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Abstract. This paper presents dynamic and steady state
models of the brushless doubly fed twin stator induction
machine (BDFTSIM) with emphasis on its use as a generator.
The dynamic models are presented in the genera reference
frame. The models include the effects of core loss on both the
stator and the rotor. The frequency on the rotor of the
BDFTSIM is much higher than in a standard induction machine
so that core losses can not be neglected. The performance
analysis indicates the feasibility of the BDFTSIM as a variable
speed wind generator
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1. Introduction

Wind power is one of the renewable energy resources
that have attracted most attention for a long time. For
small power generation isolated form the grid, such as
remote area power supplies, systems consisting of a
single small power wind generator and arelatively simple
and low cost power electronic controller are commonly
used. For large scale grid connected power generation,
however, wind farms consisting of a great number of
large power wind, either synchronous or asynchronous,
generators with much more sophisticated and expensive
controllers are required.

When synchronous generators are used the converter has
to be rated for the full capacity of the generator. The
capacity of the converter can be reduced by using a
doubly fed induction generator. In this case the converter
has to process only a fraction of the VA of the machine.
One disadvantage with classical wound rotor doubly fed
induction machines is the need for maintenance of the
dlip ring brushgear.

Doubly fed induction machines have a great advantage in
high power, variable speed generator applications
because independent control of active and reactive power
can be achieved by using a power electronic converter
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connected to the rotor circuit so that it handles only a
fraction of the total power [1],[2].

To combine this great advantage of doubly fed induction
generators with high reliability and low maintenance
requirements the BDFTSIM is being investigated. The
major area for the application of the BDFTSIM is
considered to be high power wind generators where
variable speed operation, high reliability and low
maintenance of the generators, which are placed on high
towers, are important.

One of the benefits of the DFTSIM is it exhibits
synchronous behaviour at a pre determined, user settable,
variable speed using a variable frequency converter of
fractional rating. The DFTSIM being studied consists of
two wound rotor induction machines, shown
schematically in Fig.1. The rotors of the machines are
mechanically coupled and the rotor windings are
connected so as to produce contra rotating magnetic
fields in the separate machine sections. The fractionally
rated converter is connected to the stator winding of the
control machine.

Because the two rotors are physically coupled, as
depicted in Fig. 1, permanent connections may be made,
rendering the brushes redundant except for providing a
convenient means of measuring the rotor quantities.
Under these conditions the DFTSIM is brushless.

Power machine Control machine

Fig.1 Arrangement of the BDFTSIM
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A number of studies have been conducted on the
performance modelling of the brushless doubly fed
machine (BDFM) [3]-[5], which is functionally
equivaent to the DFTSIM.

When the DFTSIM operates in the synchronous mode,
there is a single frequency of current in the rotor, and the
rotor speed is a simple function of the stator supply
frequencies and numbers of pole pairs, as follows:

Np =60(f, +fc)/ (P, +P:) "
The natural speed, N,, occurs when dc is applied to the
control winding.

The control machine is used to regulate both the active
and reactive power being output by the power machine in
generating mode. The nomenclature used in the paper is
given in the Appendix.

2. Dynamic Modelling

The BDFTSIM comprises two inductions machines with
their rotors inter connected electrically and coupled
mechanically. The power and control windings are
respectively the power machine and control machine
stator windings.

A. General Assumptions

The following assumptions are made:
1) Balanced three phase windings are distributed to
produce sinusoidal flux density;
2) Only the fundamenta components of voltage
and current are considered;
3) Zero sequence quantities are not present.

B. Dynamic Voltage Equations of Induction Machine

There are many possible methods for calculating the
transient performance of electrical machines, including
matrix calculation. The space vector method is a simple
but mathematically precise method that alows the
physical phenomena of the machine to be seen. The space
vector concept is a mathematical abstraction that is useful
in the study of electrical machines. The voltage and flux
linkage space vectors are related to the flux density, B,
which is a vector quantity. The current space vector is
related to the m.m.f. which in turn is related to another
vector quantity, the magnetic field intensity, H.

