬁ 1s then
180°, thus }151n7ﬂ- 0 and cos‘fﬁ = 1 (not 1éle power)

With an increase in I,, the point —¢f comeC?out above P
on the dotted line (as drain in Fig. 17). "Angle ¢] is then
greater than 180°; the generator delivers idle power.

With a decrease in I,, the point - £_ will fall below
point P on the dotted line (still at conskant T l/’Ta), the
generator then assumes idle power from the network (7%_41800).

The voltage equation for the DSG rotor (eq. 23) naturally
cannot be rewritten according to the (direct) voltage equation
of the normal SG rotor (U, = RrIr)'

NB: For 0, for eq. (23) for U, = RyI,., it seems we
must then stil con51der that this equatlon oes not hold for
the entrie rotor circuit, but only for a phase of the rotary
current winding.

Still, the advantage of eq. (23) is in recasting in an- /46
other form. We do this as follows. With the complex numbers

N
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written out, we find, for eq. (23) after multiplying by

" omilay - e \
e \
2l ! 2 dep 1707 ey

i — _ y

CUeM®2 - RI 4 e

The last term herein yields, after multiplying by

L
CjeI2 (=1)

w7
= — — # - 3 .
If we assume that & =y A, C/:e Z then we find:

-

i - . J(G + :

0 e—

i, .

S s .., -_77:‘

In the following section, we shall repeatedly make use of
the rotor equation in this form.

Similarity to a Transformer

The machine “eqaations (22) and (23) are, for a) &),
equal to those for a voltage transformer. =

We shall develop this analogy further, because in the
following section we can make use of it successfully.
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It will appear that the DSG is conceived of as a voltage
and frequency transformer. '

3 On page 28, , we find, for the voltage equation of the
DSG:

ws)
]
=~
o
-+
()
=4
—
—f
+
—
g
—
g
H
~~
3]
N
N

We now split Lq and L, so that at the transformer and for
for an asynchronous machiné, it is usually:

- Iy =L + Lis

and
Ly = Lop + Lose.

Lih and Loy are called the main inductivities, Ly and
L2s the current inductivities. Ljp and Lpp are defineﬁ so that:

. = 1 . 2 - |
M = W : w2 : wlw?x‘

. — _”E*ff
(and thus Tt M.

‘2N ‘
[Text missing from originall
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with wy and wyp as the number of coils for a stator phase and a
rotor phase, respectively.

Equations (22) and (23) change herewith to:

= . - . y . ) ’
s = RLg tael e vdep Ly + Je MY (22a)

R,I +

U, 2=r jugly L 2

.+ JwZLZhI—r 4+ ju M -I-s .(23a) '\ |

In both equatlons, the first term and the second term of
the right member give the voltage loss the ohmic lgss f[sic] >
resistance of the windings and the distribution (flux not coupled).

We define the remaining term as

"E = jw. T, i '
‘ J 11h£s*'3“ﬂ‘lr! and

" E 3 i
.\__,r JwZLZhL + sz“ IS{

then eqg. (22) and (23) herewith change into:

u = R]_I_ + leLls_I_s + P—s (22b)
U = RLy vawly L, + B L (23 |



When we write out Eg and E ., making use of:

e A . il

- (o, -0.) _
-I-s Ile 1 717 =1

| {cos(a‘-tbl) + ] Sin(dl—¢l)j

v
1

1

IzeJ(O‘Z_q’Z). = I leosay=4y) + Si“(“z;‘l’z)}

and M* = Lyp Lpp, then we find:

\ ﬁ |
| | aprd Im{E} Im {E_}
T . -2 —r
E| w, Lon | Re {E_} Re {E )

From this last, it follows that the arguments of Eg and
E., are equal, so that these indicators coincide in spiteé of the
Vilue of &) 2e :

If we get Lip ¢ Loy = W1° @ wo® so that /Lqy / Loy = wy/w
then it follows herewith: 1 2 1h 2h 1/ W2

= L - 0w
A EL‘ '.4 .Fi-r w2 w2
| s e
If we define: /£E./ = Ls, /£./ _-f,_ + and v = —.-1 /48
we find: E, _—_)/_:; o and _é'r =ZE.. g Wy Yy

Fig. 18a gives the substitution diagram for eq. (23b) and
Fig. 18b for X eq. (22b).

Because £, = 2/£5, . we can also draw Figs. 18a and 18b
for each with one voltage source "E,". Then we must consider
that such 7. substitution diagrams (complex) are calculated
quantities and not voltages and currents with physical meaning.

L1
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The actual rotor and stator quantities always have completely
different frequencies and thus may need be broken down into
one diagram.

Neglecting the distribution and ohmic resistance
(L = Lpg = 0, R4 = R, = 0), eq. (22b) and (23b) change into
gs = E -and-U,, = k.. %ecause thé neglected terms are usually
small relative to Es and E ! the follow1ng usually holds

(with £, = ZE, and £ 7/£ )25

U, = le : and U = >.‘ : T/Y?

which shows what we have done with a voltage-frequency
transformation.

From eq. (23a), it follows ‘that the75 approximations do not
hold true for very small values of ), because the term

in the right-hand member predomlnates 1nstead of E_,
(%Hgt is the single term.in-.eq. 23a does not consist of a)z).

With reference to the above, we define: 4 a',z = “,z - 7/4/,

where A U, is consequently very small. ’

For A‘fz :“,z -7/4/ , we can also write, with é;_lr 7/%, -

R —
— n P A\
f AU = (U, ~ E) * v(ps - LR



We define:

e —————— o —

so that ;[\U2 = L\U21 + AU22 .

’ i

1f /—é-és/“'w/ 2| >> |rRI + jw, 1| » then
, 78 1=s 17 s—=s! "
- |
. T e
‘v (gél_f v Ul = vE, - U =AUy = - v(R]IlcoS o) * “1L151y51“‘¢1)'

e —— {

Under’the set conditions, it then holds as an approximation
for A Uy, that:

S
’ ~ . . - ..v - . - ) ‘\
AU R,I,cos ¢>2 + w2L251231n q‘)z \)(-R‘l,_Ilcos fi;.] + u_)lI_JlSIlSln 4)-]). ;

m— e

2 272

-y

If the machine delivers watt and idle power to the network
(gos o/, < O ;3 < @), then all the terms herein are
positive. If the machine delivers only watt power to the
network and takes its idle power from the network (ces &, <J;
T 7/0 > ¢ , then the last term is negative.

In the expression found for 4 U,, only the term
R, I, cos4 is not dependent on o, (NB: 2/=w;/w ) ag?/a{)-
For 4mall values of 2, these terms. predominate. Because U
and E.. are also smaller with decreased <«,, for small values of

2P When U, and E. in the large order cofies from RoI,, the

L3
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approximation for- 4U22 and consequently for A U2 can no longer
be used (see stipulation, p. 43).). For < = 9,°.. the

approximation fits very well., For ¢ = 0 : U_2 = 2 U, = RyI,.
We can now make use of the following formulae: .

For the voltage equation for the stator:

_Iis = Rl-}t-s + Jw]Ll~I—s +‘_]w]M _l_i_r( ) 4 (22) :
Hs B Rlls * leLls-I—s * leLlhls * leM ~I~r ‘ (Zza)
S 4 IR [
ES R I + Jw'lLlsls + 13_q o (22v) ™
with - N
e
"u, = ue® MJI - 1,308
S
1T RiL+ Je LT, - I, S o @8
with
e -”‘"”*"‘0"—”—"*\\“"?~
- - ~E = E oJ E = g ¢
Uty L = et pe A, T e 1



For the rotor voltage equation:

with

2 272 272
¢

Furthermore, we find: _A—/'_ :7)£; and_ é/: = 7/£s

- —
—— e

WV, w
PO
ot

e I ———
“ 3
rel = “7])— U] E sin 0
- m) Ll

with

(29)
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Resuming, we find in the section on the DSG, the following
features. )

On the side of the stator, the DSG displays in all
respects the behavior of a normal synchronous generator.

None of the stator quantities depend on the
synchronous operation (o) = zJ #p <) of the number of
. / 2 r

generator revolutions.

The required rotor voltage U,, which must be delivered
by the converter, . ’~is practicaliy entirely determined
by the number of generator revolutions.

/51




2.a.4s Special Properties of a Combination
Windmill - DSG

Using what was set forth in the preceding section for the
DSG, a theoretical study can be carried out for the properties
of electricity generation with a DSG which is driven by a
windmill.

We begin by refining the requirements of Sect. l.b.l. in
the machine equations (28), (29), and (30).

NB: In these equations, we consider the machine constants
(R1, Ry, Ly, Ly, and M) as known.

The voltage at the stator is the network voltage.
For phase U1 for which eq. (28) is set up, & s &, T 7<), )=
L pop CT) thus must hold, in which upet (tf is the
voltage of an arbitrary phase of the network, as a function
of t. The quantities Uj, &J, and &4, which enter into
the machine equations, are consequent}y fixed.

The power coefficient Cp must be kept at the value
Cho by letting the number of mill revolutions n, vary
pgoportionally to vy, such that = =y always holds.
It is possible to do this because the number of generator
revolutions aa.//;?ZV can be controlled with the converter
frequency &), according to eJ. =aJ) /p - &) /p , while
the number o% mill revolutions is ‘directly obtained from
the number of generator revolutions, because the mill
shaft and generator shaft are coupled to one another via-.
a rigid transmission. At a-specific wind velocity, o
must consequently have a certain value, so that 4, in
eq. (30) is then fixed.

Te1 is also fixed in a stationary condition for a
specific vy, because the electromagnetic couple then

makes & bpalance _  Wwith the shaft couple presented. In
neglecting losses oi the friction couple of the generator,
T = T °

a el

In equations (28), (29), and (30), we then keep I, 7”,47
&, U,, and ¥, as unknowns (not fixed quantities), while we
can oniy solve for 5 of these 6 unknowns from the equations
(5, because two of the equations are complex). (We do not
consider Ep as unknown, because it follows directly from 12.)

