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Nomenclature

Agpy A
i, i

S> °r

stator, rotor rated power, W
stator, rotor current space vector, pu

Ry, R, stator, rotor resistance, pu

Ly, Ly, stator, I"-model rotor inductance, pu

Ps stator power, pu

Te, Ty electromagnetic, load torque, pu

v, ¥, stator, rotor voltage space vectors, pu

Vie dc-bus voltage, pu

Y phase shift between v, and i,, rad

o, 6, d-axis position with respect to the stator, rotor, rad
U, P, stator, rotor flux linkage space vector, pu
y, rated angular frequency, rad/s

Wg, O, O, stator frequency, slip speed, rotor speed, pu
Superscripts

X complex quantity
*  set-point value

Subscripts
a, b, c phases
d, q oriented frame axes

s, 1, R
a, B

X

stator, rotor, rotor in the I" equivalent circuit
stationary axes
conjugate of X

1 Introduction

In variable-speed wind energy conversion system (WECS),
the doubly fed induction generator (DFIG) has been widely
used in order to reduce the cost of the power electronics
[1]. Most of the studies in the literature consider the
connection to an ac mains or the standalone configuration
aimed to feed ac loads. The basic control issues of the rotor
and grid side converters have been analysed in [2, 3].
Several studies have been also devoted to improve the
low-voltage ride-through capability [4, 5] and the operation
under asymmetrical or distorted load conditions [6-10].
Also, the sensorless control has been deeply investigated
and techniques for the encoder-less control able to achieve
a stable behaviour also at synchronism have been proposed
[11-16].

Even if ac power systems are diffused everywhere, today
there is also growing interest towards the integration of
several sources and storages in a distributed generation
system by using dc nets [17-20]. No reactive power
circulation, simpler paralleling procedures, as well as the
possibility to minimise the conversion stages are some
advantages of such a layout.

An ac generator can be connected to a dc bus simply by a
diode rectifier. However, in order to achieve an acceptable
regulation, an additional full power dc—dc converter can be
often required, as it happens for instance with permanent
magnet synchronous generators [21, 22]. The field regulated
synchronous generator (FRSG) connected by a diode



rectifier to the dc grid allows a considerable reduction of the
cost of the controlled converters, because, besides the diode
rectifier rated to the full power, it needs only a
reduced-power dc—dc rotor converter. However, since the
constant dc voltage implies a roughly constant
electromotive force (EMF), the FRSG must work with a
growing stator flux at low speed. As a consequence, the
magnetic circuit of a FRSG must be considerably oversized
with respect to the flux demand at the rated speed and
power. As an alternative, the FRSG can be replaced by a
DFIG which can be controlled by a unique reduced-power
rotor-side inverter, whose dc bus is connected in parallel to
the stator-side diode rectifier. Even if the DFIG implies a
higher cost of the power electronics (inverter) with respect
to the FRSG (chopper), it can regulate the stator frequency
independently of the rotor speed, so that it can work with a
stator flux near the rated value even at low speed, resulting
in a less bulky generator. Since in a DFIG connected to a
diode rectifier the frequency is neither imposed by an ac
mains nor by the rotor speed, a proper regulation must be
implemented. A layout based on a single PWM converter
has been studied in [23], where the DFIG feeds a
standalone ac load and the rotor inverter is only connected
to a battery. The layout consisting of a single inverter and a
diode rectifier has been proposed in [24], where a vector
control scheme in the stator flux linkage frame has been
considered: the frequency is regulated by acting on the
d-axis rotor current by an additional proportional-integral
(PI) controller and a frequency detector. Owing to the
presence of only a single and reduced-power PWM
converter, the aforementioned system reduces the cost and
the bulk of the power electronics with respect to the
traditional configuration based on the back-to-back
converter. Under the point of view of the control, if the dc
voltage is imposed by a dc grid, the system cannot be
treated simply as an ac standalone system feeding a
non-linear load [10, 13]. In fact, in the system considered in
this paper, the DFIG can be controlled in such a way to
extract the maximum power from the wind stream, exactly
as in an ac-grid connected DFIG. The main difference with
respect to DFIGs connected to an ac grid is the need of the
frequency control. Apart from the integration of the DFIG
to other sources or storages through a unique dc bus, this
scheme could be directly applied in small wind farms, by
using a common dc link with a voltage of few kV. The dc
output can also directly supply an inverter feeding a
high-frequency transformer and a diode rectifier, in order to
connect the system to a high voltage dc grid [25].

