energies

Article

Rotor Current Feedback Based Direct Power Control of a
Doubly Fed Induction Generator Operating with
Unbalanced Grid

Piotr Pura *

check for

updates
Citation: Pura, P; Iwanski, G. Rotor
Current Feedback Based Direct Power
Control of a Doubly Fed Induction
Generator Operating with
Unbalanced Grid. Energies 2021, 14,
3289. https://doi.org/
10.3390/en14113289

Academic Editor: Nicu Bizon

Received: 23 April 2021
Accepted: 2 June 2021
Published: 4 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Grzegorz Iwanski *

Faculty of Electrical Engineering, Warsaw University of Technology, 75, Koszykowa St., 00-662 Warszawa, Poland
* Correspondence: piotr.pura@ee.pw.edu.pl (P.P.); iwanskig@isep.pw.edu.pl (G.I.)

Abstract: The paper presents a decoupled direct power-controlled (DPC) of a doubly fed induction
generator (DFIG) connected to an unbalanced power grid, executed in an orthogonal stationary
reference frame related to the stator side. The control allows to maintain constant electromagnetic
torque despite stator connection to the unbalanced power grid and to achieve controllable low-voltage
ride through (LVRT) capability. The control does not require any signal decomposition into positive
and negative sequence order, which allows to reduce its complexity and computational requirements.
Then, the paper presents positive influence of rotor current feedback in the stator-controlled reference
frame on control performance. It facilitates significant transient reduction and minor steady state
control improvement. All the mentioned functionalities were validated both in simulation and in
laboratory conditions and the obtained results are described in the paper.

Keywords: doubly fed induction generator; direct power control; grid voltage imbalance; unbalanced
power grid; power generation; torque ripple cancellation; decoupled control

1. Introduction

Rapid growth of electric power generation connected with renewable energy sources
(RES) has forced power grid operators to impose some new operation regulations on
these units. These regulations are now called Grid Codes [1,2]. They focus mainly on
maintaining constant voltage amplitude, its frequency and reduction of total harmonics
distortion factor in voltage and current generated to the grid (THDy, THDy). In wind-based
power generation units a commonly used power generator is the doubly fed induction
generator (DFIG) [1,3]. It is a three-phase induction type generator with access to three-
phase stator windings and three-phase rotor windings. In case of DFIG used in wind power
plants the rotor is supplied by a back-to-back voltage converter and the stator is directly
connected to the grid as it is presented in Figure 1. Due to this direct stator connection to
the grid, DFIG is sensitive to voltage disturbances, which leads to distortions of stator and
rotor currents as well as electromagnetic torque pulsation [4]. Control of generated power
by the stator side is executed through the rotor circuit by a reduced power three-phase
back-to-back (B2B) voltage power converter. The converter consists of two three-phase
voltage converters, the one connected to the rotor is called the rotor side converter (RSC),
whereas the other connected to the grid—the grid side converter (GSC). The main purpose
of the former is to control the power generated by the stator, while the purpose of the latter
is to maintain the DC-link voltage at the required reference level and sometimes also power
conditioning. In the paper the main focus is on RSC, whereas in analysis and laboratory
verification GSC is treated and controlled as a DC voltage source. The nominal power of
the B2B converter for which it is usually designed varies from 1/4 up to 1/3 of the whole
total nominal set-up power.
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Figure 1. Simplified DFIG based wind power generator unit.

The technology based on DFIG allows to control the voltage shape, amplitude, phase
and its frequency on the stator side, which in grid connection operation is equivalent to
control of generated power. DFIG can operate with variable rotational speed. It means that
it can produce constant voltage amplitude and maintain its frequency on the stator side
despite shaft variable rotational speed. Usually, the speed is allowed to change from 2/3
up to 4/3 of DFIG synchronous speed.

The main drawback of the presented DFIG based power plant technology is its sen-
sitivity to voltage disturbances occurring in the power grid [3]. Any voltage imbalance
or higher harmonics are directly transferred to the rotor side as well as to electromag-
netic torque. Especially voltage imbalance has significant harmful influence on stator and
rotor currents shape and in consequence leads to electromagnetic torque pulsation [5].
Depending on the applied control strategy and voltage imbalance level torque pulsation
can have an amplitude close to its nominal value. The pulsation in the torque signal in
case of voltage imbalance condition has a double frequency of stator voltage and if not
compensated, could lead to mechanical and/or electrical damage of DFIG [1,6].