Because we have five equations in six unknowns, we can set

another quantity to a known value with one of the non-fixed
quantities (unknowns). ’ /

27

/53
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Naturally, we take this liberty to set the cos 3/1 to a
known value with U2

The thlngs mentioned agree with what has already been set
down on p. 14:7) "The voltage of the converter must be controlled
in frequency and amplitude, in order to be able to adJust for
Cp the requirement n; ( & ) and the known cos 7”1. [sie

For this purpose, two control signals must be supplied for
the converter, which define the values of the voltage and the
frequency. We shall go further into this here.

Control of the Maximum Power Point by Controlling

the Converter Frequency &J-

From the fact that we are concerned w1th a synchronous
generator, it follows that we cannot change & % abruptly, and the
machine is then always falling out of phase. .In synchroncus .
operation, «,/p = &), /p #» a). must at least hold for those values
of «J averaged over time. Only small deviations in the
instantaneous values of the angular velocity are permitted. This
is because the stator rotary field (angular velocity #)./p) and
the rotor rotary field (angular velocity eJ) /2 » =) ) are bound
elastlcally, as it were)to one another. 2 :

For such small deviations, the load angle & is altered such
that the thus developed change 1n T (eq. 29) provides for
restoration of the. balance %I]'iat the relation &4 /p = &;/p
» ¢J, remains true. Any adJustment of &), thus must be such that

r can adapt, moreover, so that the machine stays in Ohase..

The control signal with which the converter frequency dJZ is
set can be obtained in two different ways, namely by using a
forward control at which the required 402 is set from v, or by
using an adjustment with feedback, at which is determined
exactly from the value of Ppet (Fig. 13, p. 11%)

The forward control makes use of a known property, namely
that & must be kept proportional to V, at _« 6/4z and thus
keeping C The herein required proportl lity constant
can be degermlged beforehand.

Fig. 19 shows the block . diagram for such a control. The
wind velocity vy is measured. The peaks in iy (t) during
high inertias will not lead to comparable peaks in P, (t). By
always integrating V, (t) over a certain time At, we obtain a
function vyo,q (t) which.for the correct choice of At, such that
thence the path of Pa(t) can be easily derived. The value of
A t must be determined from the time which passes before an

increase in v, is followed by an increase in Tjy.



For wvpji < Vig £V the function generator delivers a control
voltage whlcg is proportional to the required value of p¢ﬂr for

( For vk:ag f;ﬁmaf 6)the control voltage no longer increases,
Pa&’:a; 2 = .

If vmeasﬁlvhin OF Vmeas™ Vpax @ the equipment must be takén
out of operation.

The control voltage for the converter is finally obtained
by subtracting the output voltage of the function .generator from
the voltage which is proportional to éJl (naturally, with the
same proportionality constant as for the function generator).

The converter must then naturally be so set up that it
delivers the known &, through this control, while changes in
a)z occur sufficiently slowly that the synchronous operation
remains guaranteed.

In general, a forward control works less accurately than
control with feedback. There is no control for the set purpose.
In this case, '"under given (weather)sconditions which encounter
adjustment, whereby as large an electrical power as, possible is
generated to deliver (P,ot) to the network", it is also indeed
achieved. The control 1s good when Ppet is measured and ¢J2 is
always controlled for the value at which Ppet is greatest.

With such control (with feedback), the correct value of 5J2
is thus found, without letting v, sz//a, etc. Trise.

Control of ﬁJZ is, then, a search procedure; the greatest
dPpet / dt must always be determined for each change in JJZ.
In the direction in which ‘02 is changed a little, one must be
careful that the machine does not fall out of phase. Secondly,
it is again "observed" for dP,.¢ / dt and again iixed how <)
must change, and so on.

Such control .is more complicated in construction than
forward control.

Control of cos ¢ . with the Converter Voltage
7 IIcL
We have already stated that cos 96 4 is set at a known value
by controlling the voltage U, delivered by the converter over a
rotor phase.

We - assume here that the converter gets no idle power from
[words missing in original document].
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We actﬁélly find also that the required rotor voltage in the
first approximation is defined by the rotor frequency a)2,
according to 02-0-7)U1.

It is the small dev1atlon 4 U, of this value of Up determined
by &, which defines cos &, (we d&fine: 4 Uz = Uy - 2 U3).

Therefore Uy can be very accurately controlled.

When we allow the converter voltage U, to be determined by (56
‘a control voltage which is derived from the difference between

the known phase angle 4 and the actual phase angle ¢/, then
this means that the information in this control voltage must also
be over the value of a02 U2 is always determined for the most
part by &) (#/Uq).and 6nly for a small part (4 Up) by the load
conditions and the known cos 5” “Therefore, it 1Is better to
let the converter voltage depen& on the set a)z, as far as the
part A U; is concerned. :

For this, a coupled frequency-voltage control is necessary
which the output voltage of the converter provides at a definite
frequency &), at approximately the correct value (Up =%/ Uy).

In addition, a special voltage control must then be present
which the required rotor voltage sets exactly (4 U,) for a
specific cos 41. This voltage control must get its information
from the difference between the (set) known pbase angle fﬂl and
the measured phase angle.

From the substitution diagram of Fig. 18 (and from the
approximation derived for 4 U2§ we see that the requirement for
4 U, for a specific cos ?”1, is determined for . relatively
small ohmic resistances and distribution inductivities.
(R, Ry, Lyg, Lpg) of the generator.

With regard to the design of the DSG, we can therefore
conclude that besides the known advantages of a relatively large air
slit width in the SG, there is an extra advantage here that the
accuracy with which cos can be set increases with the size
of the air slit width. A iarge air slit width always means
greater distribution and thus larger Ljg and Loy, while Ljh,
Loy, and M are correct by decreasing. The 4 Us required for a
certain load condition will therefore decrease, while /Ui, is
not altered.

The value of A Up = AU, . ; -~ willjcbqeeihentlﬁfge:,

Uz~ U+ U

greater, which is a known clarification for the requirement,
relative to the control accuracy of Up,. Naturally, larger Rq.




and R, have this same advantage, but an increase herewith means
an 1ncrease in copper loss,

The increase in the required rated power, which involves.:
an increase in the air slit width, will lead to very small losses.

Overload Capacity of the Generator _ {57

Introduction

We shall now look at how much danger exists that the
generator will be drawn out of phase by a sudden increase in
wind velocity. Of interest here is the value of the overload
capacity O.

We déefine:

0 = lel.,.k__

e

Tel, O

With Tej,k a@s the (unknown) ~couple, that is the
electromagnetlc couple for which the generator falls out of phase,
assume that the converter wvoltage and frequency are not controlled
(U2 and «J, constant). :

Tel,k is thus Tgy at &= 7%

—_— —— ———/" B — —
; 3P =
el,k U £ sin = (
w 21, Ip 2

And with Tel 0 as the electromagnetic couple for the
condltlon‘//oc (maximum power point) at a specific a%.,
(O < anj/zi If we use the index O for the appropriate
quantity at Te1 Q and the index k for the appropriate quantity
,at Tel k, then i follows from -the couple equation -(29) :
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The greater O is, the less the danger of falling out of phase.

NB: In neglecting friction losses for the generator,
T T under stationary conditions, so that Ta1 0 = C
14

(8q. %%, p. 18). . r
FOr p &) = &), and Vi = Yk y#/%),q‘ nd

a
thus O are nbt defined. We shall in this caseeéé%ine o)

as the ratio between the (unknown) couple and the full-load
couple.

In Fig. 20 is the index diagram for the stator equa ions
for a given specific load condition. The resistance R, is
neglected here, because it is very much smaller than ',Z%s,
especially for a machine with a somewhat larger air slit width.

It can be concluded that L is. inversely proportional
to the (effective) air slit wid%ﬂ. Although L increases with
increasing air slit width, the increase in L will predomin-
ate.

For a given I;, the value of 4% (LAA 7 4@~1; will con-
sequently decrease for increasing air slit width, so that the
angle @ also decreases (Fig. 20).

The value of 0 (eq. 31) thereby decreases and the danger

of falling out of phase decreases. (We say that a large air
air slit is also favorable for the controllability of cos 1.

51a
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For a given T 1’ the value of &€ sin is fixed for a /59
specific machine (slg. 20). When id¥e power is delivered __
to the network (& > 77J, . the angle & is smaller than when
idle power id taken up from the network

Because a certain ratio will exist between E and
5?)0, the value of O at ﬁf > 77 1is thus greaterptﬁan at
AR 4 (eq. 31). '

We assume that $¥ < 77 1is not known as a stafionary N
condition, and further that it originates from £ =7 (cos -
=-/) as a stationary condition with the greatest danger
of the machine falling out of phase.

E, o and € in eq. (31) are then the values &, and &,

. D, 0. e o Zp
which gB’with Te1l = Ty, 0 and cos 5’& = -1.
7

With this definition of 0, we start with an uncontrolled
converter. In actuality, the converter control reacts well
for a change in T,;. ‘7y always decreases for an increase
in the angle &. The voltage control of the converter reacts
to this with an increase in U,. I and £ will thereby also
increase, such that 7% is again 180°. P :

The value of O is then also designed to give the im-
pression of the required control velocity for the voltage of
the converter.

0 at Full Load and 9{ =7
77

We shall begin with the overload capacity to select for
full load. The angle £ is then the greatest. We have seen
full load in Sect. 2.a.2. as it occurred for ¢ < y «

—

— V 4
In that K w /79X
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case p<) =&, and &, = . The rotor equation (30)
changes herewith into Uy =

As the converter voltage is not controlled (U2 constant),
I, and thus E, are constant. If we define Te1,v » Ep,vs & y»
and Oy as the“values Toy1, E5, &, and O under’ stationary
conditions for full loa ang 5f’: 77 , then:

This is, as was expected, the expression for the normal /60
synchronous generator. For a generator with a somewhat larger
air slit width, £ = 30° is a normal value. Substituting,
this yields: Oy = 2.
When in this case (4 £ ¥, £ V,uy) , an increase in v
provides an increase in’ﬁa, the cos 771 control may only
temporarily provide for a greater converter voltage (generator
E,). In order to anticipate generator overload, it must be
pgovided for that T; again reaches the maximum existing value
(for stationary conditions).

