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Operating with Unbalanced and Distorted Grid
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Abstract — The paper focuses on the method of vector control
of a doubly fed induction machine connected to the unbalanced
power network with simultaneous grid voltage harmonics
distortions. As the instantaneous values of torque and the g
component of power are independent, torque oscillations during
grid voltage harmonics can be achieved for different waveforms
of g power, so a different shape of stator current can be reached
at this state. Thus, alternative control targets giving non-
oscillatory electromagnetic torque are analyzed and realized in
the control. The commanded variables are electromagnetic
torque T., and alternatively, the gs; component of stator
instantaneous power or a new variable z; calculated in the same
way as the g; component of power but the amplitudes of each
voltage harmonics are reduced k-times, where k is the harmonic
order. The paper discusses how reference stator current vector
components can be calculated for each type of torque oscillations
cancellation target. The analysis is complemented with a
simulation of a 2MW model and laboratory tests of a small power
machine.

Index Terms — AC generators, power generation control,
induction generator.

. INTRODUCTION

HE main problem of the grid connected doubly fed

induction generator DFIG are symmetrical or
asymmetrical voltage sags. Fast change of the stator (grid)
voltage and a large amount of negative sequence induce high
voltage on the rotor side and make it necessary to enable rotor
circuit protections (crowbars) to damp the machine flux and to
protect the rotor power converter against too high induced
voltage [1]-[3]. During grid voltage asymmetry several targets
are possible such as constant pg components of stator power,
torque oscillations cancellation, symmetrical stator current,
sinusoidal rotor current, and constant p; component of stator
power at sinusoidal stator current. Both constant ps power
targets provide enormously high torque oscillations, so these
targets are inadequate for most electromechanical systems,
especially for wind turbines with gearboxes. Additionally, a
constant pq components target causes an unacceptable level of
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stator current harmonics.

The methods aimed at different control targets during grid
voltage imbalance are widely discussed in the literature [4]-
[6], whereas only a few publications [7]-[8] pay special
attention to grid voltage harmonics and compensation of
torque oscillations caused by grid voltage harmonics. The
influence of harmonics on torque oscillations production has
been thoroughly analyzed in [9]. Four main targets have been
proposed, i.e, sinusoidal rotor current (Target 1), symmetrical
sinusoidal stator current (Target II), constant pg components
of stator instantaneous power (Targetlll), and torque
oscillations cancellation with simultaneous constant g
component of instantaneous stator power (Target V).

Although symmetrical, sinusoidal rotor current (Target I)
[11][12], or symmetrical sinusoidal stator current (Target II)
[14] are not discussible, they can be quite easily obtained
independently of the occurring harmonics and asymmetry in
the grid voltage by adequate filtration of the reference stator
current or rotor current vector components [13], with no need
for harmonics and negative sequence separate control.
However, these targets introduce a high amount of
electromagnetic torque oscillations and for some kind of
electromechanical systems with gear-boxes (such as, e.g.,
wind turbines) should not be implemented.

In Target IV, the authors of [9] propose elimination of g
stator power component oscillations produced by both
imbalance and harmonics. Although the presented analysis is
accurate and the simulation and experimental results confirm
the presented theory, it can be extended by additional targets
not considered in the publication, also producing
electromagnetic torque oscillations cancellation, but with
better quality of the stator current. The first new target is
reduction of electromagnetic torque oscillations created by the
negative sequence only with sinusoidal unbalanced stator
current (relatively small torque oscillations made by
harmonics are not eliminated — Target V). The second new
target is torque oscillations cancellation with a minimum
amount of harmonics in the stator current (Target VI).

Electromagnetic torque oscillations during grid voltage
imbalance and harmonics are created mainly by the mutual
influence of negative sequence flux and positive sequence
current, and positive sequence flux and negative sequence
current. Even a slight imbalance of grid voltage influences the
torque waveform and introduces significant oscillations when
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adequate control reducing torque oscillations is not applied.
Target V is obtained by consideration of the negative sequence
current component which impacts torque oscillations, and
neglecting the current harmonics not to generate harmonics to
the grid. This way the control method can be significantly
simplified, whereas torque oscillations are not significant
[10][13].