Currently, there are a few control approaches to DFIG operation with an asymmetrical
power grid. One is connected with current control (stator or rotor) [7-9] the second with
torque control [10,11] and the last with instantaneous power control [5,12]. Each approach
has some advantages and disadvantages connected directly with the controlled variables
and control targets. In the case of current control, physically measured variables are being
controlled, it is easy to implement control path decoupling but in order to reduce the
torque oscillation or generate specific power to the grid some additional calculation of
instantaneous power and signal decomposition into positive and negative sequence is
necessary. It leads to an increase in the number of parallel control paths. In the case of
torque based control, its advantage is direct control of torque, which, when the target is
torque pulsation reduction, provides a simple way to maintain torque amplitude constant
but it also requires advanced calculation of flux magnitude (rotor or stator depending on
the type of control) and in case of operation with power grid torque and flux should depend
on instantaneous power requirements. The last of the mentioned group is power control.
Since the controlled variables are the same as the requirements from power gride operators,
in this aspect control is favorable, but when additional goals are set for control like torque
pulsation reduction or higher harmonics compensation, additional signal calculation and
their implementation in the main control are necessary.

The paper focuses on direct power control (DPC) of DFIG connected to the power
grid where grid voltage is not symmetrical. The first studies connected with DPC for a
symmetrical power grid were based on hysteresis controllers [13,14]. The control was
executed in rotor flux coordinates [13], which yields decoupled control of instantaneous
g and p component. It is based on a look up table (LUT) and hysteresis controllers. For
symmetrical grid operation of DFIG it allows to obtain fast control response but like as all
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hysteresis methods it requires, high DC-link voltage level. Because it is implemented in
rotor coordinates, it is sensitive in case of synchronous speed when rotor flux is the DC
signal. The approach presented in [14] is also based on LUT and hysteresis controllers but
it is connected with stator flux in rotor coordinates, which eliminates problems occurring
at synchronous speed operation. The paper focuses on symmetrical grid operation and
approach presented in it allows to obtain decoupled instantaneous power control. Research
which was presents in [14] was expanded into linear control of instantaneous power in [15],
while the presented method was tested and designed for a symmetrical power grid and
yields very good performance. Control was executed in a stator reference frame and
strongly depends on the exact flux calculation, both stator and rotor. Additional research
was done in the area of DFIG and hysteresis control focused on elimination of B2B converter
and its replacement with a matrix converter [16]. The presented method gives many more
number of active states of voltage vectors, which allows to reduce the amount of harmonics
in currents and level of DC-link voltage. The presented control also allows to obtain good
performance for the controlled power signals. Another method connected with DFIG
DPC with good performance and decoupled power control was given in [17], the paper
focuses on senseless control (no position sensor) and deals only with a symmetrical power
grid. Superior regulation controls instantaneous power components, while the inferior
one controls rotor flux vector components. Currently, there is an approach where in order
to deal with the stator current distortion and electromagnetic torque oscillation, stator
voltage and current signal decomposition is widely proposed [5,18,19]. The control allows
to mitigate the negative consequence of DFIG imbalance voltage operation but it requires
many control loops and decomposition of signals into their positive and negative sequences.
Each distortion, which can be present as negative sequence voltage component or higher
harmonics, is controlled separately. The distortion signal has to be extracted and an
additional control path for it must be implemented. It implies that an additional controllers
which must be then tuned, which is sometimes not a trivial task. A similar approach was
presented in [20], where a DPC-SVM method is adopted to unbalance DFIG operation.
It uses signal decomposition and allows to obtain good steady state performance and
operates with constant p component of instantaneous power. Unfortunately, no transient
were given, which is crucial in case of DFIG wind power plants [3]. Research concentrating
on nonlinear and/or predictive control are also developed [21,22]. Methods need much
more advance mathematical approach and are sensitive to parameter identification; also all
of compensated signals need to be extracted and separately controlled what significantly
increase computation complexity. The presents results have very good performance but
all of them are given for steady state control; in case of symmetrical and asymmetrical
DFIG grid operation, but no transient was given. Recently published research papers
connected with the DPC algorithm as a means to reduce torque and/or instantaneous
power pulsation propose compensation of extracted negative order sequence signals [23].
The presented method is based on delayed-signal calculation extraction method of stator
voltage negative sequence component and elimination of obtained and calculated, based
on it, pulsating elements of instantaneous power components. The case with symmetrical
and asymmetrical power grid is presented but no transient was given. Some aspects of
DFIG DPC decoupling were recently presented in [24]. The control was executed with PI
controllers and its main target is to maintain constant the instantaneous power signals, even
with identification parameter variation. No laboratory set-up results with unbalance grid
or transient were given, but simulation with imbalanced voltage transient time reduction
were presented.