>3
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0 for Partial Load and <~

For Y, £ Vw £ Vk ) . the generator is less severely

loaded, and Paf <¢.)/ and azaﬁ <,

If we again start with an uncontrolled converter, then there
are two important differences from the full lead conditions'with

4 2 = Oo
For a smaller load, I and thus e (L, #4s)T are
smaller, so that the angle 2 is smaller than for full
load, ,

Ii,:as holds for an = 0, Ep is constant .
's k' = Bp,0 ), then a larger O 1s delivered.(eq. 31), so
g‘ t the 8anger of falling out of phase 1s smaller than
wn.th full load.

However, because the rotor equation contains no more
terms, E, will not stay the same for constant Uz and
changing Tel, SO that here Ep x # Ep,0 »

In order to know for sure that overload capacity for partial
load 1s greater than for full load, we must thus show that
Ep o @always holds for partial load, irrespective of the
vglue of 9 , provided that & < 9 < g and irrespective
of the value of o

If we derive the relation between E, and & from the voltage
equations, then it results that this indEcates not such a clear
expression as above,

This is no more possible at the hand of a construction in
the index diagram, starting with constant Uy and PP

Only by using an artlflce (I> containsa constant instead of

‘Uz) can we show the above for not too low values of 502.

For the artifice mentioned, we need an index diagram, in
which in addition to the stator gquantities, rotor quantities can

also be indicated.

Fig. 21 gives such an index dlagram for a specified 67 and
Z, — 77, . It is obtained by using the voltage equatlons on

Pe

I

o>
wn

In Fig. 22, a part of it is indicated once more (thlck)
In the same flgure, starting with this diagram at & = &, , the
diagram is constructed for &=%/2 and Ep x = E5 o (thus assume
that I, is constant, (thin).
s 3



We see that the required U, (1Uy|) for B= 7 is smaller 262
than the required U, at 5?::5% -

From this, we can (for the case shown here) draw the
following conclusions.

When we hold Uz and &), constant (instead of I5, and thus
Ep), as the definition of O requires, then Uy at &=7%% is
greater than necessary for Ep,k = Ep,O .

From the substitution diigyam in Fig. 18, we see that as a
result, I, is greater at &= 774, so that Ep,k>Ep,o .

From eq. (31), it then follows that the overload capacity
here is greater than at full load.

In order to come to general conclusions from. this special
(indicated) case, we must show that the cause of the decrease
in the required U, for increasing 67§which we use in the proof)

a general [words missing in originall].

We can write, for Ujs: 14[{7=7/z§+41{2 and for Atfz =-A(z_?/ al /63
A2 ° Lﬁ':=74% rak, 4 22"

Because 7)U1 is constant (at constant 402 which we always
start with), we must thus show thats

- — - e ————

U e e T T . ; Ik 1Y

AU, v AU, @ = el = ,
21 F My #0020, > AUy, v 00y, @0 = S andy

=5,
- N | ’k P,Ol .

However, we cannot show that it always holds.

We see in Fig. 21 and 22 that, starting from ¢/ =-7" at
&= &, , it always holds that 44, EX -£,) for increasing
angle &, and constant E, decreases. For 4 U 2, We can only
show that this changes sb little for values o ng for which
@42125)2 29/§? , for increasing angle &*, that the decrease in
A Upq will Certainly predominate.

Only for this case (not too small values of 0)2) can we
thus directly conclude that the overload capacity is certainly
greater than in zero load. :

We can indicate the above: as follows.

We find the smallest possible value of A Uy, for a
at zero load (§=6;Z =), In the index diagram E,. and I
are practically perpendicular to each other, so that Aés
g%g(mg. 21). 2

r then

P

ety
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When the slanting side of the triangle 1@1;
= 7/ lies exactly on the length of the index ‘Ep, 4 Uy, has
the maximum value at é—”/z:

I, V/R + (w02 L
2s :

fwyL, I, = I \/R + ( w.L

For ?"%Ag-,__, 2 25):_, and thus for (w0 ;5‘) >>
/Q, , even in the most unfavorable case in which 4 o is
maximum at , the decrease in A Uso, predominates, as

mentioned above.

When 032 has a smaller value than that at which ( 21§5)2>9
A, , then it requires 0 smaller than O, not be maintained long.
First, &g will be greater than zero in the stationary output /6
state, so that 4 Uso there is greater than 002L25 , while there
is no probability tﬁat A Upo,is exactly maximum at

Secondly, a small increase in 4 Upp still does not directly
mean an increase in 4 Ujp, because 4 U21 decreases for increasing
angle [s/e],

Thlrdly, when 4 U, finally nevertheless increases with
increasing angle & gls also does not directly imply that 0 is
smaller than O because for thls small a load (v, <v < v ) -
sin & is till smaller than sin &, (eq. 31). 7 .

We can conclude that the most critical situation occurs
for very small values of 4),. The machine then turns at about
full load, so that sin &, Is not much smaller than sin &y, W
while 4¢, (4-72§Z-.Z7ls so0 small that its favorable effect on
0 practlcally d1sappears. ) :

In Fig. 23, the (small) part of the index diagram in which

U curs is shown for 11. val f 2 »
U,. occu a small. value o a)(,e»(agz/::s))aﬂc/gé

E. will hardly change for changing angle 69 because 1):15
very small.

At constant U, the point of the index Uy is on the dotted
arce. ‘

If é%=22é, I, has the same direction as Ug (RpI, vertical).

The index R,I I{ is then x;luch smaller than at &=& (é( =
so that I E is smaller for = 7,
£ -/—Rz__;;) ' 2 =7/,

Ep,k is in this case consequently smaller than Ep,k . [sie].



If we set f? = 30°, we neglect &,Log and & L1s relative
to R,, and we approx1mate the arc by a gorlzontal dotted line,
then? "R,I E=8"7=2X "Rpl,. at &= g/, so that

Ep,0 = 2 ﬁ‘rk and 0 =1 (eqe 31).

This means that stable operation under these conditions
is impossible.

The larger RpIp, is relative to E., for these small values of

032, the farther out the dotted line'of the arc lies and the e

less thick is O in the most critical situation at one.

It can be shown that for not too small values of Lpg / Loy
(i.e. for a somewhat larger air slit width), the situation
”4J1 <<,§2? and £ »@I will not occur. [sied,

We-must not conclude that for the requlred W1nd velocity
for the converter voltage, the situation in this area (;a <Zad'
%L"QV is defined.

Finally, when 432 is so small that E, is much smaller than
R212, the situation approaches rapidly at which &, = 0 and

~_

It is possible, with a free large approximation, to - -
record an entirely simple relation between the ratio ik / W, 0
(index k for &=7/2; s -index o for &=& )% &nd the
overload capacity 0. Vi, y and Vi o then must be 1nterpreted

as the wind velocities a$ follows rom Ty and thus not defined
instantaneous values of Vi (although they can also naturally be
at constant wind speeds).

From O ='Ie17k—

I
0= Lo, x = "7

and Telif'ra , it follows that:

Ta,O<

From constant ‘JZ (definition of 0), it follows that 492
is constant, so that:
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From P, = Cp7m Py (eq. 6, pP. 7), it then follows that:

c
0 = _D>k mkwk

1)
p’ nm’o W’O

NB: Tgp 0 (T a,0 ) is defined as the electromagnetic
couple at/é/’d (cz -a ) for a specific «) (0<a) < ),

If we assume that ;7 (the mechanical output of the mill
remains consgtant, (37m\ '7n10 )), then we find further
with P AMvy,”:

)k ‘vV k
0 = _PoK ( __W,K )3

P,0 w,0

Because ¢ 1s constant and vy | > Vyw,0
andC k<C _77‘//D V ,w1hnmfva.> ancfecﬁfc‘ant 6)
it follows gﬁat//zz/o‘/y ).

Now the value of Cj i / Cp,0 at given v, | /v is not
so simple to give.

In the first place, this value depends on the type of mill
(Fig. 4, p. 100), and in the second place no simple relation
is given between Cp an//zofor a given mill type.

In order to nevertheless get some idea of the increase in
T, for an increase in v, and constant aJr, we shall use, for

/740 the free large approximation



With this and with e %:/ , we find for O:

So that

v
W,k

v
W,0

It is easy to see that in the same way

v
v,k

with v

w,v @&s the wind.velocity at which Te)l = Te1,v

Temporary Control with ﬂ)

We always start from the fact that To £ T e1 and that to

increase in
(increase in
remaining in

Changes
no effect on
role in this

(vw) there must correspond an 1ncrease in E
converter voltage) to provide for the generatgr
phase and cos 771 having a known value.

in 40 (the frequency of the converter) will have
thls. The stator quantities which plig an important
are always completely independent of 2.

There is, however, a conceivable situatign in which there

can occur decreases, although temporary, in
thus long /gq) < a) , So that the machine falls out of

can,
phase.

(so long as there
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This situation occurs whe, for increasing v, , the difference
between T, and Tel is used to accelerate at the rotor. Te1l
then initially remains equal to Tel, 0 .

Naturally,-this cannot be - lmPOSGd as 4 Only when the
p0531b111ty exists of deriving the converter %requency for an
increase in v, (T;) from thecsumber of rotor revolutions (instead
of letting aYr £81low from 2 as usual) is this

realizable.
Through Ty - Te1 , a)r will then increase, whereby é)z
decreases. When, owéver, W, has reached a value at which

= -'44 r@ must, in order to have the optimal
51tuatlon, 6: agaln _imposed ; (held fixed at this value).