The discussion in [24] mainly focuses on the control issues,
whereas the aspects related to the derating of the DFIG
because of the harmonics as well as the design requirements

for the DFIG in this special application have not been
discussed at all. These matters are analysed in this paper by
considering a simple control technique, where the rotor
current space vector is forced to move along a circular
trajectory at constant speed in order to achieve a constant
stator frequency. The amplitude of the rotor current is
regulated to vary the power delivered to the dc bus. The
paper proposes an analytical model for the steady-state
operation and deduces the most proper design specifications
for the DFIG in the considered application. The work is
organised as follows. Section 2 presents the system layout
and the DFIG equations. Section 3 introduces the control
scheme and provides both a steady-state analysis and the
details of the implementation. The design issues concerning
the choice of the DFIG rated voltage, of the turns ratio, as
well as of the stator and rotor apparent powers are analysed
in Section 4 by considering the distorted waveforms.
Sections 5 and 6 show the simulation and the experimental
results obtained by a small power prototype.

2 System layout and DFIG equations

The system considered in this paper is reported in Fig. la.
A diode rectifier is connected to the stator and to a dc net,
which simultaneously feeds the rotor-side inverter. No
additional PWM converters are needed, differently from
DFIGs connected to an ac grid, where a back-to-back
converter consisting of two PWM converters is used.

The I' equivalent circuit in Fig. 15 is considered in this
paper. With respect to a generic frame dg, the DFIG
equations in pu are
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Fig. 1 DFIG connected to a dc grid by a diode rectifier

a Layout of the system
b T equivalent circuit




3 Control scheme and analysis
3.1 General principle

In this paper, the dc voltage V. is assumed to be controlled
by other devices connected to the dc net. Thus, the aim of
the control system is the regulation of the frequency and of
the power delivered to the dc net. The frequency is to be
regulated near the rated value of the DFIG, especially at
low speed, in order to limit the flux amplitude and the
weight of the machine.

The proposed control method for the system in Fig. la
consists in forcing along a circular trajectory at constant
speed the rotor current space vector i, in such a way to
obtain the rated stator frequency. éimultaneously, the
magnitude of i, is adjusted in order to regulate the stator
power. Fig. 2a shows the reference frames and the space
vectors involved in the control. The reference angle 6; is
generated by integrating the rated angular frequency and

fixes the position of the control dg frame. A preliminary
steady-state analysis of the system in Fig. la with a

Fig. 2 Control scheme and analysis

a Reference frames for the control of the DFIG
b Reduced equivalent circuit in the stator frame

sinusoidal current flowing in the rotor is preparatory in
order to discuss the details of the control implementation
and the most proper design specifications of the DFIG.
Fig. 2b shows the equivalent circuit in the stator frame: the
rotor is represented by a current generator, and the stator
resistance is neglected.

3.2 Steady-state analysis

If the magnitude of the rotor current space vector is large
enough, the rectifier operates in continuous conduction
mode (CCM, or mode 3/3), and the stator terminal voltages
are three-step square waves displaced by 27/3 rad [26, 27].
Thus, the equivalent circuit in Fig. 2b can be redrawn as in
Fig. 3a. The waveforms related to the phase ‘@’ in the
operation in CCM are shown in Fig. 3b, where the zero
phase is assumed for the sinusoidal rotor current.

Fig. 3b shows that the zero crossings of the rotor current
lags the zero crossings of the stator voltage by the angle y.
In CCM, the phase stator flux waveform is immediately
obtained by integrating the three-step square wave and is a
linear piecewise line. In particular, the amplitude of the first
harmonic component of the stator terminal voltage and the
peak value of the stator flux linkage in pu are given by
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Equation (6) provides a good approximation also in the
operation in mode 2/3 [26].