This paper proposes an approach where no signal decomposition for implementing
DFIG DPC while connected to imbalance power grid is needed. The control is explained
and its performance is described. The control is executed in a stationary reference frame;
furthermore, control path decoupling is presented and its modification which significantly
improves performance and imbalance voltage transient is outlined.
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2. Materials and Methods

In order to efficiently explain the control approach and its assumption, some mathe-
matical description of the DFIG model will be given. Then, the control signal calculation
which allows to meet the control requirements will be presented. After the reference signal
calculation part the control method will be explained and the control scheme will be pro-
vided. At the end of the chapter a control paths decoupling, feedforward mechanism and
an additional DPC extension will be presented.

2.1. DFIG Mathematical Model

In the context of a control plant, DFIG can be analyzed in different reference frames.
In the paper two possible reference frame models will be presented; one in the stationary
orthogonal frame—a and the other in the rotating orthogonal frame—dg.

The stationary reference frame is based on a natural three-phase frame. If for transfor-
mation from the stationary three-phase to the stationary two-phase a Clarke transform is
used, the version where vector length is preserved, the equation for the equivalent circuit
given in Figure 2 takes the form presented in Equations (1) and (2). The first equation
presents the relation for the stator’s circuit, the second for the rotor’s circuit. All equations
given in the paper will be referenced to the stator side of DFIG.

. d
us = Rsis + 7‘;65 1)
.o d .
U, = Ryi, + —;ptr — jwmPy 2)

where: 1, u,—instantaneous space voltage vector of stator and rotor respectively, i, iy,
im—instantaneous space current vector of stator, rotor and magnetizing circuit respectively,
s, P,—instantaneous space flux vector of stator and rotor respectively, Rs, R,—stator and
rotor resistance respectively, Lys, Lyr—stator and rotor leakage inductance respectively,
L,—mutual inductance, w,—rotor mechanical speed scaled by the number of pole pairs.

is Rs Las Lar Rr ]a)mWr ir

Im
o

Figure 2. Electric circuit equivalent model of DFIG in the orthogonal af stationary frame.

In case of DFIG, due to direct access to the rotor circuit, DFIG flux can be calculated in
many different ways. A possible manner of calculation is presented in Equations (3) and (4).
The other, often used for calculation of squirrel cage motor stator flux, is given by Equation (5).

Ps = Lsis + Ly (3)
1/7r = Lrir + Lmis (4)
t+T
Ps(t) = /t (us(t) — Rsis(t))dt ®)

where: Ls, L,—stator and rotor inductance, respectively.
Stator and rotor inductances are calculated according to Equations (6) and (7).

Ls = Las + Lm (6)

Ly - Lar + Lm (7)
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When the circuit given in Figure 2 and related Equations (1) and (2) are presented
in the dq orthogonal rotating frame with the Park transform, they take the form given in
Figure 3. Two additional voltage sources are present-one connected with stator flux and
its rotational speed in the af frame, the other connected with rotor flux and its rotational
speed. Equations describing the model from Figure 3 are given as (8) and (9).

. d )

Us = Rsis + % — JWsPs (8)
. d .

ur = Ryiy + % + Jwir by )

where: w;,—rotor flux rotational speed (slip pulsation).

Wiy = Ws — Wiy (10)

Figure 3. DFIG model in the orthogonal dg rotating frame.