Then voltage control of the converter still provides for
the correct rating (Ep).

Copper and Iron Losses in a DSG

For the copper loss in_the stator and rotgr, we find,

respectively Bjy1 = ©3R111% and Bguz = 3RpIn< .
The relation between I% and I,, and thus between Rcul and
%guZ depends, among other things, on the angles 791 and~ 4.
For 1llustrat10n, we choose the case in which &, = 30°

and iel 180°. Fig. 24 gives the part of the index glagram
which 1Is of interest here (compare Fig. 21).

If we choose index v for the quantity at full load, then /69
here:
. ~ Fig. _ ,
Lp,v = 2 w]L]I]’\T—-) LU]M IZ,v = 2 wl]']Il,v ,
so that
AT U R O
f 1 2 L 2 ,Llh 2wl



If we want P,,,q and ﬁgug to be equal to each other at full
load, 2

R . .
=P : ' = y H
cul,v 1cuZ,v e RIII,V R2L2,v !

then Rp : Ry = hwlz : w22 .

We can sketch the path of P,,7 and P as g function of
S that Pcu2 %

Py. For Pcul R iE clearly follo and
PR~Iq cul’upl . %zug as a function 6% Pl we derive as
follows:

From Fi 2h, it follows in this case that U /’Eﬂ lell v
an E = 2u4 L 2 If & <& while f }800 the

From

e
<
lav]

it follows, after substituting the expression found for Uq and
Ep,v in the right-hand member:
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thus:

In Fig. 25, P , and P, (normalized at
%ﬁ%f%ailgza 1,V Pl )cu2 v% are sketChed as functions of Py
v

We can still calculate that in this case, @u / Pq has a /70
minimum at _ -

Ao Y L 0,77,
1,v 1,v 5
while
: cu _ cu,v \
(5= Dpin = 0,97 —5—"-
‘ 1 _ l,v
At Py /Py, = 0.6, P u / P1 is again equal to Pou, v / Pl y =
The iron losses (P e) are ‘divided into hysteresis losses /71

(PFe,h ) and cyclone 1ogses (PFe Mﬁ)

The iron losses in the stator (P ). are practically
constant because Uy and &, are constan% while for the voltage
induced at the stator (Eg } Eg always/b,Ul

The iron losses at the rotor are not constant. It follows

from the practically constant £ /a), (£./a) = £ Ju) = 24 /a), =
M/AZ‘/%/AJ) that the rotor flux is nearfy constant J%ut because
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ﬂ)z is not constant, Ppep p ¥ “)2 and Ppe2 w v 4E2 will
hold. ’

. The rotor iron losses are greatest at 4) (;/ ” the
machine then operates purely as a transformefs 49
gbéJ 4%) there are no iron losses. “

. In order to limit losses, the rotor must naturally be
. iamdnated -
In Flg. 26, the iron losses are sketched as a function of
quJZ (and 2) for the case in which, for —<x& ¢ Ppe1l = Ppe2

and P . It is normallzed at A and at the total
2,W 1
iron Egéées %e ,

If we start from the fact that P as a function of ch has
a path as given in Fig. 14, p. 117, (2 =ca«}<,®), then for that
case, the iron losses can be shown as a function of P;. Using:

and

sl L
' P ( 9 wl) w

Fe

this is done in Fig. 27, in which P is normalized again at
Pl,v and Pp, at PFe,n .
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Combining Figs. 25 and 26 finally yields Fig. 28, in which /73
copper losses as well.as iron lo§ses are recorded. Here is
set, next to the conditions mentioned, PCu,v = PFe,n = Pnorm -

It is certainly not said that the assumption$used here are
the most suitable ones for the DSG.

It operates here only as an example, that nevertheless
provides provides some insight.

2.2.5. The Converter | 75

Up to now we have considered the converter as an ideal
voltage source, which yields a sinusoidal voltage, controllable
in amplitude and frequency.

Without going into a specific design for a converter, we
shall here bring forward a general view which we have to make
for every converter and which surely affects the whole design of
the DSG and converter.

For the working mechanism of the DSG, it is necessary that
a specific power P, is supplied to a rotary current winding at
the rotor. This power is only defined through the shaft power
presented and_the ratio between the number Qf generator =
revolutions «J).. and the network frequency 431. It is not of
essential importance either that the power delivered is at a low
voltage and high current or, inversely, at high voltage and low
current. This does have, however, an effect on the losses in
the DSG. Using machine theory, it follows that for a generator,
an optimal design is found at a free large rotor current, in
other words, for a relatively small number of rotor windings.

For a converter which must deliver that power P2, we can
show, however, that this will correctly have a high yield for a
much higher “voltage and lower current (NB: if no impedance
adjustment takes place).

Fig. 92 (a part of Fig. 9, p. 106 ) shows this.

Because at least one connecting semiconductor component
enters into each converter, what now follows, which is related
to this, is generally valid.

The CSS contravenes, when this is conducting, at a (forward)
voltage drop. This voltage drop consists of a constant part
(intrinsic voltage drop) and a current-dependent part (resistive
voltage drop).

For a high current, the current-dependent part is large, /76



while the total voltage loss is large relative to the output
voltage of the converter, which for high current is low for a
specific power to deliver (P2). "The loss that herewith exists
will therefore be larger as the current through the semiconductor
is larger, and thus as the converter voltage is lower. As far

as the current is concerned, moreover, it clearly follows that

the (inevitable) ohmic losses are small, the smaller the effective
value of the current. ’

The things mentioned show that the yield of a converter is
the highest for a load with a high input impedance (U / J),
while the optimal design of the DSG ( "a relatively small number
of rotor windings ") correctly shows-a low input impedance.

Thus an impedance adjustment is necessary. We can thereby
consider a transformer between the converter and the DSG. When
we take a relatively large number of rotor windings for the DSG
(for example, on the order of the number of stator windings),
we insert, as it were, the transformer into the DSG. A third
possibility, in which use is made of a new generation of
converters which are still in the process of development, is that
whereby the impedance adjustment takes place in the converter
itself.

What has been treated so far likewise holds for a converter
which delivers a pure sinusoidal voltage, as well as for a --
converter which delivers voltage in which only the envelope is
a sine curve. However, in this last case, the problems.occurring
are greater.

The current-shape factor, ﬁxﬂ is then
larger. The active rotor current, whicﬁ %he magnStic field
generates, is defined by ipeas , while the losses are determined
through iger »

Another problem is that in such a case, moreover, the
maximum value of the current is much greater than the averaged
value, while this maximum value forms the limits both for the
components and for the working mechanism of a converter.

The previously mentioned new generation of converters then
also delivers a real sinusoidal output voltage.

Resuming, it can thus be stated that the optimum number of
rotor windings in a DSG is determined through the converter
design; naturally, such that all the herewith associated DSG
and converter losses being considered, one arrives at an optimum
design.

/77

65



66

2.b. Practical Section /78

In this part of the report, results are given for a first
attempt at a generator which operates as a Double~feed
Synchronous Generator (DSG). The purpose of the experiment was
to show that: :

Synchronous generator operation at any revolution is
possible in the manner presented in the preceding section.

In neglecting losses, the powers are in the ratio of
Py : P2 : Py, = a; z "ng ! pe) , as is derived.
The experiment has a highly improvised character; use is
made of available means which for this purpose are far from
ideal.

The real interest in this experiment, however invalid,
nevertheless goes far beyond the results mentioned in this part
of the report. -Much of the theory derived in the previous
section finds its origin in questions which were evoked in
"playing" with the experimental set-up.

2.b.1. Description of the Experimental Setfup

A synchronous slip~ring armaturemotor is used as a DSG, in
which the brush direction is intensified in order to make possible
permanent rotor supply (see further, p. 68)§f>

The three-phase, direct-voltage / alternating-voltage
inverter (McMurray-type inverter) is used as a converter, which
is %%?cpibed in J.A. Wiersma's graduation paper (see further,

p. O

To drive :the generator (in fact, the simulation of the
windmill), use is made of a pole-changeover, asynchronous motor.
With this drive~motor, the generator can be driven-with full=load
revolution and with 1/3, 1/2, and 2/3 ioad. . Control of the

- couple on the drive-motor (Ta of the generator) was possible in

two ways.* 1) by controlling the motor voltage, which is made
possible because the motor is supplied from a controllable ZZQ
transformer, and 2) by controlling the slip of the drive-motor.
Because in synchronous generator operation, the r%lation

e, = a), #ped. holds, thé value for e, (and thus £OF-the slip of
the drive-motor) follows from this equation wheh «J); (network
frequency) and 402 (converter frequency) are impose%. By
controlling the converter frequency, the slip, and consequently
the couple, of the asynchronous drive-motor can be controlled,
while as a result of the steep-slope of the couple~revolution
curve, the number of motor and generator revolutions are only



changed a little. This is sketched in Fig. 31. From point 1,
for example, point 2 is reached tESough an increase in voltage
(control transformer), for which is not changed, while
point 3 is reached by increasing the converter frequency.

Fig. 32 gives the construction of the experlmental set-up /80
with which the measurements are made at p&ad= ,Jaaland % ). -
The converter is here supplied from a dlrect—voltage network.
This is in contrast to the design sketched on p. 114 , Fig. 13,
in which' the converter is supplied from the stator of the DSG.

. With the experimental set-up of Fig. 13, measuring is done
at ,,=44, The rotary-current winding of the rotor must then
be rated with direct current (".)a:' ) = ped = o).

NB: Here the current in the windings of different
rotor phases is not the same.

Especially in machines with a small number of coils
per phase (p = 1 or 2), this leads to an uncontrollable
heating up of the rotor. Thereforeit is better to take a
very low value of &), instead of &, = 0. It appears that
it is possible to achieve this with the inverter used here.

