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Abstract—An inner loop for the control and frequency
regulation of the Doubly-Fed Induction Generator connected to
a dc link through a diode bridge on the stator is presented in
this paper. In this system, the stator is directly connected to the
dc link using a diode bridge and the rotor is fed-by only a PWM
electronic—converter. Because the system uses less one PWM
inverter, the cost of power electronics is reduced in this system
when compared with the DFIG connected to an ac grid.
Additionally, it uses a diode bridge that is much less expensive.
The application in mind is for dc networks as dispersed
generation grids and microgrids. These networks use several
elements that should work together. Usually, these elements are
each other connected by power electronic devices in a common
dc link. This paper presents a control system for the inner
control loop in order to regulate the torque and the stator
frequency. Simulation and experimental results show that the
system works acceptably and is able to keep the stator
frequency near the rated value of the machine.

Index Terms— Doubly-fed Induction Generator, Dc link,
control, Dc Micro-grids.

NOMENCLATURE
General

e, E  Dynamical, steady-state stator electromotive force.
i | Dynamical, steady-state stator or rotor current.
| Magnetizing current.

3

K Gain of the synchronization loop.
kp, ki Parameters of the PI controller.
Ls, M Stator and mutual inductance.

ny,  Stator-rotor turns ratio.

u, U Dynamical, steady-state voltage.
re Stator resistance.
) Field orientation error.

£ Speed error.

%, Position of the stator flux vector.
Y Electrical position of the rotor.
wy Rated or base frequency.

W Mechanical speed.

s Reference frequency.

s Stator frequency.

v Flux linkage

Superscripts

N Estimated value.
* Reference value.
Subscripts

d,q Variables on a common moving reference frame.
S, T Stator or rotor quantities.

R Variable relative to the " equivalent circuit
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I. INTRODUCTION

ODAY there is a considerable interest in using dc

networks in several cases. Examples are dispersed
generation applications and microgrids. In such applications,
there are several systems that should be connected together
using power electronics as tools for improving efficiency.
The use of dc versus ac links can be advantageous, because
less power electronics can be used. Moreover no reactive
power is circulating in dc networks.

A microgrid can be defined as a part of a distribution
network with multiple distributed generation as renewable
energy sources like photovoltaic panels, small wind turbines
etc.,, and storage systems. Most commonly used energy
storage devices in a microgrid are batteries, supercapacitors,
flywheels, and fuel cells. These systems, with local loads,
can be disconnected from the upstream network under
emergency conditions [1]-[2].

To allow the power connection between distributed
generation sources, storages and loads, a direct current (dc)
link or an alternating current (ac) link can be used. Today,
these different devices that should work together are power
electronics controlled and each one of these converters
needs a dc link [3]-[11]. If the same dc link is used,
considerable savings can be obtained.

The Doubly-Fed Induction Generator (DFIG) is a well-
known machine. It has been applied to wind power
extraction plants working in generator mode with adjustable
speed and in hydroelectric pumping stations working
alternatively in generator and motoring modes. Its main
advantage is that, for a small range of speed adjustment, it
needs power electronics devices rated to a fraction of the
rating power of the wind turbine. In this system, the stator is
directly connected to the network, and the rotor is connected
to the network by an ac/dc/ac frequency converter [12], [13].

Most of the applications of the DFIG use it connected to
the ac mains. This can now be considered as mature
technology. Recent advances are dealing with the sensorless
operation [14]-[16]. There are also other applications where
the DFIG is used in standalone operation [17]-[22]. In this
case there is no ac network that imposes the stator
frequency, hence this should be regulated by the control
system.

This paper analyzes a control system for a DFIG
connected to a dc link by a diode bridge on the stator and
through a single PWM inverter in the rotor [23]-[24]. Also
by comparing the typical costs of the power electronics and
the costs of the generator in a wind turbine [25], this layout
brings considerable benefits because only a PWM ac/dc
converter is necessary, and the diode rectifier is very cheap.
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The system is suitable for applications as dc networks,
microgrids, and for the integration of various electrical
sources and storages on a common dc link.