Owing to (4), the magnetising current #,, has the same
waveform of the stator flux linkage ¢, and, in CCM, the
stator current crosses the zero together with the stator
terminal voltage. This means that, for {=7—y, the rotor
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Fig. 3 Operation of the system in CCM

a Reduced equivalent circuit

b Waveforms of the rotor current, stator terminal voltage, magnetising and stator current in the phase a
¢ Maximum active power in rated condition as a function of the stator inductance (10)
d Relation between the average electromagnetic torque and the amplitude of the rotor current (14)



current equals the magnetisation current. Thus
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For the operation in CCM, the slope of the straight line of i,,,
at { = — y cannot be higher (in absolute value) than the local
slope of ir,. Hence, the existence condition of mode 3/3 is

1 Vg
wL 3 <IR|cosy|—IR,/l—sm 0% 8)

By replacing (7) in the square root of (8), after some
manipulations the existence condition for the mode 3/3 is
obtained

wsszR - V9 + 472 ©)
Vie 9

Since the stator resistance as well as the losses in the diode
rectifier have been neglected, the pu dc power equals the pu
stator power P,. Using also (7b) yields
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To evaluate the maximum power which can be delivered to
the dc bus, the capability limits of the DFIG should be
considered. Hereafter, the constraints related to the
saturation and to the current limits will be taken into
account. As far as the limitation of the saturation level is
concerned, the peak value of the stator flux linkage (6)
should not overcome the limit value 1 pu. This condition
provides the maximum tolerable pu value of the dc-bus
voltage

9
Victim = 5 -, = 1.432pu (11)

where the rated frequency (ws=1 pu) has been assumed. By
using the value in (11), the magnetic circuit of the DFIG
works near the optimal condition.

As far as the current limits are concerned, the most
restrictive constraint regards the rotor current, because, in
the layout of Fig. la, the rotor necessarily provides also the
whole magnetisation current. Thus, the DFIG should be
designed for a rated rotor magnetomotive force (MMF)
higher than the stator one. However, the global size of
medium-large DFIGs is rather independent of the side from
which the magnetising power is supplied. In fact, the
reduction of the available space for the rotor slots because
of the curvature is not quite significant, provided that the air
gap diameter is not too small. It should be noted that, in
DFIGs with a high pole number, limiting the pu
magnetisation current (which is inversely proportional to
the pole pitch [30]) already assures a considerable air gap
diameter. Moreover, since in a design for the proposed
application the amount of the stator copper is lower than
the one of the rotor, the stator slot height can be reduced
and the air gap diameter can be slightly increased, being the
external diameter also slightly increased. As an alternative,
the rectifier can be connected to the rotor windings and the
inverter to the stator ones, where the allowable space for the
slots is slightly higher.

If the inverter is connected to the rotor, the higher rated
rotor MMF in a proper DFIG design for the considered
application suggests to use as base current for the pu
notation the rotor rated current referred to the stator (i.e. 7,
=I/n12). The current capability region of the rotor is
defined by [ < 1pu.

By replacing (11) in (9), the existence condition of the
CCM becomes

. V9+4m2 1  1.108
Iy > — (12)
2w L L,

By considering that ordinarily 1.5 < L;<4.5 pu (from small
to large DFIGs), it can be concluded from (12) that the
rectifier always operates in CCM even for a moderate (or
low, in large DFIGs) level of the rotor current, if the control
is able to impose a sinusoidal rotor current. For instance, if
Ls=3 pu, the boundary current above which the system
operates in CCM is Iy = 0.37 pu.