The Generators Used _ /83

In Sect. Z.é.l. on p. 14, '/1t has already been noted that
an asynchronous slip-ring armatire motor can be used as a DSG.

Generally, an. ASM has a relatively small number of rotor
windings (w,) in relation to the number of stator W1nd1ngs
(w ), with the result that the nominal rotor current is much
reater than the nominal stator current. If such a machine
Vo / w1 4 1) is used as a ‘DSG, then the converter (which.deliv-
erS the rotor current) must be suitadble at low voltage; A Ug
»wz/wl) to give a very hlgh current This requlre% a converter
-with very sturdy semiconductor conponents, in proportlon to the
nominal converter power.
Therefore, what is sought after is an ASM w1th not too
different numbersof rotor and stator windings in each one.

In the table below arée presented a number of data for two

machines suitable in the industry association which provide these '
requirements.
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a.s.m.| schijnbaar ' I, p w
vollast U ‘ u 1 pool- —
vermogen 1 20 vollast 20 paren v,

GI 37,6 kVA 220 (380) V| 70 (i121) V| 57 A| 54 A 2 0,3

GII, 10,2 220 (380) . | 127 (220) V| 15,5 /| 8,8 | 2 0,6

Key: 1. ASM
2. Apparent full-load
pover
3. I;, full-load
L. p, pole pairs
The index I,y is the required effective value of the rotor

voltage in order %o induce nominal voltage in the stator at
,4‘»0),34;;’ e, =0, 130 [sic] is theé corresponding.value of the .
réfor< current. ) '

In the columss for U1 and Upp, the couple voltages are given
after the phase voltages.

From p = 2, it follows that the maximum generator revolution
(at &, =“J//F) is 1500 rpm.

From the voltage equation of the stator, .in which I; =0
is substituted and with the definition of Ipgp, it follows that
the value of Ipp does not depend on the number of generator
revolutions. . . ' .-

If we are not going to deliver watt power as well as idle
power, using the generator, to the network, then the sinusoidal
voltage induced in the stator from the rotor must have a higher
effective value than the network voltage. Irrespective of the
number of revolutions, a current is thus necessary there which
is greater than Ig.



When, as is the case for the inverter used, the rotor voltage
(and consequently the induced voltage) is not purely sinusoidal,
then we can only use the given value of I,y to obtain an overall
inducing of ‘the required rotor current.

Another problem that exists through the use of an asynchronous
slip-ring armature motor as a double-~feed synchronous generator
goes along with the fact that an asynchronous machine has as
small an air slit as possible, while the air slit in a synchronous

machine is much larger. ‘

Because the main inductivity is inversely proportional to
the (effective) air slit width, this will, consequently, be much
larger for an asynchronous machine than for a synchronous one.

This has further consequences. An important consequence,
which is easy to observe using the index diagram of Fig. 17 on
p. 120, is that the load angle @€ for an ASM used as a generator
will be much larger than the load angle for a comparable
syncbronous generator under the same conditions. The danger of
falling out of phase is thus much greater with an ASM.

The Converter Used

The three-phase converter which was used in the experiment
was ‘built in the past year by members of the industry association.
There is a converter of this type in the literature, known as
the McMurray inverter. The name "inverter" (instead of "converter")
is used here because switching on the thyristors is -provided
through the apparatus itself %here using idle thyristors and a Z§§
resonance ring.. In the following, therefore, we shall use the
name "inverter" for this apparatus. Fig. 34 (from ref. [6]) ,
gives the principal diagram for the inverter. The part with the
supply source (+ 110 v direct voltage), the main thyristors (§),
and the three-phase load are indicated with heavy lines. A
diode is included antiparallel to each main thyrisTor, among
other things to make possible the delivery of an accelerating
current (inductive load). Switching off the main thyristors
takes place using two complementary idle thyristors and a
resonance ring, together with the commutation circuit mentioned
(see Fig. 34). The most important properties which the inverter
makes available for our purposes are:

an output voltage which is adjustable over a wide range
of sizes and frequencies,

a practically non-homopolar component in the output
voltage,

and no harmonics with order number divisible by three.
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A number of differences, which are observed in the experiment
with the DSG in combination with this inverter, are associated
with the fact that the output voltage of the inverter is not
actually sinusoidal.

Fig. 35 gives the output voltages with their sinusoidal
envelopes. Each half-voltage consists of four pulses. The size
of the voltage (envelope) is controlled using the width of these
pulses (pulses width modulation).

The number of pulses per half period (here, four) forms a
compromise between the advantages of a large number of pulses
which occurs with higher harmonics and the disadvantage of the
(inevitable) extra energy loss through switching off the
thyristors repeatedly during the period.

2.b.2. Findings in the Experimeént .

The first and without doubt the most important result of
the experiment is that it was shown that the test generators
(GI and GII) indeed operating synchronously can deliver power
to a public network at an entirely different generator revolution
than the normal synchronous revolution ( Ny = fl Ap;;rpm / sec),
provided the rotor is rated in the correct way With an angular
frequency eJ, = &), -p<«). . The generators must be synchronized in
the usual way for a synchronous generator, wheregsthe generators
"normally" fall out of phase with too large a shaft couple.

The experiments were initially begun with a large 37.6 kVA
machine (GI). A problem here was that even with a high inverter
frequency &J,, the impedance of the rotor circuit was still so
low that even at minimum inverter voltage (minimum pulsewidth),
the current was too high for the inverter. Therefore, forward
couple resistances must always be included in :.the rotor circuit.

The rotor current which could be so obtained was not&yet
sufficient to induce a supply voltage in the stator, with the
result that the generator always takes on idle power from the
network.

Nevertheless, it seems possible with this machine to deliver

a few kilowatts (watt power) to the network, both at about 1/3
and 1/2 of the normal synchronous revolution of the machine
(a‘%e%a/)and a.,)?!z“?)'

This machine was clearly too large for further experiments,
in view of the equipment available.

In using smaller generators (GII, 10.2 kVA) in the _



experimental set-up in Fig. 32, p. 133, the following was -# -
observed in the first instance. o

J, 1)
1. For ‘4%-'3:7,- /%)’;3!;’ and \% ‘J//P) - the
synchronous generator draws on the network, where:

ped Te) meg -

2. By controlling the rotor current I,, the rating
can be found, for a given shaft couple, at which the stator
current Il (= network current) is minimum.

In using the small generator with direct-current rating - /89
(a)y =Of pe) = & ; the set-up in Fig. 33, p. 135 ), the generator
can also draw synchronously on the network, while for each shaft
couple here, I; can also be brought to ~a.minimum by ddjusting. --
the rating. - . -

We shall now explain these findings further.

ot &) : :

For 1: For operation at ) =3 75‘ , foa}gﬁrlch the highest
rotor voltage is required (Uz =.7)U1 with7éwﬂ§9, the maximum
effective inverter voltage very clearly appearS to be too low.

The result of this is that even with zero load -(Py=0), the

network at this revolution mgst deliver id%s power Ior the rating

of the generator. At «)=# % and «.=2%) , the generator
__could be tested from zero 1058 to full load. However, the ~
 commutator ' drive-motor offers further a fourth possibility,
namely'aqsf-—/ 5 no experimenting could be done using the set-up
with the inferter (Fig. 32). 1In Sect. 1.b.2., it appears that
with this inverter, no stable operation is expected for low
values of cﬂz (f, on the order of a couple of Hz). Therefore,
measuring with the set-up in Fig. 33 . (direct-current rating)
takes the place of thi§ measurement. '

For 2: From normal synchronous g§enerator theory, it is
known that for a given shaft couple, a minimum can be found for
the delivered stator current I, by varying the rating current,
while the delivered (watt) power P, remains practically constant
for changing rating current.

Also what this involves, and the DSG thus shows, as expected,
is the behavior of the normal synchronous generator.

With the experiments at these revolutions, it is now truly
demonstrated that stable operation with a combination DSG and
asynchronous drive-motor is possible, but up to now no consid-
eration has been tagken of the stabilizing influence which the
drive-motor exercises with its steep couple-revolution curve
over the whole. Because the couple-revolution curve of the

. - L
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windmill is much less steep (Fig. 5a, p. 105),“ /1t is necessary
to show that the DSG itself prov1des a sufficient stabilizing
effect.

A first proof of this is, naturally, the mere fact that /90

revolution of the motor-generator comblnatlon through the DSG
is _defined by the relationship <J. =) =al in which we give

“)2 a known value), and not through ﬁﬁe drive-motor.

As additional proof of the stabilizing effect of the DSG,
we have allowed the asynchronous drive-motor operate at the
unstable flank of its couple-revolution curve, so that it is
irrefutably shown that the DSG can provide stability. This test
was carried out as follows. For nominal voltage at the .
drive-motor, the generator was synchronized to the network at a
revolution of 1000 rpm (pa)=F<), ¢} =F «J, ). By increasing
the inverter frequency &J),, a shaft couple was set up such that
1.5 kW is delivered to thé network (point 1 in Fig. 36). By
gradually decreasing the supply volg3ge of the drive-motor and
1ncreaa}nga;he inverter frequency ( , the number of revolutions /91
(e  is lowered, while %1 is held at 1.5 kw¥
(shaft-éghple constaﬂt) The couple, moreover, initially changed
rapidly (Fig. 36), so that the voltage continuing strongly must
be lowered %p01nt 2). From the fact that Py at a given moment
is hardly changed at all with an increase in ¢/, and secondly
would again go down, so that the motor voltage must be increased
again to keep delivering 1.5 kW, it can be inferred that we
have passed point 3 and are going in the direction of point 4.
When the generator revolution came below 800 rpm (starting from
1000 rpm), it began to show the first indication of instability,
and just above 750 rpm, it fell out of phase. We had then

almost arrived at the following tested revolution (<. =3 Q%AbJ
<), =% <J ). "~ When we consider that the drive-motor had with it

a Sllp of fully 20%, while the manufacturer set 5% as the
maXimum permissible slip, then there is no doubt that we are
concerned with the unstable flank of the couple-revolution curve.