The influence of grid voltage harmonics on the
electromagnetic torque is weaker than the influence of
negative sequence, because the content of harmonic in stator
flux is k-times smaller than in grid voltage, where k is the grid
voltage harmonic order. Taking it into consideration, it can be
proved that e.g., 10% of voltage negative sequence has more
significant influence on the electromagnetic torque than 10%
of 5™ or 7" harmonic of the grid voltage.

This paper focuses on inner control of a doubly fed
induction machine connected to the unbalanced and distorted
grid. The main goal is to show that more than one target is
possible, which provides electromagnetic torque oscillations
cancellation of DFIG. Target IV (electromagnetic torque
oscillations cancellation with a constant gs component of
power) is not necessarily the best option in terms of stator
current quality. The paper shows theoretical analysis of other
targets, and discussion on practical implementation, taking
into consideration that grid voltage may contain not only low
order harmonics, which can easily be controlled by
proportional-resonant controllers, but also higher order
harmonics closer to the sampling and switching frequency, for
which control is difficult due to the limitation of resonant
terms of rotor current controllers.

Il. INFLUENCE OF VOLTAGE IMBALANCE AND HARMONICS ON
ELECTROMAGNETIC TORQUE OSCILLATIONS

A. Model of Doubly Fed Induction Machine

The equations of a doubly fed induction machine model of
electric circuit in stationary coordinates are (1)-(4)

= Ryi, + 72 ()

u, = Ryl + ﬂ _]wmlpr (2)
Ys = les + Ly iy 3)

Y = Lyl + Ly (4)

in which ug, u, are the vectors of stator and rotor voltage; v, w;
are the vectors of stator and rotor flux; i, i,, are the vectors of
stator and rotor current, R,, R, are stator and rotor resistances,
L, Ly, Ly, are stator, rotor and magnetizing inductance; a, is
rotor speed scaled by the number of poles pairs.

Stator flux can be calculated by (5).

Y = f(us — Rgi;) dt 5)

In practice it is made by low pass filters, which eliminate
offsets of sensors and integrator initial state.

One of the possible torque equations using stator flux and
stator current vector components in a stationary af frame
equals (6), where p, is the number of poles pairs, whereas the
gs component of instantaneous stator power equals (7).

Tem = ;pp (wsa is,B - l/Js/? isa) (6)

3 . .
qs = 2 (usﬁ lsq — Ugq lsﬁ) (7)

Assuming that steady state stator voltage contains
fundamental positive and negative sequence components, and
additionally is distorted by most commonly existing 5"
negative sequence, and 7" positive sequence harmonics,
voltage waveforms are described by (8)(9)

a = |usp|cos(w5t + (pusp) + |usn|5in(wst + ¢usn) +
|u55|5in(5wst + (puss) + |us7|COS(7wst + (pus7) (8)

Usp = |ugp|sin(wst + @ugy) + usnlcos(wst + @uen) +
[ugslcos(Swst + @ys5) + lusy [sin(7wst + @ys7) 9)

where @ is the stator voltage fundamental harmonics
pulsation and indexes p, n, 5, and 7 are related to the positive
and negative sequences, and fifth and seventh harmonics
respectively. Stator flux components as the derivatives of
stator voltage vector components are described by (10)(11)

| spl t + (pusn)

sm(7a)st + Qus7)

sm(a)st + Qusp) —

|us7|

lpSlX

|u55|

cos(Swst + Quss) +——

wsﬁ =

I ssl

(10)

| sp| lu sn|

sm(wst + Qusn) +
(11)

cos(wst + <pu5p) +

|us7|

sm(Swst + Pues) — cos(7wst + Qus7)

For the case in which the stator current contains only
positive and negative sequence of fundamental frequency, and
5" and 7™ harmonics that are the components occurring in grid
voltage (12)(13)

lsq = |isp|cos(wst + ‘pisp) + |isn|5in(wst + (pisn) +

|i35|5in(5wst + (piss) + |is7|COS(7wst + (pis7) (12)
lsp = |isp|sin(wst + (pisp) + lignlcos(wst + @isn) +
|i55|COS(50)St + §0iss) + |is7|5in(7wst + §0is7) (13)

electromagnetic torque based on (6), with consideration of
(10)-(13) can be derived as (14).