The two-axis theory of the three phase induction motor is
well developed and is used as the starting point for the
development of the dynamic equations of the BDFTSIM.
The dynamic voltage equation of the power machine, in
the general reference frame, is written as:

90 R+ (p+ i s (p+iwg)hm  OHgO

595 de+ il -akn R +(p+ il - basg
@

where
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Vs = 2/3Vaa (1) +avey (1) + @V (1)
Vp =2/3\Va(t) +avyy(t) + azvrc(t)

is =23 ) +aig ) +alig ()
ir =2/3 ira(t)"'airb(t)"'azirc(t) 6y =Ppbm

The instantaneous electromagnetic torqueis
Te =3/2P,We xid =3/2PyLyif xid ©)

where
WY =Lgd + L}

The space vectors vs and is are respectively the stator
voltage and stator current in the stator reference frame.
The space vectors v, and i, are respectively the rotor
voltage and current in the rotor reference frame. To
analyse the machine it is necessary to have a common
reference frame for the stator and rotor quantities. Thisis
the only way to overcome the mathematical and physical
difficulties of discussing their interactions and of finding
simple solutions for the relevant differential equations.
The transformation of the stator and rotor current space
vectors from their natural reference frames to the general
reference frameis depicted in Fig. 2.

C. Formation of BDFTSM

The BDFTSIM is formed by mechanically coupling two
induction machines and interconnecting their rotor
windings. The interconnections require that the magnetic
fields on the two rotor sections rotate in opposite
directions. Two interconnections that produce contra
rotating fields on the rotor are shown in Fig. 3; one with
the machines coupled facing the same direction, the other
with the machines facing each other, as depicted in Fig.
1
sQ

A

<

i i

o | eg

»sD
(a) Transformation of the stator current

A

» sD

(b) Transformation of the rotor current
Fig.2 Application of the general reference frame
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(a) Machines coupled facing the same direction
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(b) Machines coupled facing back-to-back
Fig. 3 Interconnection of rotor windings to produce contra
rotating fields on rotor windings

With the machines coupled and interconnected in Fig.
3(a) the rotor current and voltage space vectors are
related as

fer ==lpr, Veor == Vopr 4

With the machines coupled and interconnected in Fig.
3(b) the rotor current and voltage space vectors are
related as

ier =iprs Ver =Vopr ©)

There are many ways in which the two rotor windings
may be connected to form the BDFTSIM [6]. The
general form of the relationship between the rotor current
and voltage space vectorsis

o = (o) ad ve =wel]

where ¢ is related to the method of interconnection and
any angular misalignment of the two rotors[6].

The conjugation in (4), (5) and (6) is a consequence of
the requirement that there be contra rotating fields on the
two rotor sections.

0 v O g _
E " 2 g Ros +(p+ i) ps .

%/gej hED:D 0 Rcs+(p+1(“@_Ppa’rn
] 0 ﬁ ap”(“b_Pp‘*’m))'-pm (p+j‘*b‘Pp‘*’m
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Without loss of generality the coupling and
interconnection shown in Fig. 3(b) will be assumed.
Under these conditions the dynamic voltage equations for
the BDFTSIM, in the general reference frame, are shown
in(7)[6]. In(7) R =Ry+Ryand L, = Ly+L and

is the angle that maps the control machine quantities on

to the same reference frame as the power machine
guantities.

is the sum of the
machine

The electromagnetic torque
contributions from the power and control
sectionsand is

T =32 PprmDE Jsi Br E»s/z PCLcmDE &i ﬁ(9)

The first term of (9) represents the torque contributed by
the power machine and the second the torque contributed
by the control machine.

D. Coreloss modelling

In an induction machine under normal running conditions
the dip islow and the core loss may be neglected. In the
BDFTSIM this is not the case, for the BDFTSIM under
consideration the rotor electrical frequency may be
greater than 30 Hz and thus core loss cannot be neglected
without loss of accuracy.

The accurate calculation of core loss is complicated and
only a simple treatment is included in this paper [8]. The
three elements of core loss are hysteresis, eddy current
and anomalous losses. The total loss may be expressed
in the following form

0% =kpw Wiy +ke 0% W2 +kaw 2wt (10)

where k,, ko and k, are hysteresis, eddy current and
anomalous loss constants respectively that vary according
to the type and grade of lamination and n is the Steinmetz
congtant (=1.5< n<2.5).