Taking into consideration flux Equations (3) and (4) and Kirchhoff’s current law for
DFIG circuit (11) stator and rotor fluxes can be expressed as the relation where only the
other side measured signals are used, as given in Equations (12) and (13).

im - Z.s + ir (11)

oLsLy. | L
Ys == it yr (12)

oLsLy. L
Py = — Lsm Cig + ﬁl[)s (13)

where: c—leakage factor.
L7

c=1- L (14)

Electromagnetic torque generated by DFIG due to quite easy access to stator and
rotor variables measurements can be calculated in many different ways, one of which is
presented in Equation (15).

3 s
Tem = EPbIm{’Ps is} (15)

where: T,;,—electromagnetic torque, p,—number of pole pairs, ¢s*—coupled stator flux
Space vector.

Equation (15) after solving, when the stationary a8 space vector is taken into consider-
ation, takes the form given by (16).

3 . )
Tem = Eph (lpsoﬂsﬁ - lpsﬁlsa) (16)
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Instantaneous power generated by the stator, according with the concept presented
by Akagi [25], can be calculated with Equation (17) for the p component and (18) for the g
component, respectively.

3 . .

ps = 5 (usleszx + ”sﬁ%ﬁ) (17)
3 . .

qs = E(usﬂlsrx - usles‘B) (18)

where: ps, gs—p and g component of instantaneous stator power, respectively.

All the presented equations are valid for balanced and unbalanced voltage operation.
Due to the fact that stator voltage is given by the power network, only the stator current
can be manipulated in a wide range in order to change the generated instantaneous power
in the DPC algorithm. The paper includes an approach where no signal decomposition
for control purposes or reference signal calculation is used, which allows its significant
simplification. The only case when signal decomposition was used is for depicting the
voltage imbalance level, for which relation is given in (19). This is one of the possible ways
of expressing the level of voltage imbalance in a three-phase system.

Vasy = Urns 100% 19
asm = yp - X o (19)

RMS
where: Vjg5)p—voltage asymmetry factor, Uy, ,s—rms value of the negative voltage com-
ponent, Uﬁ Ms—Tms value of the positive voltage component.

DFIG can operate with different control targets [5,6] like constant torque operation,
constant power components, symmetrical sinusoidal stator current and others. The paper
focuses on a case when DFIG operates with constant electromagnetic torque and sinusoidal
stator current, which limits the stress on mechanical parts of DFIG and does not increase
the level of generated higher current harmonics to the power grid. Conditions required for
this control target have been given in [8]. It can be stated that the reference stator currents
have to be calculated according to Equations (20) and (21).

ref

ref Tern tsp
i;if — Em (20)
3 usﬁl/]svc - usalps‘B
ref
ref Teni sp
228 et -
B 3 us/ﬁlpsa - usalpsﬁ
where: i;if , izzf —reference stator space vector current component in the « and B frame

f

respectively, g.’ —reference ¢ component of instantaneous DFIG stator power, Ter,if —
reference DFIG electromagnetic torgue.

The reference g component of instantenious power and electromagnetic torque Tey,"”
have to be non-oscilating when torque oscillations can be calculated on the basis of external
control algorithm requirements (22), (23), for example from grid operators.

ref

P
Temref = Pv cijml (22)
m
g =i (23)

where: P;f;;l—total reference generated DFIG power, Q;Ef —reference value of the stator’s

reactive power.
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Urg =

2.2. Direct Power Control Description

The concept of direct power control (DPC) in the case of DFIG can be derived from
rotor voltage equation. Inserting (13) for ¥, into (9) allows to build a relation which
expresses rotor voltage as a function of stator side signals (24), all represented in the

stationary orthogonal dg frame.
d oLsLy . oLsL; .
ur = Ryiy + ( 1/75 - ° rls> + jw ( l/Js o s)
m m

In order to eliminate the stator flux derivative, in Equation (24) the expression given
in (5) can be inserted, which is given in Equation (25).

d L, . oLsL, di O’Ler
- — Rgig)dt | — — —_—
R Th (/(us sis) > L, ar ¢ ll}s L

The relation for rotor voltage in the d and g axis takes the form given in Equations (26) and (27).
Now the rotor voltage is the function of the stator measured and calculated variables.

oLledi
Ly, dt Wir

(24)

iy = Ryiy (25)