The torque waveform contains a constant component
Tem const (15) and an oscillatory component Tem osc (16)
represented by 2™, 4" 6" 8" and 12" harmonic, of which 2"
and 6™ are dominating, and 4™, 8" and 12" are at a negligible
level, taking into consideration that negative sequence for a
doubly fed induction machine proper operation in the steady
state cannot be higher than 15-20% [15] in most favorable
conditions (synchronous speed operation).

Based on (16), conditions (17) can be assigned for negative
sequence and harmonics components to eliminate dominating
electromagnetic torque oscillations when both types of
disturbances (negative sequence and imbalance) of grid
voltage occur, assuming that only fundamental positive and
negative sequence, and 5" and 7" harmonics in the stator
current are allowed.
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Twg
|usp||isp| |usn||isn| |u55||i55|
Tem const = 2 pp 7C05((pusp - isp) - Os(q)usn - Qoisn) - 5 OS((puss - §0i55) +
Wg s Wg
lus7llis7]
%COS((/’ILW - (pis7)> (15)
s
T _3 |usp||isn| in(2 | sp|| iss| 6 |usp||ls7| 6
em_osc — Epp TSln( wst + (pusp + (pisn) + Sln( wst + 90u5p + 90155) + COS( wst + §0usp (pis7) -
lusnl|i , lusnlliss| lusnllis7|
%Sln(zwst + Qusn T (pisp) o cos(—4wst + Pyen — Piss) — sn_ 57 sin(Bwst + Pyen + Pis7) —
lus;ﬂ:m' Sln(6wst + Puss + (plsp) MCOS(Ll'wst + Puss — (plsn) |u55||157| Sln(lzwst + PDuss + (0157) +
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ws COS(6wst T Qus7 — (plsp) +—— Sln(gwst Tt Qus7 + (pzsn) +—— Sln(lzwst + Qus7 + (plSS) (16)

This way the conditions (17) allow us to eliminate the most
significant torque oscillation made by mutual reaction of
positive sequence flux component and negative sequence, 5
and 7" harmonics of the stator current vector, as well as
positive sequence current and negative sequence, 5™ and 7"
harmonics of the stator flux.

Iu |
( | snl == |lsp| Pisn = —Pusp + Qusn + Pisp
. |u |
|155| = 5|:5 | |Lsp| Piss = —Pusp t Puss + Pisp (17)
lus7|
Uls7| 7|uS7 spl Pis7 = Pusp + Pus7 — Pisp

Conditions (17) do not coincide with conditions (18)
necessary to eliminate 4™, 8" and 12" harmonics oscillations

in the torque made by the reaction of negative sequence, 5"
and 7™ harmonics of the stator flux with negative sequence, 5
and 7™ harmonics of the stator current.

. lugs| .
(llssl == SIuS:nl lisnl; @iss = Qusn + Ouss — Pisn
. |lug7|
lis;| = 7|uS7 lisn|; @is7 = —@usn + Pus7 + Pisn (18)

. 7|ugs|
kllssl = =5 | is7l; @iss = —Pus7 + Puss + Pis7

5lugy

However, the influence of mutual interactions between
negative sequence flux and current harmonics components, as
well as negative sequence current and harmonics flux
components on torque oscillations is at a negligible level,
especially in the case of a relatively small amount of negative
sequence stator voltage (so flux) allowing safe operation of the
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doubly fed induction machine. Totally negligible are the
mutual interactions of 5™ and 7 harmonic of stator flux with
5" and 7" harmonic of the stator current due to 5 and 7 times
lower amount of 5™ and 7™ harmonics in the flux than in the
stator voltage respectively.

I1l. REFERENCE STATOR CURRENT CALCULATION FOR NON-
OSCILLATING TORQUE CONDITIONS

In this section, three targets will be presented. Target V
and Target VI not considered in earlier publications will be
compared to the basic target providing torque oscillations
cancellation with a constant gs component of instantaneous
power presented in [9] (Target IV). Ideal cases mean that the
stator current harmonics are fully controlled and obtained at a
reference value without steady state error for the harmonics
orders which occur in the grid voltage (5" harmonic negative
sequence and 7™ harmonic positive sequence). For these
harmonics resonant terms are applied in a rotor current vector
control. Parameters of the 2MW doubly fed induction machine
are presented in Table I.