Since there are no special requirements about the quality
of the stator voltage, the purpose of the control system is to
control the DFIG torque and to regulate the stator frequency
near the rated frequency of the DFIG. A control technique
based on the detection of the orientation error and on the
adjustment of the d-axis rotor current has been proposed in
[24]. However only preliminary results have been shown in
[24]: no theoretical approach to design the control
parameters nor a deep discussion of the performances have
been provided. These aspects are developed in the present
paper. An improved method to force the field orientation on
the stator flux linkage and to control the frequency and the
power is discussed, specifically aimed to a DFIG connected
to a dc link by a diode rectifier.

Section Il presents the layout of the system. The modeling
and a brief steady state analysis are presented in Section I,
considering the operation with field orientation. Section 1V
is devoted to the description of the control system as well as
to its theoretical analysis, including rules to set the regulator
parameters. Simulations in Section V and experimental
results in Section VI show that the system can be applied in
microgrids operating as generator coupled to small wind
turbines.

Il. SYSTEM LAYOUT

As shown in Fig. 1, the stator of the DFIG is connected
to a dc link by a diode bridge rectifier: the same dc link
feeds the rotor converter, so that only a dc/ac PWM
converter is needed. Opposite positive directions are used
for the stator and rotor powers and currents. The rectifier
allows only the operation as generator: the shaft torque is
considered negative. A lower delimitation for the value of
the DFIG turn-ratio ny, which allows the rotor inverter and
the rectifier to share the same dc link is given in [24].
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Fig. 1 Structure of the DFIM-DC. Diode bridge on the stator, PWM
converter on the rotor.

In the system in Fig. 1, the magnetizing current is
provided only by the rotor. Thus, the rated magneto-motive
force (MMF) of the rotor should be higher than that one of
the stator. This implies an increase of the inverter rated
power which will be discussed in Section VI. Since the slip
induction machine is symmetric, the roles of the stator and
rotor windings are interchangeable. Thus, a DFIG with a
rotor rated MMF lower that the stator one can be used all the
same by connecting the diode rectifier to the rotor and by
feeding the stator by the PWM converter.

I1l. MODELING AND ANALYSIS AT STEADY STATE

The analysis is performed by using the T" equivalent
circuit shown in Fig. 2. In case of a current-controlled rotor,
the relevant equations in a frame oriented with the stator flux
are [12]:

. . d
Ugg = —T5lsg €9 = —5lyg + - ) @
dt
_ , dy
Usg = Tslsg T €5qg = —T5lgg T ¥s dil// ) )
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Since the stator is connected to a diode rectifier, the
stator currents and voltages are not sinusoidal. To have an
insight into the operation of the system, the steady state

equivalent circuit in Fig. 2 can be used by considering the
fundamental harmonic.

Is ]R ]X}k T
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Fig. 2 T equivalent circuit of the induction machine at steady-state.

Generally, even when the rectifier works with a
noticeable overlapping angle due to the ac equivalent
inductance, the phase shift between the first harmonic of the
ac current and of the ac voltage immediately across the
rectifier is low [24], [26]. Moreover, the difference between
the first harmonics of the stator electromotive force (EMF) E
and of the stator voltage Us is minimal, because it is due
only to the voltage drop across rs. This means that E and U
are almost in phase. Thus it can be concluded that I is
almost aligned to E, i.e. the Iy~ 0 (in average). It should be
noticed that in a synchronous machine such an argument
would not hold, because the q axis would be aligned to the
internal EMF, not to the stator EMF, so that an additional
phase shift due to the armature inductance should be taken
into account. Some simulative and test results will confirm
this assumption.

Fig. 3 shows the approximate phasor diagram (with lgy ~
0) related to the first harmonic components and supposes
that the DFIG is vector-controlled by using a frame oriented
with the stator flux linkage: this control technique with some
modifications will be used also in this paper.

Fig. 3 Steady state phasor diagram considering ¢;=0.
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When the field orientation is achieved, the rectifier
determines igs ~ 0 and the whole stator current, i.e. also the
stator power and the electromagnetic torque, can be
controlled acting on irq. Moreover, by considering the stator
flux at steady state, (2) becomes

Usq +Tsisq =€sq = sy Ws ® gy Lsirg - (%)

As it will be deeply shown in Section IV, (5) states the
possibility to use irq in order to change the relation between
the stator frequency s and the stator voltage, and to control
the stator frequency.