Replacing (11) in (10) with /; = 1 pu yields the maximum
pu stator power which can be delivered to the dc bus at the
boundary of the rotor current and flux capability of the
DFIG and at the rated frequency (ws=1 pu)

9 1\?
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The curve Py i, (Ls) (13) is plotted in Fig. 3¢: for 1.5 <L <
4.5 pu, the limit power belongs to the range 0.68 < P j;, <
0.89 pu. Fig. 3¢ gives an estimation of the derating of the
DFIG because of the stator current harmonics and takes into
account also the contribution of the magnetisation current to
the rotor current. With respect to the sinusoidal operation,
where the maximum power which could be qeyvered by the
stator when I = 1pu is P, = (1- l/L ) , (13) shows
that a penalty factor equal to 9/7* ~ 0. 91 must be
considered if the DFIG feeds a diode bridge. This means
that a DFIG designed for the sinusoidal operation should be
derated when it has to feed a diode rectifier as in the
scheme in Fig. la. Alternatively, for a given required stator
power, the DFIG should be specifically designed by
considering a higher rated apparent power with respect to
the sinusoidal operation: this concept is developed in
Section 4.

As last issue, it is interesting to relate the average
electromagnetic torque to the amplitude IR of the rotor
current and to the level of the dc voltage. To this purpose,
the steady-state relation P;=w; T, can be replaced in (10),
which has to be solved with respect to T, so that

2V, 27V \* .5 NI+ 4Am
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If 3wLdy <V, that is, Iy < Vy.//30L,, the diode

rectifier is blocked and the average torc)ue is zero. In
the range V,.//3(w.L,) < Iy < (9 + 4p>)"/?/(2wL,) where
modes other than 3/3 exist, a linear interpolation can
be used to approximate the expression of the torque 7, (Iy).
Fig. 3d shows the resulting graphic when Lg=3 pu, og =
Ipu and when Vg is given by (11): CCM exists for
Iy > 0.37 pu.



3.3 Implementation of the control

The control scheme considered in this paper is reported in
Fig. 4 and is based on two axis control loops for the rotor
current.

The integration of the reference (rated) frequency

produces the reference angle 67, which defines the position
of the control dg frame. The *d-axis is aligned along the

rotor current space vector by settlng to zero the reference
g-axis rotor current, that is, =0. The reference
magnitude 7 of the rotor current space vector could be
obtained from the reference average torque by inverting
the relation T, (IR) (14) and by using a linear 1nterp01at10n
outside the CCM reglon However, as shown in F1g 3d,
the trend of 7, (Iy) in the whole operating region is
well approximated by a straight line which connects
the two extreme points A and C. As previously
mentioned, the conduction of the diode bridge starts
when I, = Vdc/\/BwL =1I%,, whereas the torque T.c
delivered when Iy =i = 1 pu is obtained by replacing
Iy =1pu in (14). Thus, the approx1mated straight line
which connects the points A and C in Fig. 3b is represented by

. . }* _ i*
R(TY) =\ + R RAT?

TeC
Vie 7(3wLy — V3V, .
= + TF  (15)
\/gwsLS 271. Vd 2
6LV, |1 —[==—d
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The slope coefficient in (15) is a non-linear function of V.
which can be linearised around the optimal value of V. in
(11).

The reference average torque 7, is provided by the speed
controller PI,: in practice, the reference speed could be set
in order to maximise the turbine power [28]. The torque in
(15) is related to the operation as generator and is positive.
Hence, a negative sign is required in the speed loop in
Fig. 8, because the speed regulator provides a motoring
reference torque.

Decoupling
Terms (16)

Fig. 4 Proposed control scheme

The decoupling and feed-forward term D; for the current
loops is deduced by using (1)—(4)

—Jjw, P —

h|%

D, =¥, + joLig J; (16)

The stator flux linkage ¥, is evaluated by an approximated
integration of the stator EMFs using a low-pass filter [11].

4 Design specifications for the DFIG

Hereafter, it is assumed that the DFIG has to be de51gned to
operate connected to a dc grid with a glven voltage Vd Volt)
(in volt) and it is required to convert a given turbine power
P (in Watt) at the rated turbine speed of 1.33 pu (i.e. with
a slip equal to —0.33). Hence, the most proper rated stator
voltage and stator/rotor turns ratio, as well as the stator and
rotor apparent powers of the machine should be defined.
Starting from (11), which provides the optimal pu dc
voltage, the stator rated voltage V5, (line-to-line) is obtained

2
=V, = \[3 ;TV(V"“) (17)

Table 1 collects the resulting optimal value of ¥V, for some
values of V..