TABLE |
PARAMETERS OF A 2MW DFIG FROM SIMULATION TESTS

SYMBOL PARAMETER VALUE
Pn Rated power 2MW
Usn Stator rated voltage () 690V
lsn Rated stator current () 1760A
Un Stator/rotor turns ratio 0.34
Rs Stator resistance 26mQ
L Stator leakage inductance 0.087mH
R, Rotor resistance 26mQ
L, Rotor leakage inductance 0.087mH
Lm Magnetizing inductance 2.5mH
Pp Number of poles pairs 2

A. Target IV — constant qs component of stator power

Vector control requires two orthogonal components of
current vector as reference signals. These components can be
calculated on the basis of the reference torque and another
reference variable, which can be alternatively rotor flux vector
length depending on the desired g component of
instantaneous power [16] or directly the s component of
instantaneous power [17]. The reference rotor flux vector
length can be calculated for the symmetrical sinusoidal grid
voltage [18], but such a way of reference flux length
determination introduces strong harmonics in the stator current
at unbalanced and/or distorted grid voltage operation.
Definitely, the reference rotor flux cannot be set constant like
in [19], but it must be matched to the varying stator flux
during grid voltage imbalance and harmonics to achieve not
only constant torque but also satisfactory shape of the stator
current.

Direct use of instantaneous power gs component instead of
rotor flux vector length for reference current calculation is
possible. Using torque Ty, and s component power equations
(6)(7), the reference stator current vector components can be
derived (19)(20), replacing the torque T,y and gs component of
power by reference signals Tem' and . respectively.

ref = 2 ppq:efwsa"'Tz;r‘szfusa (19)
sa 3pp  UspPsa—Usa¥sp
ref ref
ref _ 2 Pplds  PsptTem Usp
e/ = 2 teds Voptlen top (20)

3p  Usp¥sa—Usa¥sp

The use of the constant reference component of power g’
introduces some amount of harmonics in the stator current
when grid voltage is distorted, but torque oscillations are
insignificant. For a small amount of harmonics, this target
provides a negligible level of stator current harmonics [20].
Stator phase current waveforms and rotor phase current
waveforms for constant torque T, and constant gs component
of stator power when negative sequence and 5" and 7"
harmonics in the grid voltage occur, are shown in Fig. 1.

B. Target V — sinusoidal unbalanced stator current

[10] proposes a way to obtain sinusoidal stator current for
several targets without sequences decomposition when
unbalanced grid voltage operation of DFIG is taken into
account. The harmonics were treated as a disturbance not
influencing electromagnetic torque pulsations strongly. One of
the presented targets (Target V) gives sinusoidal unbalanced
stator current eliminating torque oscillations due to the
negative sequence occurrence. Not to implement a negative
sequence extraction structure, the constant s component of
stator power has been referenced, but for calculation of
reference stator current vector components, both stator flux
and grid voltage have been filtered to obtain only 50Hz
components of these variables (21)(22).

re re
iref _ 2 Ppls fl/’sal‘*'Temfusal 1)
sa 3Pp Uspr¥Psar—Usa1¥sp1
re re
iref 2 Dpls fll’sﬁ1+TemfusB1 (22)
sp 3Pp Usp1¥sa1—Usa1Psp1
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Fig. 1. Stator phase voltage Us, Uss, Usc, rotor phase current ira, irm, ir, Stator
phase current i, is, is, electromagnetic torque Tem, and real gs component of
instantaneous stator power for constant reference torque and constant
reference gs component of power (Target 1V) at stator voltage distorted by low
frequencies.
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Fig. 2 presents reference current waveforms calculated
using (21)(22), and the true waveform of electromagnetic
torque. It can be seen that electromagnetic torque oscillations
contain mainly 300Hz components. They are insignificant for
the assumed 8% THD factor of grid voltage (5.5%).

C. Target VI — torque oscillations cancellation with a
minimum amount of harmonics

For distorted grid voltage, the way of calculation of this
reference signal can be modified, and thus the control in some
way extended. To meet the set of conditions (17), it is required
to determine the required oscillating component in the g
component of power and set them in the reference signal g
when using (19)(20). It requires sequences decomposition and
harmonics extraction. Another way to achieve this condition is
to set g™ constant and introduce compensation terms, or set
the reference current negative sequence and harmonics
components directly based on the conditions (17). This way
we have parallel control paths and, what is more troublesome,
introduce many parallel structures responsible for symmetrical
sequences decomposition and harmonics extraction [21].