Stable operation is thus possible without the stabilizing
effect of the asynchronous drive-motor. Why the generator
falls out of phase, however, is not entirely clear. Perhaps
the unstable flank of the couple-revolution curve is much steeper
at that point. Perhaps also it has to do with problems which
exist through the strongasymmetry of the ASM used as a DSG,
into which we shall enfer further in Sect. 2.b.4.

For loads much larger than 1.5 kW, this same experiment is

not feasible, because the much more severe (unstable)
drive-motor will then draw the generator out of phase. This

the more so as we, using - the small air slit of the Lo
DSG, however, operate at relatively large load angles (p.l43) *V



2.b.3. Measurement Results » /92

The measurements were made in order to control the derived
relationship Py : P, ¢ P, = &) 7 «); & pe).. This relation holds
true only whlle negiectlng all losses. 1In actuality, this
relationship holds for the share that the powers have in the
air-slit power, while the actual input and output power measured

must be decreased relative to the losses.
The power diagram in Fig. 37 shows this.

=L =
The measurements at ;:a) 3 ,)F"),- 2 a;)'and /oa) :;{"'-2 are /93
done with the experimental set-up as sketched in Fig. 32,

p. 133,

The measurement at Pa{,:@, (‘QL:O) is done using the
experimental set-up of Fige. 33, p. 135 .

The electrical powers P% and P, are measured using wattmeters,

for which the Aaron couple i applled in the rotor circuit,
because no Teutral point is available.

The shaft power P; is determined by measuring the power taken
up by the drive-~motor and multiplying it by the motor output.
This last can always be determined quite accurately from the
output curves given by the manufacturer. Because these curves
are given at constant (network) voltage for the drive-motor,
the shaft c uple is always set by controlling the inverter
frequency &/, (slip control) The result of this, however, is
that the ratio between ), , and é)r at any measurement
point is a bit different. For he drawing in Fig. 38, therefore,
a small correction is applied to the measurement values.

In the ‘diagrams of Figs. 38 a, b, ¢, and d, the lines drawn
for the powers Py, Py, and P, as a functlon of Pl are given for
the (loss-free) case Pq P2 : Py = &) a) /pa) .

The points presented in the diagrams give the measured
values.

We see that the measured values of P, and P, always come
out above the lines drawn, which is in agreement™with the power
diagram sketched in Fig. 37.

In order to get an 1dea of the losses occurring in the
generator, the valuesof Pl + P5) are calculated for the
different measurement points ang are set forth in Fig. 39.

It is striking how small these values are at the same Pq
but they differ for different revolutions for each.
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A , and thus for decreasing &),, the friction losses increase,
but” the rotor 1ron-losses decrease.

However, in view of the fact that the highly improvised
character of the experiments will have a great influence on the
losses in the generator (voltages and currents not -sinusoidal),
we must here be very careful of drawing general conclusions for
the DSG. From half load to full load, we find a good 0.85 for
the ratio P (P, + P,), while from the data for the machine
used as a D%G one concludes that it has an output of 85% as
a motor.

The practical evidence that these powers furnlsh a measure
for the wvalidity of the relation P : =, € % PPy
is of great interest because from 1t foilows the appllcablllty
of the DSG as a generator for a windmill. 1In the set-up for
Fig. 14 on p. 117 (see/also Fig. 40);n determining the "maximum

14.8% of the full-load power which fust be brought about for Come

this system through power electronics", use is always made of
this relationship.

‘In Fig. 40, P71, P , and P_ are given as functions of <)
(V) tor y 2l S :

the lines drawn in neglecting all losses, as they
follow from Py : Py 3 P, = aJ :¢ﬂ lped (as in Fig. 14),

the dotted lines as they follow from the measurements
at the generator.

We must consider well that here only the generator losses
are taken into account and not those of the converter, so that
as far as that is concerned, the d€viations will be greater.

On the other hand, we must consider that a very small machine is
involved here, which is, moreover, used in a manner for which
it was not constructed. We may therefore expect that the

~ deviations from the theoretical values will be smaller rather

than larger.



2.b.e Influence of Non-Perfect System Parts ' /99
,.on the Behavior of the Machine

In Sect. 2.b.2., we specified individual findings in the
experiments which correspond to expectations.

Here, we shall go into individual odd differences which
are observed. These are not in general typical of a DSG with
converter. They can be explained by the non-ideal behavior of
the system parts used.

Observations

1. When no exchange of (watt) power takes place
between the generator and the network (P7 = 0), the minimum
effective value of the stator current (which occurs for a
specific rating) appears to be much greater than zero

(> 54).

2. In calculating cos ?’ from the measured values of
the dellvered power P , an% the network voltage Uq,
u51ng cos 1 = Pq %U , it also appears that at

minimum I (correct ratlng "cos 7”1 = 1" does not fit
in /# all.

3. For very small values of slip in the drive-motor,
when the ratio a) {pa) thus is very close to the values of
2:1, 1l:1, or 1:2, the generator appears to oscillate around
the revolutlon a) re

For 1 and 2¢ The fact that no rating is found at which
T4 is zero at zero load, and that -under loaded conditions, the
work factor has a value of one, forms an important deviation
- from the known behavior of the normal synchronous generator.

The cause of the deviations noted in 1 and 2 must be sought
in the non-ideal behavior of the inverter. In setting up the
theory in the preceding section, we -always started from a
sinusoidal rotor voltage (inverter voltage). The 1nverter
voltages presented to the rotor (Fig. 35, p. 139, and

are, however, far from sinusoidal. The voltages 1n§uced
a% the stator will therefore also not be sinusoidal. Photographs
1, 2, and 3 show this clearly.

If the effective value of the voltages photographed is
220 v, then the instantaneous value will be alternately larger
and smaller than the instantaneous [words missing in the
original]. 220 v effective. If the stator is now connected to /101 -
the network, by so doing, current peaks will exist as shown in
photographs L, 5, and 6 (Top image). If the induced voltage
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was shown. to be sinusoidal (and 220 verr), these current peaks
naturally did not exist, and the effective value of the current
was -shown to be zero. The effective value of the currents ===
photographed is, however, decidedly not zero, while the current
still does not provide for delivered power P; {(moreover, this
also follows from measurements from accurate study of the photo
images). The minimum attainable effe¢tive value of the zero-load
current is smaller, the larger &), is; 7.9 A for a)=Fa, 6.5 A
for aﬁz;?"-ag, and 5.8 A for ai.—:s-‘:"—a_/), 2

The deviation mentioned in point 1 from the predicted
behavior is hereby explained.

It will be clear that it can, moreover, be explained
herewith why the work factor is not equal to one at minimum I
(point 2). Also, when the generator current always delivers %o

-the network, and thus when the induced stator voltage is higher
‘than the network voltage, the voltage shape deviating from a

sine curve provides extra peaks in the current. These peaks
increase with the effective value of the current, but not the

delivered power Pq. Calculating cos ¢y, from cos ¥ = Pq / 3Uq -

I then yields a Value which is much smaller than one. We must
t%en also consider that here the angle 9”1, which is defined
as the phase angle between the sinusoidal stator voltage and
current, has lost its significance, because the voltage and
current occurring here are not sinusoidal.

The work factor, which we thus can no longer call "cos 7”1",
is defined as?

WQfo = Pl

U I
drr &ff

In the case mentioned in 1, this is equal to zero; in the
case mentioned in 2, it is less than one.

The above-mentioned problems occur especially with the
McMurray-type inverter used here, because the voltage is built
up from a number of pulses. With the new generation of converters
(Sect. 2.a.5.), the existing transformation of the current is
very much less; comparable to the current transformation [words
missing in originalﬁ.

Photographs 7 through 9 show the current shape described.

Photographs 1, 2, and 3 are still worth further study. It
is striking, for example, that as the width of the pulses from
which the sine curve is puilp up differs, so also the number of



pulses per period differs for different revolutions (4, 6, and
8, respectively).

For an explanation of this, we refer again to Fig. 25. 1In
this figure, it is shown that the voltages imposed at the rotor
terminals ung, Ugt, and ugy are each built up from & pulses per
period. Because two of these three voltages always coincide,
the rotor "sees", per period of the rotor voltages and currents,

s;r ’){3(phases) X 8 (pulses)} /2 (which coincide)= 12

S pér period. Of these 12 pulses, there are found, per
per iod of the stator voltages and currents, (ZT= / 5”’ /2 X /?'

5= Y /2 in the induced voltages at the stator. 7 For pﬁotos 1,
2, “Jand 3, they are thus 1/3, 1/2, and 2/3 X 12, respectively,
thus L, 6, and 8.

Thereby the (absolute) pulse width naturally changes at
different revolutions. That the relative pulse width (i.e.,
the ratio between the pulse length and period length) also differs
is caused by the fact that the requlred rotor Y91 e is different
at different values of &, (U, Uq with 74 ﬁ% in which
U2 is determined by the reiatlve pulsew1dth of the inverter.

From the foregoing, we can now conclude that the experiments
are performed correctly at very'particulardsevolutlons, because
the values of &), concerned are such that Z2 X/21is always a
whole number, so that a whole number of peaks occursin the stator
voltage and current per stator period Tq. It hereby happens
that the current in photos 4 through 9 display the same 1mage for
each perlod of stator voltage. At arbitrary values of
this is not the case, because the number of peaks per sta%or
perlod is then not a whole number, whereby a shlftlng current
image exists relative to voltage.

With accurate study of the example of photo 7, it then
appears that the frequency with which the image of the current
peaks is repeated is somewhat greater than 50 Hz. This fits, in
view of the fact that, undis loaded conditions, «Jp must be
somewhat greater than 1 /3 , because the drlve—motor reaches
the required slip for the usual couple.

We shall now also look into why the inverter used : 105
is but very restrictedly suitable.