It should be noted that (17) is slightly h1gher than the
peak value of the stator voltage [i.e. (2/3)Vd ]: thus,
using (17) implicitly guarantees the insulation adequacy.

The turns ratio n;, should be chosen by considering that the
rotor voltage is distorted, mainly because of the distorted
stator voltage and stator flux linkage. The maximum
amplitude of the rotor voltage space vector is evaluated
with the simplified equivalent circuit in Fig. 5, where the
resistances have been neglected.

By considering the waveforms in Fig. 3b, and w,,=1.33 pu
(i.e. s=—0.33), the following relations hold for {= (27 —7)"

V(Volt) 9

T V2,3 2w

277 VdC

9w’

llfssB =0
(18)

Vdc _
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In Fig. 5, the voltage drop across the leakage inductance Ly,
gives a negligible contribution to |vg|, because it is almost
in quadrature with respect to ¥,, and its modulus is small.
Thus, the maximum amplitude of the rotor voltage space

Table 1 Optimal value of V;, according to (17)

Ve, V 400 600 1500 3000 6000
Veps V 342 513 1282 2565 5130
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Fig. 5 Simplified equivalent circuit set in the stator frame, used to
calculate the maximum amplitude of the rotor voltage space vector



vector can be approximated as [Vgl|mux 2 [Vilmaxe SiNCE,
because of Fig. 5, the maximum modulus of the space
vector v, = ¥, — jw,, P, is

|vx|max= \/(vsm + wml/jSSB)2+ (VSSB - wm‘//sm)z (19)

from (18) and (19) it follows

e 1 1 27\’
|vR‘max: |vx’max: §+ _7§+?wm Vi
=048 V,,

(20)

where @,,=1.33 pu and ;=1 pu have been assumed.

By referring (20) to the rotor side using (5) and the turns
ratio n,, and by considering that the maximum amplitude
of the voltage space vector achievable by the space vector
modulation is Vy./ \/ 3, the following inequality must be
satisfied

M|T}R|max Vdc
— D Rlmax - 2de ) > 0.48/3 = 0.83
Ly nyp V3 2

where the ratio M/L (<1) has been neglected.

Even if the inverter must operate only with a slip limited to
+0.33, the design of the DFIG should take into account the
possibility to operate also with a unitary slip (for instance
with open rotor windings and locked rotor, for testing
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Fig. 6 Simulation results

a Response to a step in the moving torque
b Response to a step in the reference speed

purposes). Thus, it is reasonable to consider a design rotor
apparent power A, equal to \/3 Ven (in/n1n)=(L.5Vpl,) =
Ay. Since, in the rated conditions of the turbine, the stator
power is P1/1.33, equating (13) to (P1/1.33)/4, = (P1/1.33)/
A, gives the required rotor apparent power A,

_Pp/133 @ | L2 Py
" Poim 9 V21133

(22)

s lim

where L;=2.5-4 pu, depending on the number of poles and
on the size of the DFIG.

To find the stator apparent power A4,, we need to estimate
the pu root-mean-square value of the distorted stator current.
This can be done by considering the waveforms in Fig. 36 and
the relation iy, = ig, — i,,, from which it follows

2
Ix 1 .
]szrms =3R+1,2“ms —7—Tj i,q(O)Ig sin 6d6 (23)

0

The quantity If“ms can be directly calculated by considering
the symmetry of the waveform i,, in Fig. 3b
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The integral in (23) can be rewritten using the new dummy
variable 6'=6— (7/2 —y), so that the relation siné = siny
sinf’ — cosy cos@’ holds. With respect to the new variable
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0, i, contains only sine harmonics: hence, the third
contribution in the second member of (23) corresponds to

the first Fourier coefficient of i, weighted by Igsiny,
namely, by using (7)

1 2 . ) 4 14 2
—J fyaly sin 640 = 5 ( de ) (25)

™), w,L

By using (23)—(25), the following result is obtained

257 AV, \?
L= 24— )& 26
stms / 2t (243 9) (wsls> 26)

Thus, an estimation of Ay, is obtained from the ratio

Ay Lioms 0.99
= >~ [1——= 27
4, L/V2 L2 @)

where the last approximated equality has been obtained by
considering the operation at the rated rotor current (i.e.
Iz =1 pu) and with V. given by (11).