The simplest way is to use a new variable z; introduced
with consideration of all conditions (17) related to negative
sequence and harmonics. Variable z; is described by (23).

Usps _ Usp7

3 , u u ,
Zs = E((usﬁl + 5 7 ) lsa — (usal + Ssas - 5:7) lsB)

3., . ;.
= 2 (usﬁ lsg = Usq lsﬁ) (23)

Calculated this way, the new variable meeting conditions
(17) contains hardly any oscillations. Moreover, its average
value with negligible error equals the average value of the g
component of instantaneous power. Due to the fact that this
variable is constant, it is a good signal for reference when both
negative sequence and grid voltage harmonics occur.
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Fig. 2. Stator phase voltage Usa, Usy, Use, rotor phase current ira, i, irc, Stator
phase current is, s, isc, €lectromagnetic torque Ten, and real gs component of
instantaneous stator power for constant reference torque and sinusoidal
unbalanced stator current (Target V) at stator voltage distorted by low
frequencies.
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Fig. 3. Stator phase voltage Usa, Ush, Usc, rotor phase current ira, irm, ir, stator
phase current is,, ish, isc, €lectromagnetic torque Tem, and real gs component of
instantaneous stator power for constant reference torque and minimum
harmonics in the stator current (Target VI) at stator voltage distorted by low
frequencies.

Using this new reference value z*/, the reference stator
current vector components i7¢/, i:z,f can be assigned (24)(25).

ref = LM (24)
sa 3pp u;pIIJsa—ugaI/)sB
iref _ippzsrefll’s[?"'Terrifu;B (25)
sB 3pp u;[gwsa—u§a¢'sﬁ

Calculated this way, the reference stator current contains a
small amount of harmonics (Fig. 3), and insignificant torque
pulsations due to the fact that only conditions (17) are met,
whereas conditions (18) cannot be met using only the
harmonics that occur in grid voltage.

D. Multi-band-pass filter for z," calculation in Target VI

The reference z,"" variable requires a multi-band-pass filter
of the stator (grid) voltage. It is obtained by three different
band-pass filters (each in a separate band for f;=50Hz,
fs=250Hz and f;=350Hz). A general transfer function for each
separate filter is written as (26).

_ kppr(Aw)s
G(s) = s2+(Aw)s+w3 (26)

where kgpp is filter gain for resonant frequency, Aw is filter
band, w, is resonant frequency. For each filter, gains are
assumed kgpr, = 1 for 50Hz, kgprs = 1/5 for 250Hz, and
kgpps = —1/7 for 350Hz, and filters bands Af; =
1.25Hz,Af; = 6.25Hz,Af, = 8.75Hz respectively, taking
into consideration that typically the fundamental frequency
may change in the range +0.5Hz.

A digital representation of the transfer function can be
obtained with the Tustin discretization method with pre-
warping to eliminate shift of discrete filter resonant frequency
in relation to continuous filter resonant frequency. The
obtained transfer functions for each band pass filter are:
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0.0009797777906047484(z2—1)

G,(2) = (279)

z2-1.9918811525409352+0.99804044448791
0.0009521539118237673(z%-1

Gs(2) = — ) (27b)

z4—1.8389623099132282+0.990478460881763
0.0009269788373778304(z2—-1
G,(2) = —= (=) (27c)
z4—1.6942150172726202z+0.987022296276710

while the total transfer function of the applied multi-band pass
filter is described by (28).

Guppr(2) = G1(2) + G5(2) + G, (2) (28)

The general property of the applied multi-band-pass filter
is that grid voltage harmonics are k-times damped, where K is
the harmonics order, so the amplitude behaves like passed by
integral part scaled by pulsation, but the harmonics
components phases are not shifted by 90 degrees like during
integration (so like in flux calculation) but remain unchanged
for fundamental harmonics and all negative sequence
components (including negative sequence harmonics such as,
e.g., 5™ and is changed to the opposite phase (180 degrees)
for positive sequence harmonics (such as 7™). The Bode plots
for the applied multi-band-pass filter with comparison to the
plots of the integral term gained by fundamental harmonics
pulsation are shown in Fig. 4.
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Fig. 4. Bode plots for the applied multi-band-pass filter and for the integral
term gained by fundamental harmonics pulsation.