Rs isd) -

. L oLsL, .
Urg = Ryl + f(usd - IPsq rlsq) (26)
m m

oLsL
( lpsd - Hlsd)

m

oLsL, @
Ly, dt

Urg = Ryirg + f—r (tsg — Rsisq) — (27)
m
When the transformation from the stationary orthogonal frame to the synchronously
rotating frame is conducted with the stator voltage vector angle 0,5, the us; component is
equal to zero so it does not appear in relation to instantaneous power (28), (29), which can
be simplified to the form given in Equations (30) and (31).

ps = > (”sdisd + usqisq) (28)
3 .
4s =5 (usgisg — Usgisg) (29)
3 .
ps = Eusdlsd (30)
3 .
gs = _Eusdlsq (31)

The obtained relation (30) and (31) when solved for stator current vector is can be
inserted into (26) and (27), which after factorization gives the rotor voltage control vector,
which depends on the stator instantaneous power (32), (33), its 4 and g component respectively.

control plant cross coupling feedforward
voltage drop ——
_2RsLy ps 20LsL, d Ps L, 20LsLr g5 /= L,
s _z b —— R — 32
T3 Lty 3 L dt\uy ) T\ T3,y ) T e ot (52)
control plant cross coupling feedforward
voltage drop —_——
2RsLr qs | 20LsL, d qs L, 20LsLy ps = L,
=y, — = R - 33
3 Ly Uy T3TL, dt il Wt T3 Usg Rl sy (33)

The first part of (32), (33) represents the control plant model, the second the cross
coupling factor and the last is resistive voltage drop and feedforward component.

The control vector presented in (32), (33) allows to implement the direct stator power
control method in the synchronously rotating dq frame. The control along with calculation
of necessary signals for its execution takes the form given in Figure 4. Implementation of
control does not require any signal decomposition into positive and negative sequence for
balanced or unbalanced grid voltage operation, which is commonly used in the case of
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current [7], torque [10] or power control [6]. Due to the fact that control is executed in the
synchronously rotating reference frame for symmetrical grid voltage operation, two term
controllers are needed—proportional integral (PI), but for unbalanced voltage operation an
additional oscillating component with the double grid frequency component is present in
power and torque signals as well as in the requested rotor voltage. Therefore, for general
operation a resonant term, tuned for double grid frequency is implemented, which finally
gives the proportional-integral-resonant controller (PIR1go1,) given in Figure 4. Principles
of resonant controllers are given in [26,27].

ref

Usop T, emrgqu Ysap 03
bbb og] ! v
i | %
e sy dg <]
calculation ¢
af
oap ™
L saff —1
0, af|l BPFsou. [ l//saﬂ.
’ dg calculation u
. usdq saf)
lsdq . ref
$ . Lydg
_ Oy
ps &g, e <« atan(uyp/u,) | BPFson: f&
calculation calculation

SyaSrbnSrd

PIR 1991 > dq

v
S
)

—» PWM

P]RIO()HZ

The

Figure 4. Direct power control of DFIG in the orthogonal synchronously rotating frame.

It is also possible to reduce the number of necessary control terms and implement
the whole control in the orthogonal stationary frame as it is given in Figure 5. In the
stationary reference frame the controlled signals are sinusoidal and oscillate with grid
frequency. In order to minimize the control error, for those types of signals it is enough to
use a proportional-resonant controller. Due to the fact that the control given in Figure 5
is equivalent to the one presented in Figure 4 and has fewer control terms and lower
computation complexity, it was chosen and will be presented in the paper as the main DPC
of DFIG.

Figure 5 presents the basic control scheme for the DPC algorithm executed in the
stationary reference frame connected to the stator used for DFIG. The first stator current
and voltage are measured and transformed to the stationary orthogonal a8 frame. Then,
the stator flux ¢, is calculated based on (5) and its components are filtered with a band
pass filter (BPF), the resonant frequency of which is set to the grid frequency (50 Hz).
Its passband width, in order to obtain fast performance, was set to 10 Hz and the gain
factor was calculated in such a manner that the signal amplitude for grid frequency would
be maintained, in the logarithmic scale equal to zero. In the same manner the stator
voltage components are being filtered with BPE. Output signals of voltage BPF are used
for calculation of stator space voltage vector angle 65, which is next used in the control for
frame transformation. Next, based on stator flux 5,4, stator voltage ug,g, reference torque
Ten"™ and reference g component of instantaneous power gs'¢, the reference stator current is
calculated (20), (21). The obtained reference currents values allow to calculate the reference
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Usap T em qu Sref Ysap

p component of instantaneous power ps™ according to (34). Next, the instantaneous power
components flowing from the DFIG stator ps (17), g5 (18) are calculated.