IV. CONTROL SCHEME AND ANALYSIS

A. Objectives.

In this paper, it is assumed that the purpose of this system is
to be connected to a dc link with a given constant dc voltage.
In ac-grid-connected DFIGs the frequency of the stator is
imposed by the ac network: DFIGs are optimized for the
rated frequency, which should be guaranteed. Because there
is now a diode bridge, the frequency of the stator is no more
imposed by an ac mains: the consequence is the necessity of
a frequency regulation in this system in order to match the
rated frequency of the DFIG. This condition guarantees that
the rated power is reached with appropriate value of the
stator flux. A similar requirement arises in stand-alone
DFIGs connected to ac loads. However, in the application
here considered, no ac loads are fed by the DFIG: thus, also
distorted stator voltages can be tolerated.

Similarly to grid connected DFIGs, another aim of the
system is the control of the torque or of the speed in order to
match the optimal operation conditions of the wind turbine
for a given wind speed [23].

In order to achieve the control of the frequency and of the
torque, the field oriented control (FOC) is used: suitable
rotor current set points iy and irq* in a proper reference
frame (dq) are realized by the rotor converter.

B. Reference frame orientation for the control system

Field orientation is based on reference frame transformations
associated with a space vector. Typically, in the control of
DFIGs, the reference frame is aligned to the stator flux
linkage, which guarantees the decoupling of the torque and
reactive power control chains. Being the control system
acting on the rotor, and being v the reference position for
the reference frame where the control is performed, the
transformation angle is the slip position angle ys, defined as:

Ysr =7Vs = 7m - (6)

The angle vy, is the rotor position angle. Because v, can be
measured, or estimated using sensorless methods, the
problem of reference frame determination reduces to
determine vs.

As referred before, in the control of DFIGs, ys should be the
stator flux position angle ys,. However, in the considered
case, vs, is not directly used. In fact, it is necessary to
control the average frequency of the stator flux, because it is
not guaranteed a priori. In ac stand alone DFIGs [21], the
orientation along the stator flux linkage can be achieved by

using as stator flux angle the reference angle obtained as
integral of the reference frequency and by forcing to zero the
g-axis stator flux component. However, a rigid frequency is
not advantageous here, because, due to the constant voltage
dc bus, the system tends to behave as a parallel of two
voltage sources decoupled by the small r,, causing highly
discontinuous stator currents.

The first proposed approach is shown in Fig. 3. The
reference angle ys* is obtained integrating the set-point
frequency w,*. Then ys* is corrected with g, that is a smooth
function of the difference & between the desired stator flux
position ys and the actual stator flux position ys,. In this
work, v, is calculated by a stator flux estimator based on
the integration of the stator EMF [28]. Alternatively, the
Luenberger observer in [21] could be used. If & is kept
small, one can conclude that the system works
approximately in field orientation. The low-pass filter is
implemented to smooth the variations in 5. The angle vs (i.e.
ys* corrected by €,) is used in the frame transformations.

Fig. 3. System to obtain the reference frame control angle.

The parameters of the system in Fig. 3 are the gain ks and the
time constant <. Since from Fig. 3 & = ys — vs,, the angle &
can be considered as an orientation error in the FOC.

The position error and speed errors are defined in the block
diagram of Fig. 3 as

ep=ve—rs (ad) , es=0g-os (u). (7)

The position error g, is of no importance, whereas its
derivative g5 measures the stator reference frame speed error
with respect to the set point. It is related with the stator

frequency error that can be defined ase, :W:- W, . A

detailed study leads to the conclusion that &; is similar to g,

C. Analysis and improvement of the synchronization loop
Considering the block diagram of Fig. 3, it can be written:

_ *_a’bks
Vs =7s l+sr

5. ©)

Subtracting s, to both terms in (8), results:

1+sz

Vs =Vsy =0=7s “Vsy —
From (9) the following transfer function is deduced:

5 B 1+st
(V: _sz) 1+ opkg +5t

(10)
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In order to obtain a low order model of the whole
synchronization loop, (2), (3-1) with iy~ 0 and (5) are used:

o :eﬂ: Usq +TsiRrg .