IV. CONTROL METHOD OF DFIG OPERATING WITH
UNBALANCED AND DISTORTED GRID

A scheme of the proposed control of DFIG with rotor
current controllers for the analyzed targets is presented in
Fig. 5. In the case of a constant gs stator power component
(Target 1V), a multi-band-pass filter MBPF is not used and
instead of filtered us,;" directly measured U,z is used. In the
case of sinusoidal unbalanced stator current (Target V), stator
voltage components us,s are filtered by the band pass filter
with 50Hz central frequency to obtain fundamental frequency
o components for flux calculation, and MBPF is not used.

To improve the dynamic responses, the control structure is
equipped with full feed-forward and decoupling terms. Using
(1)-(4), the rotor circuit equation (29) can be obtained
Uy = Ryl + 0L s + L_m(us - Rsis) _jwm(Lrir + Lmis) (29)

Tdt = Lg

in which o is the leakage factor.
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(19)(20), [
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(24)(25) B 17 abC(s)
Temref ? quref or Zsref g”d

Fig. 5. Scheme of the proposed rotor current vector control of a doubly fed
induction machine working with unbalanced and distorted grid voltage.

Terms (30)(31) are decoupling and feed-forward for the

control paths with proportional-resonant rotor current
components in the stationary o frame.
Lm . . .
Au,, = L_s (usa - Rslsa) + wy (Lrlr[i + Lmls[i) (30)
L . . .
Aurﬁ = L_n: (usﬁ - Rslsﬁ) - Wy (Lrlra + Lmlsa) (31)

Reference rotor current calculation requires determination
of magnetizing current under unbalanced and distorted grid
voltage conditions. Magnetizing current vector components in
the stationary frame are calculated by (32) and (33).
— wsu_LUSiggf (32)

l
ma Lm

i Ipsﬁ—Lasisr;f
imp = —————

(33)

Lm

in which L, is stator leakage inductance and L, is
magnetizing inductance. According to (34),

ref __ . .ref
" =y — 1

(34)

reference rotor current components are described by (35)(36).

_y ref
ire) = Yeslsa (35)
" ref
.ref _ ws“_LSisﬁ’
el = s (36)
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V. SIMULATION RESULTS FOR THE 2MW MACHINE MODEL

Simulation tests presented in Section Il are an ideal
situations, in which it is assumed that the actual stator current
is achieved at the reference value (steady state error
cancellation) due to the implementation of oscillatory terms in
rotor current controllers selected for the frequencies adequate
to the grid voltage harmonics disturbance. However, the used
classic linear PR controllers have some limitations in control
error elimination for higher frequencies. This is why for the
grid voltage distorted by higher harmonics close to the
switching/sampling frequency it is impossible to obtain stator
and rotor currents precisely matching the reference values,
when the reference current vector components include higher
harmonics close to the sampling frequency or when the control
disturbance (grid voltage) contains higher frequency
harmonics. This can be observed in the following figures
presenting simulation results for the 2MW machine model for
different targets. The high frequency disturbance in the grid
voltage was obtained by overloading the grid using a three-
phase six-pulse diode rectifier.

Fig. 6 presents simulation results for Target 1V, which is
torque oscillations cancellation at a constant g; component of
stator power. The content of torque oscillations is significantly
higher than those from Fig. 1. This is because higher
frequencies of reference current close to the switching and
sampling frequency cannot be properly reproduced in the
actual currents by PR regulators to obtain fully non-oscillatory
torque and non-oscillatory qs component of stator
instantaneous power.
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Fig. 7 and Fig. 8 present the simulation results of a high
power machine operating with strongly distorted grid for
sinusoidal unbalanced stator current target and for minimum
stator current harmonics content target. In the second case, the
torque oscillations are insignificantly smaller, whereas ¢
stator power pulsations are the same.
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V1. EXPERIMENTAL RESULTS OF THE PROPOSED CONTROL
METHOD UNDER GRID VOLTAGE IMBALANCE AND HARMONICS

A. Experimental test rig

Experimental tests for rotor current control were obtained
in a laboratory unit with a 7.5kW doubly fed induction
machine. The grid side converter GC was controlled using
standard voltage oriented control to stabilize DC bus voltage,
which is beyond the scope of the paper due to independence of
electromagnetic torque oscillations of GC operation. The rotor
side converter is controlled with sampling and switching
frequency equal to 4kHz.