First of all, the current peaks as shown in photos 7, 8, and
9 are naturally not allowed for current delivery to the public
network.

N
When the number of peaks per stator period Tq (D" X AZ) is
much greater than one, they can be filtered out. If lt~is no
longer the case that the peak frequency in the vicinity comes
from the network frequency f4, then filtering is practically
impossible.
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), L
With this inverter, at 43’/’? /2 (ﬁ;:’ %&,), one “rotor peak"

‘per stator period T is "found again" in the stator.current.

Besides the fact that this naturally.can never be filtered

away, it is hard to doubt whether with such a severely transformed
induced stator voltage, synchronous operation is even possible.
Naturally, an improvement can be expected when a filter is placed
on the exit from the inverter. An attendant problem in filtering,
however, is stability. A more satisfactory result is expected
for a converter with a much higher internal frequency (it comes
down to this here that there are many more than & pulses per
period in the coupled inverter voltage). On the one hand, the
DSG hereby approximates much better the behavior of a normal -
synchronous generator (an assertion which, among other things,

is justified by the statement that the minimum stator current
under zero load is smallest when the number of peaks in the
stator current is greatest; photo 6). On the other hand, for
such a very much higher internal converter frequency, the peaks

in the stator current I, to very low values of 002 can be
filtered away with a re}atively light filter.

For 3: As for the oscillation of the generator, what is

initially observed as "oscillation for a small drive-couple
(lightly loaded generator)" caused much suspicion in the beginning.
The solution, however, was found when upon further inspection,
it appeared that with open stator terminals (Iy = 0) and a rated
rotor, the effective value of the stator voltage varied strongly,
if a very low frequency voltage is superposed. The phenomenon
occurs in all three -phases; however it always shifts 1/3 period.
The more accurately satisfied is the ratio® of 2:1, 1:1, and
1:2 respectively, the lower the frequency and the greater the
amplitude of the swings.. It is clear that the oscillation of
the rotor, when the generator operates synchronously with the
network, is a result of this. The current and consequently the 4106
electromagnetic couple also always change with changing voltage.
If the frequency of the swings is sufficiently low, the rotor
oscillates by variations in the couple. We must then explain
how the voltage can vary so. For this, the following theory
is proposed.

The test generator has a :‘rather high asymmetry (the current
in rotor phase w, for example, is always about 10% greater than
in the other two phases). The rotor rotary-current fields which
exist through the combined. operation of the currents in the
three rotor phases, are thereby not always equally large. When,
as is the case here, one current has a significantly greater
effective value than the other two, the rotor rotary-current
field is ellipsoidal instead of spherical. The ellipse "naturally
lies still" relative to the rotor (Fig. 41). .

A period of the stator voltage exists whereby the rotor is /107



operated over a certain angle (40 —/~ degrees), while at the
same time the rotor rotary-current field relative to the rotor
operates over such an_angle (252 X é?ﬁ: de%Bees) that the stator
over "looks" the total operatiodn [(/:a) e +—’3)X 762 degrees] = 360/p
degrees.

If there is no’ particular ratio between pc) and then
after each period of the stator voltage, the rotor has ano%her
position relative to the stator.

The maxima and minima of the rotor rotary-current field
are thereby always found again at a second stator plane, so that
the effect herewith is averaged out. If one of the ratios
mentioned, between F)A%, (2:1, 1:1, and 1:2, respectively)
is held exact, it is easy to cgnclude that the maxima and minima
of the rotor rotary-current field occur at the same rotor position
relative to the stator. The phase voltages appearing will thereby
no longer be the same for each. Through the small deviationsin
these exact ratios for these experiments, deviations which are
the result of slip in the drive-motor, maxima and minima in the
rotor rotary-current field will, as it were, "run around" slowly
in the machine. This is especially true in a very lightly
loaded generator in drive-motor slip so small that the variations
in the current existing due to this phenomenon frequently lead
to such low variations in the electromagenetic couple of the
generator that the rotor oscillates violently. It cannot be
explained exactly why the swings are worst at <) =g?a}. Presumably,
an explanation for this is only just possible when the source of
the asymmetry is known. Perhaps also the more severe#f transformed
induced stator voltage at this low a value of &), has’something
to do with it. 1In any case, this problem is not"to be expected
in a well-constructed generator, because it can be made
sufficiently symmetrical.

Aghe proof of the proposed theory on the oscillation at
a)(the situation with the worst oscillation) was tested
tW1ce Wlth the same load conditions¢ eorce with as high a voltage
as possible for the drive-motor for which the usual couple can
thus be obtained with a small slip, and once with as low a
voltage as poss1ble and as large a slip as possible. In the
first case,;v <, was practically exactly 2:1 and the generator
osslllated v1olently. In the second case, the ratio between

and deviated so much already that oscillation no longer
occurred. %his behavior is consistent with the proposed theory.

Besides the powers P;, Pj, and P, (Fig. 38a, b, c, d),*the /108
values concerned for Iq } and U, a¥e also measured. It is
naturally nice when the vaiues measured at the generator can be
tested on the part of the calculations with the machine equations
set up in Sect. 2.a.3. We must be careful here that the equations

79



hold for sinusoidal voltages and currents, while in actuality
these are not absolute. Also, in order not to make the
calculations too complex, use must be made of constant values
for the coefficients L., Ly, and M occurring in the equat-
ions, while these are fnot the ones used here. When we consid-
er all the deviations taking place here, it appears the

bounds between which the measurements and the calculated values
are the same must be so great that no single conclusid}ican

be drawn for the results of such a test. It is therefore not
worth the trouble to take up the results of the test in this
report.

In this section, we shall go in detail into the non-
sinusoidal nature of the rotor voltage and current. We shall
still further go into the non-constant nature of the coefficients
Ll' L2, and M,

The prime source of the non-constant nature of Lys Ly,
and M is the saturation of the iron with which we are  concerned,
irrespective of the shape of the rotor voltage. As an example,
Fig. 42 gives the measured values of M as a function of the
induced stator voltage E_, for the case in which the rotor is
rated with a purely sinusoidal voltage. As the generator is
more severely loaded, E_ is greater and thus (Fig) [sic]l M is
smaller. The same holds true for the coefficients L; and L,.
If in simple calculations it nevertheless works with an
averaged (constant) value for the coefficients, calculation
must be done with errors of a few percent. This" last holds when
all the voltages are sinusoidal. For a rotor voltage such as
the inverter delivers, the matter is more complicated. Fig. 43
(in which Fig. 42 is again taken up) gives the wvalues of M such
that they are measured at different values ofcbz using the
inverter. It is striking that the curves which are measured
using the inverter for different values of 4, have practically
the same path, while they lie much higher than the curves meas-
ured with sinusoidal rotor voltage Gﬂw=&%l This is easy to
explain. The given values of E_ are always effective values,
because these are used in the calculations.

The saturation of the iron, and with it the values of L.,
L,, and M, are however, connected with the averages values o%
tge induced voltage. For the entirely different voltage
shapes with which we are concerned here, the ratio between the
averaged values and the effective values is, naturally, also
different. For the same effective values (equal values of Eg
in Fig. 43), therefore, the averaged values, and thus the
saturation state and L,, L., and M are different. The depend-~
ence of ¥ (and also of Ly and L2) on the load state of thg
generator is now much greater even. Eg always equals E, 1in
measuring E_ with open stator terminals, so that the saguratlon
state of the machine is entirely determined by the rotor volt~
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age. If, however, the generator is closed at the network,

then the resulting magnetic flux in the machine and thus the
saturation state is determined by the (sinusoidal) stator
voltage and the (non-sinusoidal) rotor voltage. The values

of M involved in this case will, deperdingonthe =~ = =
load, lie somewhere between the values with sinusoidal rotor
voltage and those with the rotor voltage delivered with the
inverter. The error which now exists when we work with an
averaged value of M (and likewise Ly and L,) is thus even

greater by far (here certainly greater than 10%).

Although, as a result of all these deviations from the
ideal behavior, calculations are pointless as a control of the
measured values, nevertheless the calculation method to use is
given in the last section of the report, because this could
also be useful in determinations for a suitable machine for
possible further experiments.
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2eDs 5, Calgulation Method /111

The machine equations found in Sect. 2.2.3.:

3p : (29)
= v 0
Tel 2L U]Epsm . '
wl 1 i
) g 28) |
9.1 . R1;[,-] * JUL)]L]}--] E—p {
, | |
i J¢2 -3(0 + ¢1) ( Z
- 30)
Upe 7 = Ryly + juylyly = wpMhye
with:
\ B
- —J¢1' T ]9 i

can be solved whenéfufficient data are known. In each case,

the constants U., 1> P, Ry, and Ry, must be set for this purpose
and, although not actually constant, Lq, Ly, and M. Of the
remaining 9 variables, to know Tel, &5, 17, #1s I, 2y

E., , and U,, one must still set 3, %ecause the otﬁer 6
vBriables can Be solved from the equations and the corresponding
definitions. That solution must occur generally [word illegible
in original]. .The elimination of the unknowns is a practically
endless task, especially also because the angles occur as sine
and cosine. Only when the three variables #, are

A ’ Te%y 323
‘taken as set, is direct solution possible. (%here Yy 2 can

then be a chosen value, or by means of &) = 2J ~p<) a chosen
value follows for «/..) K / V4



Because, in operating with a DSG with a windmill, éﬂr and
Tgy follow from wind velocity for.a given windmill, while the
pﬁase angle z’l is held at a specific (adjustable) value by
control, prefisely this case is meaningful for our application.

Using eq. (29) and eq. (28) split into a real and an /112
imaginary part, according to:

= [, co$ 1 + B 5 28x :
U1 Rll‘coscbl + mlLlllsnldnl chos() (28r)

1 17171

0 =-R,I sing, + w L T cosp + B sing ' (281)

—

~

we can eliminate Iy, é?} and Ep as follows.

NB: 1In the right-hand member, we use knowns exclusively,
or known quantities in the preceding.