Vs Vs
Since fast rotor current controllers are assumed, the
feedback rotor currents can be considered equal to the set-
point values. However, the orientation error & must be taken
into account in the analysis. Hence, the actual d-axis
(magnetizing) rotor current is related to the reference rotor
currents by:

Vs =Lsirg =Mirg (12)

(13)

. M. M [ s~
|Rd:—|d=—(| ¢C0So —1i sm(S)-
LY ra

Linearizing (12) and (13) around a steady state point
(subscript 0) where mg,0 = (Usqo+ s Irgo)/wso and neglecting
the variations on i, due to adjustments of & yields

A\ys(s):M(cosSOAi:d —sin§oAirg —klAS) , (14)
Ae Q) Au Q)
Awg, = 9 _ w0 Ayg = sq_ Tsv0 Ay > (15)
Yso  Wso Yso  Wso
where
kl = I:dO sin 50 +1 :qo C0580 (16)

Equations (14) and (15) are represented by the block
diagram in Fig. 6 which is a closed loop k=6 only if k;0.
At very low load, i.e. when lre~0 so that k;~0, the system
operates in open loop: in such a condition it cannot
annihilate the frequency error, and the resulting frequency
depends only on the operation conditions through (12-2) and
(16). Besides, Fig. 6 shows that the steady state orientation
error introduces a coupling between the dynamics of the

torque-producing reference current component Ai:cq and the
synchronization loop. This fact suggests the introduction of
a PI controller which acts on irq in order to annihilate the

orientation error & and to obtain the proper field orientation.
The improved scheme is shown in Fig. 7.

iy ) 4
50
sT+1 D5y 0 ¥
st+(1+apk,) TSO -
iy
Ay,

Fig. 4
expressys — sy in (10) in terms of the frequency error s — Dsy -

Block scheme for the synchronizing loop: the term wy/s allows to

The transfer function of the PI in p. u. variables is defined
as:

(17)

* k k S+ k
ird Z—(kp +mbS 'j8:— i b7 s

Due to the PI, 8,=0 and k; = lq: the resulting block

diagrams are shown in Fig. 8 and 9.

Idc
»—O0
. u 7
) flux estimator |— 4 ZS Ud“l
and frame control | — TPS — | 1°
£

Vm

abc —szf—bl PWM

Fig. 5 Control structure using a low pass filter in the synchronizing loop
and an additional PI controller to adjust the d-axis reference rotor current.

According to Fig. 8 and due to the additional PI controller,
the system always operates in closed loop conditions, even
at no load (i.e. when lgq=0). The PI regulator not only
tracks the reference frequency in any condition and with the
desired dynamics: it also annihilates the orientation error 3.

Aw/'(s)

@, sT+1
+ s st+(1+awk,)
) Aawy,
Fig. 6 Block diagram for the synchronizing loop including the PI.
Aa, (s) w, sT+1 45(s)

s st+(l+a,k,)

dey(s)[ ]

R — 0pk; | | )

kp+140+

Fig. 7 Modified Block diagram for the synchronizing loop with the PI.

The closed loop transfer function can be obtained
performing some manipulations:

[Aw&9—~i—A%q@ﬂ. (18)
v

S(L+ st)oy

AJ(s) = D)

s0

where the denominator D(S) is

D(s) = 5%t +52 1+ mpks + (kp +11q0) K1)

(19)
+sK (kp +1rqo +kiwbr)+mbki K
In (19), the auxiliary constant K is defined as
K =M 222 (20)
l//so
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The transfer function (18) has two zeros and three poles.
One of the zeros is located on the origin. Since
o = (/o) ys* and s = (S/ay) vsy , due to (7) and (10) the
speed error is:

2

Agq ()= ok, %[Aw: (s)—ﬁAesq (s)J D

The transfer functions (18) and (21) represent the dynamics
of the system. This is a linear three-order system with four
parameters to adjust. Using the final value theorem, it can be
concluded that k; should be different of zero to allow a zero
steady state error in both functions. The parameter k, can be
small to avoid big variations on the reference d-axis current.
So, an acceptable solution is to set k, =0. The other
parameters should be adjusted to obtain the required
behavior.

The dominant real pole s; can be computed by supposing
s—0 in (19) so that the terms in s® and s* are neglected. In
this way, an approximation of (19) by a first order
polynomial near the lower frequencies is used:

1 1
Sg=———————— == | 22
8 I'rqo /opki +1 T 22)
The pole in (22) cancels with the corresponding zero in (18),
thus (18) behaves as a second order system. This allows an
analytic study using approximations cwpks>>1 and k,=0 in
(18).