Parameters of the used doubly fed induction machine are
presented in Table Il. The machine stator has been connected
to the grid in the delta type. Experimental tests have been
made with unbalanced and harmonics distorted grid, whereas
imbalance has been obtained using a multi-tap transformer and
harmonics distortion by a six pulse diode rectifier with large
resistive load connected in parallel to the three wire grid.

TABLE Il
PARAMETERS OF A 7.5 KW DFIG FROM THE LABORATORY UNIT
SYMBOL PARAMETER VALUE
P, Rated power 7.5kW
Usn Stator rated voltage (A/Y) 220/380V
lsn Rated stator current (A/Y) 27.4/15.7A
Um Rated rotor voltage (0 rpm) 182V
Iin Rotor rated current 15A
Rs Stator resistance 0.43Q
L Stator inductance 130mH
R, Rotor resistance 0.71Q
L, Rotor inductance 130mH
Lm Magnetizing inductance 120mH
Nimn Rated speed 1445rpm
Pp Number of poles 4

B. Rotor Current Control Experimental Results

Experimental tests have been done for three analyzed cases
— constant torque and constant g, sinusoidal unbalanced stator
current, constant torque with minimum stator current
harmonics. However, experiments have been made with a
more realistic waveform of grid voltage, which besides
dominating 5" and 7" harmonics contains also higher
harmonics caused by commutation processes of the three
phase six pulse diode rectifier used for the network overload.

Similarly to the cases from section V, the highest torque
pulsations are for constant torque and ¢, stator power target
(Fig. 9). The stator current for this case is far from
satisfactory. The cases presenting torque oscillations
cancellation with sinusoidal unbalanced stator current (Target
V) and torque oscillations cancellation with a minimum
amount of stator current harmonics (Target VI), shown in Fig.
10 and Fig. 11 respectively, are very similar in practice.
Oscillations of torque are at the same level, and it is more the
influence of measurement noises than the influence of the
methods’ imperfections. Definitely both cases provide
significantly higher quality of stator current delivered to the
grid than the current obtained for the typical torque
oscillations cancellation target with a constant referenced gs
component of instantaneous stator power (Target V).
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Fig. 9. Laboratory tests results with a small power machine model for grid
voltage harmonics obtained using six pulse diode rectifier overload — constant
torque and stator gs power target.
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voltage harmonics obtained using six pulse diode rectifier overload — torque
oscillations cancellation with minimum stator current harmonics target.

Fig. 12 presents Fast Fourier Transformation (FFT) spectra
for all analyzed targets. As it can be expected, the best shape
of stator current has been achieved for the new Target V —
sinusoidal unbalanced stator current, later for the new Target
VI — a minimum amount of stator current harmonics giving
torque oscillations cancellation, whereas the worst quality of
stator current has been obtained for the known Target IV — a
constant gs component of stator power.
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T T e harmonics exceeds the 2% limit, whereas 5™ and 7" harmonics
. i L (R are close to the 4% limit. Target V and Target VI meet
i} afl EELEL AL Standards requirements for the whole range of short circuit
‘ VU UV LV WY current to the load current ratio.
| ! ‘ ‘ ) TABLE Il
FFT(ug,) | FFT (l”:) STATOR CURRENT THD FOR EACH TARGET
“T KAV R RN TR T NI A 111 6 IHH Ll JARMONIC s eT IV TARGET V TARGET VI
T B T s TR TR o o o Ty T TR P 3 0.16A (1.3%) 0A (0%) 0.06A (0.5%)
5" 0.46A (3.8%) 0.08A(0.7%)  0.19A (1.6%)
N ® 7" 0.46A (3.8%) 0A (0%) 0.13A (1.1%)
PR R e 9" 0.08A(0.7%)  0.06A (0.5%)  0.09A (0.7%)
M AANAAAAAARAAAAAAAAAT 11" 0.1A(0.8%)  0.1A(0.8%)  0.09A (0.7%)
FEVEVEVRYEVRVEVETRY i SEVAYAVAYIVAYAYAVAY 13" 0.64A (5%)  0.15A (1.2%)  0.13A (1.1%)
DA ) AR B AR R P 15“; 0.36A (3%)  0.13A (1.1%)  0.12A (1%)
' ; LN S 17" 0.2A (1.7% 0.1A (0.8% 0.13A (1.1%
| FETG) FFT(i) THD,, 8(.8 : 2(.8 : 3.(4 :
| | . 1 | ‘ \ | : ; | | .
m\lJ " ”»&~ ] i G Ji btdlebet et pirboind Fig. 13 presents simulation results of a small scale machine