5 Simulation results

The performances of the control scheme in Fig. 4 have been
evaluated by simulations on a 3.7 kW DFIG. A Simulink
model has been used: the parameters are reported in the
Appendix. In the considered machine, the rated apparent
power of the rotor is 4.0 kVA, whereas the stator is rated to
5.27 kVA. According to (27), the rated rotor power required
to fully exploit the rated power of the stator when it is
connected to a diode rectifier would be 5.79 kVA, which is
significantly higher than the rotor rated power of the used
machine. Owing to this reason, in both the simulation and
the experimental tests, the stator and the rotor have been
exchanged (see also Fig. 7), so that the structure with the
higher rated MMF is connected to the inverter, which
supplies the whole magnetising current. This way, an
appropriate margin for the torque component is available to
perform meaningful tests with an adequate power level.
Moreover, the turns ratio in the inverted configuration is 1/
2.05=0.49, which is closer to the optimal value (21).
Nevertheless, in order to simplify the comparison with the
theory in Sections 3 and 4, also the notations of the rotor
and stator have been inverted: now the subscripts ‘s’ and ‘r’
depict a fictitious stator (bridge side, i.e. actual rotor) and
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Fig. 7 Simulated and experimental setup

rotor (inverter side, i.e. actual stator), respectively. An ideal
inverter with a switching frequency of 10 kHz has been
used, the speed and current loops have been designed with
a bandwidth of 1 and 300 Hz, respectively. First-order delay
blocks (time constant: 100 us) have been inserted between
the reference voltages and the inverter, in order to represent
the sample and hold process. In accordance with (11) and
by considering that the base voltage is Vb=\/2-Vm/\/ 3
= \/ (2/3)-185 V, the dc-bus voltage has been set at 216 V
according to (17). The base current is Ib:\/Z(Im/n]z):
23.2 A, and the maximum pu tolerable rms value of the
stator current is I, /L, = L,,/(/21,/n;,) =~ 0.76//2.
Equating (26) to 0.76/4/2, using (11), and solving with
respect to Iy gives Iy >~ 0.87pu, which is the limit pu
amplitude of the ‘fictitious’ rotor current (inverter side)
compatible with the capability limits of the machine.
Hence, the maximum average torque, predicted by (14)
with L;=227pu, Iy, =0.87pu and Vg in (11), is
T, >~ 0.68 pu.

The simulation results are shown in Fig. 6. The starting of
the control system and the behaviour during step changes in
the moving torque are reported in Fig. 6a. The DFIG is
initially driven at synchronism by the prime mover, and the
control is enabled at r=0.05s. At t=0.15s, a step change
in the moving torque to 0.2 pu is delivered, and at t=2.5s
it is further increased to 0.6 pu. Finally, at =6 s, the torque
is decreased to 0.2 pu. As a consequence of each step, the
control adjusts the magnitude of the rotor current in order to
produce the required torque: after each transient, the system
is able to restore the rotor speed at 1 pu (set-point value).

Since the average i,, is zero, the orientation is achieved in
average: a sixth harmonic in the dg rotor currents occurs, as a
consequence of the limited ability of the current controllers to
track the high-order harmonics.

The response during step changes in the reference speed
with a moving torque equal to 0.4 pu is shown in Fig. 6b:
the speed controller restores the speed to the set-point
value. Again, the system correctly tracks the reference stator
frequency. In the initial instants of the acceleration
transient, the reference torque reaches the zero value and is
clamped to it: this can slow the response. In fact, because
of the diode rectifier connected to the stator, the DFIG
cannot produce an accelerating electromagnetic torque.