D. System stability analysis

The local system stability can be analyzed considering the
block diagram of Fig 9. Using the simplifications assumed
above, the two poles of the system can be computed as:

K Dsy0
51,2 Z—&{—S-i-quo,vl 4 ]
2\ 7 ¥so

(23)

2
() @,
+ % (k—5+|rq0|\/| S"’OJ — 4k;M —¥°
2 T ¥s0 ¥so

Being k; and |4, always positive, the system is always stable
because the real part is always negative.

E. Determination of the integral gain
The poles, computed analytically, can be placed on the
complex plane to be complex conjugate at 45°. This

guarantees good dynamics for both variables & and ;. After
some manipulations, imposing poles placed at 45°, it results

o 2
sy0 ] , (2 4)

T Vso

(25)

The value of k; , which affects the damping of the poles s; ,,
depends on k¢t and on the operating conditions: Fig. 10
shows responses for three different values of ki/t. A good

response is obtained using k/t = 3.

Response of § and £ to a unit step
s

k /=1
2 Kk /it=2 ||
3_— 5
© 107 k /=3 [
5
0
0 10 20 30 40 50
Time (ms)
0.2
k1=
7 0 — k=2 []
Q.. s
— 1=
B k /=3
-0.1 . . : :
0 10 20 30 40 50
Time (ms)
Fig. 8 Response to a unit step for complex conjugate poles and three

values for k¢t .

Since I (i.€. the load) increases the damping, an acceptable
response is obtained if the k; parameter is computed using
the constant value 1,40=0 in (24). Anyway, (24) could be also
implemented as a gain scheduling for k; , in order to mitigate
the effect of the particular operating point on the damping of
the system.

V. SIMULATION RESULTS

Preliminarily, the behavior of the proposed control scheme
has been assessed by some simulations which are hereafter
presented. The parameters of the DFIG are reported in the
Appendix.

Using the theory described above, the relation kg/t=3 was
adopted using ks=1.5 and t=0.5sec. The dc link voltage was
set at 0.67 p. u. in order to have a lower flux level with
respect to the rated value. The reason of this choice will be
explained in Section VI.

A. Using only the reference frame control
determination system.

Figs. 11 show the results obtained in open loop using only
the reference frame angle determination system.

angle
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Fig. 9  Torque, stator flux, frequency error and sing.

The d-axis rotor current component is fixed at 0.5 p. u. At
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the instant t=50 ms, a step on the reference g-axis rotor
current is set. Fig 11 shows the torque T, the stator flux i,
the speed error g and sind. According to this, the frequency
error g in Fig. 11 is not zero. The peak-to-peak ripple in the
torque waveform is less than 0.1 p.u..

B. Using the d-axis rotor current adjustment system.
By enabling the adjustment of the direct rotor current

reference i.q, the performances improve considerably. A

value of k; given by (24) with I,,0=0 was used. The stator and
rotor currents, on the reference frame defined by vs, during a
step of the reference rotor current i,q* are reported in Fig. 12:
the average d-axis stator current igq at steady state is very

close to zero and confirms the assumption in Section Il1. Fig.
13 shows that the torque ripple is comparable with that one
of the first approach. Moreover here sind~0 i.e. the field
orientation is achieved. Also the average frequency error in
Fig. 13 decreases to zero (i.e. the frequency now is 50 Hz)
and the stator flux tends to the expected value related to the
Uge. The response of the torque takes some time to establish
in steady state according to the dynamics of the stator flux.

3
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Fig. 10 Stator and rotor currents in closed loop.
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Fig. 11. Torque, stator flux, frequency error and sing.

VI. ADDITIONAL CONTROL AND OPERATION ISSUES

In order to evaluate the feasibility of an industrial system,
some additional control issues are shortly discussed.

A. Effect of voltage dips in the DC-grid

The response to a voltage dip down to 0.5 p. u. is
presented in Fig. 14: Uy decreases from 1 p. u. to 0.5 p. u. at
t=100 ms and raises again after 200 ms. This result was
obtained at rated voltage and load. Conversely to the ac-grid
connected DFIG the response of the stator flux present zero-
sequence components only in the first instants. In these
instants the VSI loses control, but the free-wheeling diodes
of the rotor converter clamp the rotor voltages to the dc link
voltage protecting the VSI from over-voltages. So, the
overvoltage of the conventional DFIG connected to the ac
mains does not occur. Nevertheless the system must be
protected with respect to the over-currents. After the loss of
control, that lasts about one stator cycle, the system restores
the current control, because the rotor d-axis current is
decreased and adjusted to the new conditions. The system
has an excellent response to the increase stage that occurs at
t=200ms.