From eg. (29), it follows thatsl

Substituted into eq. (28i), this yields, for the elimination
of I,:
1
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Dividing eq. (28i) and (28r) by each other yields:

E sing

_ E sing
Epcose = tgh =

U -R = :
] | ]IJcos¢l w]L]1151n¢]

and

8 = arctg|tgo]|

. Ep can now be determined from the values of E sin & and &
accordgng to E,=EEsiné/5n% /o zero load (sin &= 0), difficulties
exist here. ﬁ; therefore use:

e

Uy, - - . .
) 7 RyIjeosdy - 0L T sing, T
p cos® ) :

U - - e —————

cos 5}= 0 does not occur under achievable operating
conditions.

-



From eq. (30), written out in real and imaginary parts,

» (30r)
-~ =R I, - :05(0 +
-.p2c03¢2>— R, szllco?( ¢) |

| i (301)
. . . y +
U251n¢2 = m2L212 + 92M1151n(0 ¢l)

Uy and 25’ can finally be solved for. The terms ws ©+94) and
a0 (8 +7°) occurring in these equations we find by substituting
e/ % in eq. (28) and then splitting it into real and imaginary
parts. We find:

Ucos$, - R I
cos(0 + @) = 4 2 17]
p

U151n¢] - wlL]I

E
P

sin(® + ¢l) =
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Dividing eq. (30r) by eq. (30i) yields:

U251n¢2 w L212,+ szIlsin(O + ¢l)
I

9Ly = szIlcos(O f ¢])

-—_ - - - - - -

after which ?pz is found from

Fé, = arctgltg¢2]

and 02 from

CR.I, -
. 219 szIlcos(e + ¢l)
2 cos¢? '

From the constants needed for the calculations, the /114
network voltage U,, the network frequencydol, and the num-
ber of pole pairs p of the generator are known directly.
R, and R, can be measured with a Wheatstone bridge. I,
L, and % are measured for rating the rotor with open stat-
or chain (I} = 0) and for rating the stator with open rotor
chain (I, = 0). The things mentioned are simple to do from
the machine equations.

From the formulae, it can be derived that the deviation
which exists in the calculations the non-constant
nature of L. , L,, and M, as is set forth.on p. 80
apart, for hormal values of cos 7*&.
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has no effect on I;

causes a deviation in E., &, and I,, which is
percentage-wise surely smallgr than the.product error in
the values used for the coefficients;

causes deviations in Up and ;%; which strongly depend
on ¢, and the load conditions.

It is necessary to be careful with this last deviation.
The other calculated values are more reliable for sinusoidal
voltages and currents.
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Conclusions ' /115

Although the theory proposed for the Double-feed Synchronous
Generator cannot yet' be controlled at all points, the experlments
carried out still give sufficient grounds for believing in the
accuracy of this theory.

We therefore conclude that the system with the DSG and
converter (as shown in Fige. 13a on p. 115 ) is very suitable
for generating electrical energy for a public network using a
windmill, because the revolutions to the mill can always force
the maximum wind.power to be used.

Because the generator in this system, irrespective of the
mill (generator) revolution, always generates a voltage with
constant amplitude and frequency, it can be directly coupled
to the network.

As with the normal synchronous generator, control of the
idle power (cos 7pnet) to deliver is possible with rating.

A very important advantage is that the properties above
are achieved due to a method whereby only a portion of the
mechanical power provided, maximum about 15% of the full-load
power of the installation, must be effected through the converter.
This has economical advantages and will also benefit "=
practical feasibility.

Although this system is also most suited for wind energy,
it still cannot be made up. In the first place, for this,
further research is necessary on a set-up with system components
specially developed for this application, and in the second
place, comparable results in other systems are needed.

For supply for the rotor circuit of the DSG, a converter
is needed which can be regulated in voltage and frequency.

The requiremnt is set, for this converter, that it be able
to induce at the stator a good sinusoidal voltage, via the rotor
circuit. This is needed because the network current delivered
is otherwise not sinusoidal. It is implied that the converter
voltage may contain no harmonics with a low order number. ~ /116
Harmonics with a high order number (such as a wrinkle) provide
no problems, because these are self-filtered away through the
generator, so that they are not found again in the network.

The required rotor voltage for the DSG is in the first
approximation proportional to the rotor frequency.

Therefore, it is usual for the converter to have a coupled



frequency-voltage control which brings the output voltage at a
certain frequency to about the right value.

In addition, there must then be available a special voltage
control which accurately sets the required rotor voltage for
a specific cos ?’net‘

If we consider the generator construction-wise as an
asynchronous slip-ring armature machine, the greatest difference
necessary in the construction is a much greater air-slit width.
This must be comparable to the air-slit width of a synchronous
generator of the same power. This is necessary because otherwise
the load angle of the generator is much greater than is usual
for a synchronous generator, for which the dange of falling out
of phase is greater¥’;-

This greater air-slit width also beneflts the controllability
of cos ?pnet°

The number of rotor windings can be freely chosen, in
principle.

Within the limits of what is technically ‘achievable, it
must be so chosen that it comes to an optimum development, aside
from all the losses associated with it (in DSG and converter).

To continue this research, the necessary things are: a
generator which satisfies the set requirements, atlherewith
suitable converter, and a good simulator for the windmill.

Only then is it p0851ble to control the maximum power p01nt
and cos ts Dbecause these naturally are most clearly associated
with the cﬁaracteristics of the generator and converter used.

The results attained at present decidedly justify a
continuation of this research.

See Supplement,
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List of Symbols Regularly Referred to /118

NB: For more extensive definitions, refer to the pertinent
page in the report.

A surface of the plane swept by the vanes m2
Cé power coefficient, p, 4 -
Cpo maximum value of Cp for a given mill -
D diameter of the vane circle; A = ’W(D/2)2 m
-5 index which represents‘the ole wheel
-P voltage; [-Ep| = Ep = wq MI, v
E. induced rotor voltage, p. 41 v
- Eg induced stator voltage, p. 41 v
fl frequency at the stator Hz
fa frequency at the rotor Hz
I (I,) index of the rotor current . A
I (Il) index of the stator current A
I index of the stator current A
Liq self-induction coefficiéent of a stator
phase H
L22 self-induction coefficient of a rotor
phase H
Ly Ly =lyy - M1y H
Ly L2 = Loy = Moz H
bl LSl into che mein wmowetivity L
1s . Y Lis H
LZh} L sp}its’into mgin inductivity Lon H
LZS and distributed inductivity Log H
My coefficient of mutﬁél induction between
two stator phases H
M2l Teen?h stoton thone o eotor these” b A
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Ma2

coefficient of mutual induction between
two rotor phases

M = 3/2 (Mlz) =_3/2 (M21)
vane-shaft revolutions
generator revolutions

revolutions of stator rotary-current
field relative to the stator

revolutions of the rotor rotary-current
field relative to the rotor

number of pole pairs in the generator
shaft power provided to the generator
copper loss in the stator

copper loss in the rotor

iron loss in the stator

iron loss in the rotor

mechanical power of the generator,
according to Ppech = & Tel

power provided by the wind, p. 1
electrical power at the stator
electrical power at the rotor

ohmic resistance of a stator phase
ohmic resistance of a rotor phase

shaft couple provided to the generator
electromagnetic couple of the generator
index of rotor voltage;

index of stator voltage;

index of stator voltage U, = U
voltage drops in the generator, p.

»

rpm

rpm
rpm
rpm
W

W
W

W

W
ohm
ohm
Nm
Nm

/120



-
X, Ymax
v’

min

W

wind velocity -

p. 6

number of wiﬁdings for a stator phase

number of windings for a rotor phdse
position angle of the rotor; p. 21

5 at time t = 0 '
mechanical output of the mill +
transmission to the generator shaft
load angle; angle; between U; and -E
acceleratability, p. 4 P

value of/poat which ¢, = C
: P po

—— T T T

w
2
w

Y,
\) [ Jre—
e

R

phase angle between stator voltage and
current

phase angle between rotor voltage

and current -
angular velocity of the vane shaft
angular velocity of the generator
shaft

angular velocity of the stator
rotary-current field relative to the
stator

angular velocity of the rotor
rotary-current field relative to the rotor

m/sec

m/sec

deg
deg

rad/sec

rad/sec

rad/sec

rad/sec
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Beaufort Scale

Wind Velocity

Between
"-" m/sec
Qo Ois
0.6 - 1.7
1.8 - 3.3
Beb =502
5¢3 = 7.4
745 = 9.8
9.9 = 12.4
12.5 - 15,2
15,3 - 18.2
18.3 -~ 21,5
21.6 - 25,1
25.2 = 29.0
29.0 m/s

Averaged
in m/sec

0.28
1.11
2.50
bel5
6.4
8.6 .
11.1
13.9
16.6
20.0
23.3
27.2

104 lm/h.

Wind
Velocity
in km/h

1
L

16
23
31
10
50
60
72
8l
98
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Supplement

On p. 69 and in the conclusion, it is mentioned that the
load angle & will be large in using an asynchronous slip-ring
armature motor as a double-feed synchronous generator, so that
the danger of falling out of phase is greater (and the overload
~capacity is consequently smaller) than for a comparable normal
synchronous generator.

This assertion, and the conclusion that this can be
remedied by increasing the air-slit width, holds true without
more, when the machine is oversaturated.

Because somewhat severe saturation always occurs in a
machine, the effect of the air-slit width actually is small,
however.

There are reasons for considering that the overload capacity

of a DSG with an air-slit width as that for a usual ASM is still
comparable to that of a normal synchronous generator.
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Fig. 5
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a constant",
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Fige 27. 1Iron losses of a DSG as a
function of Py / Py y ; see further
under Fig. 26, ’



Fig. 28. Copper and iron losses for a
DsG, as_a functlon of load at / /go .
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[Transilator's Note: There are no Figures 292 and
30 in the original.]
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