Fig. 6¢ shows the steady-state stator voltage and current
(bridge side) as well as the instantaneous electromagnetic
when its average value is 7. =0.6 pu. The rotor frequency is
50 Hz, that is, it matches with the set-point value. The
peak-to-peak torque ripple is about 0.1 pu for 7, = 0.6 pu. The
rectifier is working very close to the CCM, even if (12) would
predict full CCM already for /; > 0.49 pu. This discrepancy
is mainly because of the sample delay, which worsens the
compensation of the sixth harmonic component in the rotor
current. To validate the theory, Fig. 6d shows the simulation
results in the same conditions of Fig. 6¢, but without the
equivalent delay: now, CCM operation is achieved.

Finally, the theoretical relation (14) represented by the
curve BC in Fig. 3d, has been validated by simulations, as
shown in Table 2. The calculated values are very close to
the simulated ones.

6 Experimental results

The experimental setup is illustrated in Fig. 7. The data of the
3.7 kW DFIG are reported in the Appendix: the rotor is driven
by dc motor. As previously mentioned, the stator and the rotor
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a Behaviour after step changes in the moving torque from almost 0 to 0.2 pu, from 0.2 to 0.6 pu and vice versa
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¢ Steady stator voltage and current in the phase a and electromagnetic torque for 7, =0.2 pu

d Steady stator voltage and current in the phase @ and electromagnetic torque for 7, = 0.6 pu

connections have been exchanged, so that the control and the
inverter act on the stator currents.

The dc net, which is shared by the inverter and the diode
rectifier, has been obtained by a 30 kW dc machine coupled
to a squirrel cage induction machine (SCIM) which is fed
by the ac mains. The dc voltage has been set at 216 V.

A DSpace platform (DS 1103) has been used to implement
the control routine (switching and sampling frequency: 10
kHz).

The instantaneous electromagnetic torque has been
obtained from (3) set in the stator frame. The stator flux
linkage has been evaluated by using the stator EMFs: an
approximate integrator based on a low-pass filter has been
implemented [11].

Fig. 8a shows the response of the control system during
step variations of the moving torque applied by the dc
motor. The torque is changed from almost 0 to 0.2 pu, and
then from 0.2 to 0.6 pu and vice versa; the reference speed
is set at 1 pu. The maximum delivered torque is about 0.6
pu (i.e. close to the limit torque compatible with the rated

Table 2 Comparison between (14) and the simulation results
(ws=1pu, Lg=3pu and V4=9/2z, and R;=0.01pu in the
simulations)

Te, pu 0.144 0.2 0.4 0.6 0.8
Ir. pu [inverting (14)]  0.369 0.399 0.551 0.737 0.938
Iz, pu (simulations) 0.352 0.391 0562 0.730 0.932

stator current). The control is able to track the reference
speed and the frequency, as it can be deduced by observing
the zero frequency of the rotor (inverter) currents at steady
state. The system can also stably operate in the quiescent
condition with no electromagnetic torque. The dg rotor
(inverter) currents are affected by a significant ripple at 300
Hz. In spite of the designed bandwidth (300 Hz) of the
current loops, the PI regulators are not able to fully
compensate for the current ripple. The delay because of the
sample and hold process causes a further worsen of the
control, as pointed out in Section 5. This is confirmed also
in Figs. 8¢ and d, which report the steady-state stator
(rectifier) phase voltage and current as well as the
electromagnetic torque, for two different levels of the
average torque: namely 0.2 and 0.6 pu, respectively.
The steady-state frequency corresponds to the set point
(50 Hz), however, even with a high torque, the rectifier is
still operating in mode 2/3, instead of CCM. The torque
ripple increases with the load and equals 0.16 pu when the
average torque is about 0.6 pu. A slight beat at 50 Hz
affects the torque and is due to the low damping of the
stator flux dynamics [29].