Voltage dip down to 0.5 p.u.. N=1.3 p.u., Im*=0.95 p.u.

(pu)

de

u

v (p.u.)

s

[ (p.u.)

s

I (pu)

sind

80 100 120 140 160 180 200 220 240
Time (ms)

Fig. 12 Response to a voltage dip down to 0.5 p. u.

B. Effect of the harmonics

Fig. 13 showed that the torque is affected by some ripple: its
main component is at 300 Hz and it is due to the 5™ and 7™
harmonics in the flux and in the currents. Such a ripple could
be attenuated by using two different approaches. A first
method consists in using a g-axis reference current given by
irq* = —Te/ys. However, irq* would be affected by a noticeable
6" harmonic, and a good tracking capability of the current
controllers would be needer, in order to achieve an effective
compensation of the torque ripple. Pl controllers would be
inadequate: they could be supported by additional resonant
controllers tuned at 300 Hz [22]. Anyway, this method does
not reduce the harmonic content of the currents.

Alternatively, a twelve-pulse rectifier could be used instead
of a simple three-phase bridge. Such a configuration is
obtained by using two sets of stator windings electrically
shifted by 30 deg. Fig. 15 compares the stator currents and
the torque in the two configurations, namely: six and twelve-
pulse rectifiers. The same average torque and the same
global stator MMF are considered in the comparison. It can
be noticed that the twelve-pulse system allows to achieve a
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considerable reduction of both the torque ripple and the
distortion of the stator currents. The THD of the stator
currents are .......

Steady state - six versus twelve pulse rectification (N=1.333 Nw“)

IN (p.u.)
Loe e
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—_ 0 .
T i i i i i ot
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= =
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~ 0
S ‘ twelve pulse L
& -0.5
Fu AP - |-‘ L b
480 485 490 495 500
Time (s)

Fig. 135 Twelve-pulse rectification curves. Stator currents and equivalent
three-phase current, rotor currents and torque.
C. Rating of the inverter

By considering the magnetization current supplied only
through the rotor, and the sinusoidal operation, the inverter
rated power Ai,, oc) can be deduced by the diagram in Fig. !

A.
%SDC):I,,\/GSMM E+Xkr|rd )2+(Xkr|rq )2 ) ()
where I, =1 p.u., lg = Iy, I =(1-1,2 ) p.u. can be
assumed. In an ac-grid connected DFIG with the whole
magnetization current supplied by the grid, the rating of the
rotor converter Ain, (ac) IS still provided by (), where I,4 =0, I,
=|rq =(1_|m2 )1/2 p.u.. Thus, the ratio A;,, (DC)/Ainv (AC) is

Ainv(DC) _ (ISl pax E+ 1 )? +(X kr(l_lr%))z
Ainv(ac) | (1-12 X(|s|max E + (X, 1-12 ))Zj

where I,= 0.35 p.u. and [s|nx= 0.33 have been supposed.
The effect of the current harmonics could be taken into
account by the coefficient (1+THD,%)"?, where THD,? is
the total harmonic distortion of the rotor currents.

~1.39

VIIl. EXPERIMENTAL RESULTS

Some experimental tests have been performed using a 3.2
kW slip-ring induction machine, Fig. 14, where a photo of
the experimental setup is presented. The slip ring machine is
connected to a DC Machine that works as a motor feeding it
with mechanical power. This machine is operated using a
rheostat to adjust the field current , being the armature
winding is regulated using a VARIAC and a diode bridge. In
this way the speed is adjusted accordingly. The torque is
adjusted using the system described in this paper. The dc-
link, regulated to 200 V, is obtained using the DC network
of the laboratory. It consists of an induction machine and a
40 kW dc generator placed in the basement of the
laboratory. The control algorithm is implemented in a
Microchip dsPIC30F4011. To obtain experimental results in

real time, four PWM output channels with simple RC filters
were used. The actual rotor position is measured by an
encoder with a 4096 step resolution [27]. Because the rated
stator voltage is 3 times higher than the rated voltage of the
rotor, a step down transformer (380 V to 220 V) was used
between the stator and the diode bridge. The transformer
introduces an additional equivalent stator leakage about 10%
of the total leakage of the induction machine. The machine
parameters are given in the Appendix.