The hysteresis loss is proportional to the electrical
frequency and the eddy current loss is proportional to the
square of the electrical frequency. The BDFTSIM has
two stator windings that carry, in general, different
frequencies of current. The rotor winding has a single
frequency of current that is different from that of the two
stator windings

(p+ j‘*’g)'-lom EE i% *E
- Pc‘*’m))'—cs (p *+] (“EJ ~Pptm - Pc‘*’m))'—cmg%g elh E E
))'-cm R +\p+ J(“-{:, - F’po‘)m) L HH i%r E
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It is clear, from (10) that the eddy current loss will
dominate at high frequencies. If, in the first instance, the
hysteresis loss and anomalous losses are neglected the
iron loss on the power winding stator is

fe 2 2
The power machine stator winding frequency, «, is
fixed at the frequency of the utility. The quantity 1/k. has
the dimension of resistance. In this form, (11) may be
modelled in the classical form as a resistance in parallel
with the magnetizing inductance and the value of the
resistanceis
fi

Rps =1/ kes (12)
The electrical frequency on the rotor is at slip frequency,
S, and so the iron loss on the power machine rotor is

2 2
fe
O o =ker Sr2wp Wpm (13)

The equivalent core loss resistance modelled on (13) isa
function of the machine dip and the power loss may be

written as
2 2
fe 2
O pr :E‘)p ¥ pm H(ker/sr )

There are similar, frequency dependent, losses on the
control machine rotor and stator.

(14)

The impedance matrix of (7) is of order 3x3. If the iron
losses are incorporated into the model the impedance
meatrix increases to order 7x7. The impedance matrix
may be reduced to 3x3 after considerable manipulation if
the following substitutions are made to (7)

fe
Les - Les, (15)

fe fe
Lem - Lem: Lr - Ly
where

fe fe fe fe
Lps =Lpls *Lpm: Les =Las +Lem,

fe _, fe fe _ fe fe
Ly™ =Lpr *Ler =Lpir +Lpm tLar +Llem

The new inductance termsin (15) are

fepfe 2
Lfe _ LpmRpsRpr /s
pm =
fe Rl§$ ; Ig? : : fe
Rps—5— +(p+ Jwg)meiz +(p tlay - Jwr)meRps
S S
(16
and
LomfERE /52 ﬁRJf/s?)
Lfe -
cm

fe f f
%2‘3 R;E +%2F(p +J(‘*’g _(Pp + Pc)*’m))'—cm +%2e(p+i“’g - jwf)"cm

(17)
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In (16) and (17) the values of the core loss resistances,
denoted by the superscript fe, are the equivalent
resistance values calculated at 50 Hz.

By neglecting the hysteresis and anomalous losses in (10)
the iron loss is proportional to the square of both the
magnitude of the revolving field and its angular velocity
and it may be modelled simply by an equivalent
resistance the value of which is proportional to the square
of the dlip.

If the hysteresis and anomalous losses are included this
simple resistance model is inadequate. To keep the
model relatively simple but to incorporate the effects of
hysteresis the iron loss is assumed to be

0 ) st (18)

whered Ef)g is the value of the iron loss when measured at

the utility frequency and sisthe relevant dlip. The factor
1.3 is an empirical factor. Under these conditions the
exponent of the dlip related to the core loss resistance
valuesin (16) and (17) is 1.3 and not 2.

When the effects of core loss are modelled the stator
currents carry a component of current necessary to
support the core loss and as a consequence, the
electromagnetic torque of (9) needs to be modified. One
of the advantages with the substitutions for the
inductance made in (15) is that the electromagnetic
torque may be written in terms of the stator currents,
which can be measured directly, with the relevant
inductance again replaced by its new value calculated in
accordance with (16) or (17) as appropriate.

The electromagnetic torque with corelossis

fi g " f .
Te =32 Ppr‘?nDE 3si B %3/2 PCLC%DE &i % ﬁ
(19)

The equivalent circuit shown in Fig. 4 may represent the
voltage equation in (7) with the modified inductance
values and the equivalent circuitsin Fig. 5 may represent
the modified inductance values.

3. Steady State Modelling

The foregoing equations are valid for all input voltages
including dc and al ac waveforms. With sinusoidal
excitation on the power and control windings

V%S:\/Evpsei(ep—eg)’vgs =V2Ve !