The behaviour of the system during step changes in the
reference speed from 1.0 to 0.9 pu and from 1.0 to 1.1 pu is
shown in Fig. 8. In all the cases, the speed control
correctly tracks the reference speed, in accordance to
the bandwidth of the speed loop. The increase of the
steady-state torque when the speed decreases is due to the
mechanical characteristic of the separate excitation dc
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aT, e(jR) characteristic with V. =9/2

b jR(VdC) characteristic with 7, = 0.5 pu (the rated optimal value of Vg, is Vg, =~ 1.432 pu)

machine (prime mover), which is fed by a constant armature
voltage.

Fig. 9a reports the steady-state torque against rotor current
characteristic T.(/z) at synchronism and for a fixed
V4. = 1.432 pu, according to (11), whereas Fig. 95 shows
the characteristic /p(V4.) at synchronism and for a fixed
torque 7.=0.5 pu. In both the figures, some experimental
points (o) are shown together with the theoretical curves
(continuous). The experimental value of Iz above which
the diode bridge starts conducting is Iy >~ 0.3 pu, whereas
the theory predicts 0.37 pu. This discrepancy is due to the
fact that, in the incipient conduction condition, the
peak line-to-line stator voltage equals the dc voltage: that
is, \/ 3wsLsly > V4. Thus, the no load stator voltage is V=

. 3 1432/ .
Coftade Tower/tHanThe ratearhimeOde RieiRgEAL9Y
higher than the rated (slightly saturated) value (2.25 pu), so
that a lower rotor current I is needed to establish the
aforementioned incipient conduction ac voltage. Further
causes of mismatch between the theoretical characteristic in
Fig. 9a and the experimental points should be imputed to
the stator resistance, which is not totally negligible in the
considered machine and to the operation not strictly in
CCM. As far as the characteristic jR(VdC) in Fig. 9b is
concerned, here the test is performed by keeping fixed the
moving torque and by varying Vg, in a whole range. Thus,
a noticeable change of L because of the saturation is
expected at high Vy.: the higher is Vg, the lower is L and
the higher is the rotor (exciting) current needed to have the
same stator voltage, with respect to the theoretical (almost
unsaturated) value. The accuracy of the model could be
improved by taking into account a variable stator
inductance, which depends on the saturation. However, for
the design purposes considered in this paper, the main
interest is focused on the rated operation point, where an
estimation of the rated value of the stator inductance can be
used. The discrepancies are also because of the fact that the
experimental system does not strictly operate in CCM,
because the current control is not totally able to impose a
sinusoidal rotor current, due in particular to the high sixth
harmonic in the rotor back EMF produced by the diode
switching. Nevertheless, the CCM assumption allows to

find approximate results useful for the design of the DFIG.

7 Conclusion

The operation of a DFIG connected on the stator to a dc net by

a diode rectifier and current controlled on the rotor has been
studied by considering a simple control technique. This is

an interesting layout for the connection of a WECS to a dc

bus common to other sources or storages. To control the
system, a rotating rotor current space vector at constant
speed is imposed by the inverter: its amplitude is adjusted
in order to regulate the average electromagnetic torque and
thus also the power delivered to the dc bus. The impressed
speed of the reference rotor current space vector determines
the stator frequency. An analytical model for the
steady-state analysis has been proposed and the most proper
design specifications for the DFIG in this special
application have been deduced. The theory has been
validated by simulations. Experimental results showing the
response to steps in the moving torque and in the reference
speed have been reported to demonstrate that the control
system is able to regulate the stator frequency and the
rotor speed. Theoretical and experimental steady-state
characteristics rotor current against torque and dc voltage
have also been included.
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10 Appendix

DFIG used in the experimental tests: (stator Y/rotor Y) 380/
185V, 8/12.5 A, 3.75 kW, 50 Hz, 4 poles, turns ratio 2.05,
M=213pu, L,=2.25pu, Ly=2.27 pu, R,=0.071 pu, Ry=
0.057 pu, inertia constant H=0.28 s.

(Fictitious

stator and rotor data in the exchanged

connection: 185/380 V, 12.5/8 A, ny,=1/2.05=0.49).