DC field
Rheostat

e 7
ACand DC
= Switchgears
.

VARIAC

Fig. 14 Experimental setup.

Since the rated power of the rotor is smaller than the stator
rated power, a lower flux with respect to the rated value is
used for this experimental validation. A value near 0.67 p. u.
was chosen. All results were obtained using k=1.5 and
1=0.5 s resulting k¢/ t =3.

A. Using only the reference frame control
determination system.

Fig. 14 shows the waveforms of the d-axis rotor current, of
the stator voltages and of sind when a step on the d-axis
rotor current reference is imposed. Because this step is
relatively small, the final voltage obtained is smaller than the
voltage necessary to start the conduction of the diode bridge.
The machine is working at no-load. One can see that the
voltage waveforms are almost sinusoidal as expected. Their
frequency is almost 50 Hz. It is possible to conclude that the
voltage response has good behavior being fast and without
undesired transients.
DFIM-DC with low-pass filter on the feedback loop N=1200 rpm

angle
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Time (ms)
Fig. 15 Response to a step on the d-axis rotor current at no-load.
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Fig. 15 shows a different transient for a step on the g-axis
rotor current. The system is working with constant d-axis
rotor current reference (0.52 p. u.), and, at t=50 ms there is a
step on the g-axis rotor reference current from 4% to 80%.
Since, sind is not null, the system is not working in field
orientation and the frequency is not 50 Hz.

DFIM-DC in open loop (Ird=0.52 p.u. N=1400 rpm)
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Fig. 16 Response to a step on g-axis rotor reference current. The d-axis
rotor reference current component is constant (igr =0.52 p.u.)

B. Results in closed loop

According to the scheme in Fig. 5, now the d-axis rotor
reference current is no longer a free input, because it is
adjusted using an integral controller. Figs. 16-17 show the
behavior during a transient similar to that one in Fig. 15.
Here the quantity sind is maintained at zero thanks to the
adjustment of the d-axis rotor current reference, thus the
frequency is 50 Hz as desired. Different results were
obtained using a higher value for k; (see Fig. 17): In this
case, the damping of the conjugate poles in (23) decreases
and an oscillatory behavior is found, as the theory in Section
IV-C predicts. Fig. 18 collects some results referred to
different values of the mechanical speed and shows that the
dynamical behavior depends only slightly on the speed. Fig.
19 shows some steady state waveforms: it can be concluded
that the waveforms have a relatively small harmonic content.
It is also possible to verify that the phase shift between the
voltage and the current is small, as supposed in the section
I1-B.

DFIM-DC in closed loop (N=1300 rpm)
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Fig. 17 Response to a step on ig with control of d-axis reference current

component using also the adjustment of the d-axis rotor current reference.
(ki =1.27).

DFIM-DC in closed loop (N=1300 rpm)
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Fig. 18 Response to a step on iy with the adjustment of the d-axis rotor
current reference. (ki =3.18). The higher k; decreases the damping in (23)
causing oscillations.
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Fig. 19 Influence on the mechanical speed on the response in transients

similar to Fig. 17 (k; =1.27)
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Fig. 20 Steady state waveforms after a step on g-axis rotor reference
current.

VIIl. CONCLUSION

The paper presents a control method for the DFIG connected
to a dc link through a diode rectifier on the stator windings.
Simulation and experimental results show that it is possible
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to drive the stator flux at the rated frequency of the machine
using a simple controller that adjusts the rotor d-axis current
reference in order to annihilate the orientation error. The
method converges to the field orientation and the steady
state frequency error is zero. A good dynamics is achieved
in the electromagnetic torque. The waveforms of the stator
current are not sinusoidal, because the presence of the diode
bridge, but have acceptable harmonic content. In order to
decrease the torque ripple, an advanced current control
could be developed, for instance by resonant controllers.
However, the industrial application of this system could be
implemented using a twelve-pulse rectifier, which reduces
not only the torque ripple but also the harmonic content in
the currents.
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APPENDIX

Parameters of the 3.2 kW machine

Induction Machine: stator 380 V, 8.1 A, rotor 110 V, 19
A, 3.2 kW, four poles, 1400 rpm, Ly = 1.5 p.u.,, M = 1.13
p.u., rs=0.06 p.u., r,=0.05 p.u..
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