For the BDFTSIM to exhibit synchronous behaviour the
frequency of the current induced in both the power
machine rotor and the control machine rotor must be the
same. Under these conditions
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Fig. 4 Equivaent circuit of the BDFTSIM in the general reference frame

GC =(Pp + Pcpm _ep (21)
When operating in synchronous mode the speed is
wWp +
In the steady state the differential operator is
p=jlwp -wg) (23)

Application of (22) to (7) and (9) gives the per phase
steady state equations of the BDFTSIM as

V1=[2[1 (24)
where

[v]=[vIO Vels O]T,[I]=[I o

%{ps"'jx géﬁ 0
[2]=0 Fos/s+ iXcs
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Fig. 5 Modified inductance with core loss
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The equivalent circuit in Fig.5 may represent (24)

The magnitude of the steady state electromagnetic torque
is

Te =3PpL pmmﬁ o r% 3p,L] Dﬁcuﬁ (25)

4. Performance Study
A. Machine parameters

The machine parameters used in the simulations were
those of a pair of laboratory machines with wound rotor,
AJ/Y connected, 4 pole, 22.5 kW, 240 Nm, 415 V 50 Hz,
40 A. The parameters of the machines, estimated off
line, on a per phase basis are as follows: R=0.205 Q, R,
=0.205 Q, X=0.67 Q, X,=0.67 Q. The core loss
resistances, calculated at 50 Hz are 308 Q and 890 Q for
the stator and rotor respectively. The control machine is
used to regulate both the active and reactive power flow
it does not work in the constant flux mode. An allowance
was made for saturation in the magnetizing inductance

(8]
B. Steady State Generating Performance

A number of papers have been published recently
detailing the control and dynamic aspects of the
BDFTSIM [3]-[5]. This performance study is restricted
to a comparison of the steady state generating
performance in two speed ranges; 400-1100 rpm, sub
synchronous, and 1700-2225 rpm, super synchronous.
All energy transfer in the BDFTSIM is by induction
action even though the machine exhibits synchronous
behaviour in that it can supply varying loads at fixed
speed. As a consequence, no power can be generated at
the synchronous speed of the power machine, 1500 rpm,
and very little can be generated close to this speed.
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Fig. 5 Per phase steady state equivalent circuit of the BDFTSIM with core loss

C. Sub Synchronous Operation

Some aspects of the performance of the BDFTSIM when
the power machine is generating 20 kW in the speed
range 400-1100 rpm are shown in Fig. 6. The power
winding voltage isfixed at 240 V and the control winding
voltage varies amost linearly with a minimum close to
750 rpm, the speed at which the control winding
frequency is zero.

The magnitudes of the power and control winding
currents are shown in Fig. 6(b). When the power
machine generates at 0.8 pf lagging the currents are all
within the 40 A rating. If the power factor of the power
machine is increased to unity the control machine current
is excessive, it is46 A at 400 rpm and rises to over 50A
at 1100 rpm. The situation becomes even worse if the
power machine is operated at leading power factor, the
control winding current is in excess of 60 A for 0.9 pf
leading.

The magnitudes of the magnetizing flux shown in Fig.
6(c), which take into account saturation effects, indicate
that the control machine is heavily saturated when the
power winding operates at unity power factor. Even
when operating at 0.8 pf lagging the control winding is
saturated for speedsin excess of 750 rpm. The higher the
speed the greater is the degree of saturation. It is noted
that this tendency for the control winding to saturate is
more pronounced at sub synchronous speeds in
generating mode. When the BDFTSIM is operated as a
motor the saturation effect is much lower in the sub
synchronous speed range.

The output powers shown in Fig. 6(d) show that at both
power factors the control machine acts as a motor at
speeds below 750 rpm. The power being generated by
the power machine is being circulated back to the control
machine. At 400 rpm the control machine consumes
around 12 kW of the 20 kW generated by the power
machine. As a consequence the efficiency at low speeds
is very low under these operating conditions. The
efficiency improves the greater the speed, reaching over
85%for speeds in excess of 1000rpm. At this speed the
power and VA is about the same as that at 500 rpm but
this time the powers are aiding and the total output of the
machine is around 30 kW, which is still below the
combined power rating of the two component machines.
D. Super Synchronous Operation
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Operating the BDFTSIM at close to the natural speed,
750 rpm for this machine set, gives the minimum VA
rating of the control winding converter. The reason for
this is that the control winding voltage is relatively low.
Except at speeds close to synchronous speed, where
operation is impractical, the magnitude of the control
winding current exceeds that of the power winding. This
means that the converter devices must have a full current
rating.