chi T0.0A &

TMZ20.0ms A Chi & 124A

model. Similar results to those obtained in the experimental
tests substantiate the simulation results of the high power
system presented in Section V. Fig. 13a presents a constant g
component of power (Target 1V), Fig. 13b — sinusoidal
unbalanced stator current (Target V), Fig. 13c presents a
minimum amount of stator current harmonics giving torque
oscillations cancellation (Target VI). Figures and waveforms
of simulation results and experimental results can be
compared accordingly — Fig. 13a — Fig. 9, Fig. 13b — Fig. 10,
Fig. 13c — Fig. 11. Slight differences between simulation and
experiments are visible in all three analyzed targets. More
harmonics in the stator current can be seen in the experiment.
It is justified by measurement noise in the laboratory test bed,
whereas simulation is made with the ideal machine model, so
even if grid voltage harmonics occur, the simulation model
will give better results (less higher harmonics).
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Fig. 12. FFT spectra of a) stator (grid) voltage, and stator current obtained for
b) Target IV — a constant gs component of stator power, ¢) Target V —
sinusoidal unbalanced stator current and d) Target VI — a minimum amount of
stator current harmonics giving non oscillatory torque.

100mA

Table 111 presents the THD; factor of stator current for each
target, whereas the THD, factor of grid voltage is the same for
each target and equals 5.5%. According to the newest IEEE
519-2014 Standard [22] on voltage and current harmonics in
the electric power network, stator current harmonics content in
all targets meets requirements for short circuit current lsc to
load current I ratio higher than 50. For the ratio lower
than 50, 13" stator current harmonic in Target IV, exceeds the
3.5% limit. For the ratio lower than 20, 13" and 15"
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Fig. 13. Simulation results presenting stator phase voltage Usa, Ush, Usc, Stator phase current iss, sy, isc, rotor phase current iy, in, irc, €lectromagnetic torque Tem, and
real gs component of instantaneous stator power for different targets of torque oscillations cancellation targets a) a constant reference gs component of power —
Target 1V, b) sinusoidal unbalanced stator current — Target V, ¢) a minimum amount of stator current harmonics giving torque oscillations cancellation —
Target VI, for the small power machine model with parameters and conditions used in the laboratory test.
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VII.

The paper compares three targets for elimination or
significant reduction of electromagnetic torque oscillations of
a doubly fed induction machine operating with unbalanced
and distorted grid voltage. Two of the presented targets are
new, and they are compared to the target (known in literature)
giving torque oscillations compensation with a constant g
component of instantaneous stator power. Simulation and
experimental results have shown that there are no big
differences between sinusoidal unbalanced stator current
target (elimination of torque oscillations provided by negative
sequence only) and minimum stator harmonics giving torque
oscillations cancellation (elimination of torque oscillations
provided by negative sequence and harmonics) in terms of
harmonics content in stator current and torque oscillations.
Theoretically (in simulation), introducing a new target with
minimum stator current harmonics giving torque oscillations
cancellation gives smaller torque oscillations than for purely
sinusoidal unbalanced stator current target but this is in a
limited range and only if the harmonics occurring in grid
voltage have relatively low order, which can be managed by
the control system. Torque oscillations for the new targets are
comparable (or even a little bit smaller) to the oscillations
achieved with the constant gs stator power target, but give
significantly better quality of stator current in terms of stator
current harmonics content. However, in the authors’ opinion,
compensation of torque oscillations produced by harmonics
can be neglected in the control system, and only compensation
of negative sequence causing oscillations may be taken into
consideration. This way, the control structure is simpler (lack
of a specially designed multi-band-pass filter for reference
current calculation), while the obtained results are still
satisfactory. It has to be noted that the presented experimental
results have limited representativeness in relation to high
power machines, and they are presented mainly to confirm the
ability of control practical implementation. To substantiate the
simulation results of the high power system presented in the
paper, additional simulation results of a small power machine
used in a laboratory have been added at the end of the paper.

CONCLUSION
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