Operation at super synchronous speed means the control
winding voltage is higher but there are severd
advantages to operation at super synchronous speed. To
compare operation at sub and super synchronous speeds
Fig. 7 shows the equivalent data to that shown in Fig. 6
for operation at sub synchronous speeds. The differences
are that now the power machine output has been reduced
to -18 kW and the speed range has been reduced. The
differences are remarkable. The magnitude of the control
winding voltage rises from around 200 V at 1700 rpm to
over 400 V at 2250 rpm when the power machine is
operating at 0.8 pf lagging. Operation at unity power
factor causes the voltages to increase significantly. Apart
from the magnitude of the control winding voltage,
which is undesirably high, al the other indices are better
at super synchronous speed.

The power and control winding currents, shown in Fig.
7(b), indicate that, even at unity power factor, the
currents are always below the 40 A rating. In terms of
current rating it is possible to operate at leading power
factor.

The magnitudes of the magnetizing fluxes, shown in Fig.
7(c) are greatly different from those at sub synchronous
speed. In this case the control machine is not saturated,
even when operating at unity power factor. This is a
feature of the BDFTSIM. The corollary of this is that
when operated as a motor at super synchronous speeds
the BDFTSIM saturates even at modest loads. Thisis not
a problem because it is impractica to operate the
BDFTSIM under these motoring conditions because of
the torque null at synchronous speed.

The output powers, shown in Fig. 7(d), indicate that just
below 2000 rpm the full power capacity of the BDFTSIM
can be realized. At all super synchronous speeds the
control machine output aids the power machine output.
The output from the power machine exceeds that of the
power machine for speeds in excess of about 1800 rpm.
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Because the two output power components aid and the
currents are not excessive the efficiency in super
synchronous mode is relatively high, as shown in Fig.
7(e). Even dlowing for core loss and saturation the
efficiency is always above 85%. The magnitudes of the
currents are more balanced at 0.8 pf and so the efficiency
is consistently higher that at unity power factor operation.

4. Conclusion

A model of the BDFTSIM has been presented that
includes the effects of core loss. The model covers both
dynamic and steady state operation. Based on the model
a study has been carried out on the steady state
performance of the BDFTSIM as a generator in both sub
and super synchronous speed ranges.

The BDFTSIM is a viable alternative to both doubly fed
induction generators and variable speed synchronous
generators, particularly in wind powered applications.
The BDFTSIM requires a converter of fractional rating,
unlike a variable speed synchronous generator which
requires a fully rated converter. The rating of the
BDFTSIM converter is dependent on the speed of
operation. The BDFTSIM is brushless, unlike a doubly
fed induction machine, and hence the maintenance
requirement is much lower. The control machine acts as
both to control the output of the power machine and to
provide a significant proportion of the total power output.

At sub synchronous speed the rating of the converter is
low, especially around the natural speed, primarily
because of the low control winding voltage. The
efficiency improves with increasing speed but the control
winding is prone to saturation at sub synchronous speed.

Saturation is not a problem at super synchronous speed
but the control winding voltage is high as is the voltage
rating of the converter.

The best operating characteristics of the BDFTSIM are
obtained in the super synchronous speed range, in a
narrow band close to the synchronous speed.
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Appendix  Nomenclature

A Main Variables

Spatial operator e?™
Frequency (Hz)
Imaginary part of complex quantity
Imaginary operator
Core loss coefficient
Inductance (H)
Mechanical speed (rpm)
Differentiation with respect to time
Number of pole pairs
Power (W)
Resistance (Q)
I nstantaneous torque (Nm)
Steady state torque (Nm)
I nstantaneous voltage (V)
Angular position (rad)
Angular velocity (rad/s)
Impedance (Q)
Flux linkage (Wb)

-EN8®<—|'-' O UoSZrx"—"Q0O™"o

vy}

Subscript and Superscript Variables

Anomalous
Control machine
Eddy current
Iron

General
Hysteresis
Leakage
Mechanical
Power machine
Rotor

Stator

Complex conjugate

*(I)“'C)B_D'LQ(_D"('DOQJ

Subscript m relating to a magnetic quantity means mutual
or magnetizing.

Bold lower case variable denotes instantaneous space
phasor. Power winding refers to the stator winding of the
power machine and control winding refers to the stator
winding of the control machine.
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