3 . .
psref = 2 (usuclsaref + usﬂlsﬁref) (34)

L 4y ,-
im/}mf -
A BPFs5op: & Ysap

calculation calcualtion Usqp
Usap isa/)’ Usop
v )
| atan(usp/uy,) ¢ BPFson-
ps & g ref
. Ps -
calculation i
i
O
PRson. afs L »| \ abe
N Y e J
>
»| PRson- ofy- off
|_| |_l
Upc

Figure 5. Direct power control of DFIG in the orthogonal stationary frame.

The difference between reference signals (34), (24) and calculated instantaneous power
components values: ps (17), gs (18) gives error signals, which are transformed with the stator
instantaneous voltage vector to the stationary orthogonal frame connected with the stator.
The control error signals oscillating with grid frequency are inputs of proportional-resonant
controllers, the outputs of which are transformed with the rotor angle to the stationary
orthogonal frame connected with the rotor. The obtained reference rotor voltage signals
oscillate with the rotor electrical frequency but contain also a negative sequence component
of frequency equal to double grid frequency reduced by slip frequency. Next, with the
pulse width modulation (PWM) algorithm gate control signals are generated and sent to
the rotor side converter (RSC), which controls the rotor circuit of DFIG.

The presented control algorithm allows to operate a DFIG with balanced and unbal-
anced grid voltage and to generate unbalanced sinusoidal stator current with simultaneous
constant torque waveform. The results will be presented in further parts of the paper.
The form of the used PR controllers is given in (35). In case of discrete control Tustin
approximation of s operator with a pre-warping mechanism was used [26] to obtain the
form used in digital control in the simulation as well as in the microcontroller.

ki

S 35
2+w? T (39)

GpR (S)

where: Gpgr(s)—controller transfer function, k;—generalized integral (resonant part) gain,
s—Laplace operator, 0—resonant pulsation, kp—proportional gain.

2.3. Decoupling and Feedforward Implementation

It is common in control that cross coupling terms between control axes are compen-
sated for by decoupling terms. Similarly, the feedforward mechanism in the algorithms is
implemented to improve the control loops properties; in this particular DFIG system for
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the rotor current control loop [7,28]. For the control executed in the synchronously rotating
frame those feedforward and decoupling terms are given in (36), (37) for the d and g control
axis of rotor voltage, respectively.

L L 20LsL
Aum::L’uﬁ—%wﬁ<—Lr¢m 3L ’j;) (36)
m m m S
L 20LsL
Aurq = ﬁusq + C‘Jir< lPsd - gﬁ 5;) (37)

Equivalent relations for the stationary orthogonal a4 frame are given in (38) and (39).

L . .
Altyy = Lfrusa + wm (Lrlrﬁ + Lmlsﬂ) (38)
m

L . .
Au,/g = Lfrusﬁ — wm(Lrlm + Lmlsac) (39)
m

Implementation of decoupling and feedforward structures in the control scheme
is given in Figure 6. It is implemented behind the current controllers and before the
transformation of the reference frame in which vectors rotate with stator pulsation to the
one in which vectors rotate with rotor pulsation.

Mty On
4 Y+
— P PRson: ofs /1 o\ abc
ol M |-
—» PRy j‘?_’ AMK
Au,p

Figure 6. Decoupling and feedforward implementation in DPC of DFIG.

The decoupling mechanism helps in separation of the control paths and reduction of
undesirable influences between them. In the case of DPC controlled DFIG when control
is executed in the stator side mechanism presented in Figure 6 uncontrollable operation
may take place. The reason is that the control does not involve rotor side measurements
and part of the plant is not observed. The results of such a case will be presented in the
next chapter.

2.4. Rotor Current Signal Implementation in DPC of DFIG

Due to the DFIG electrical construction and operation principles given in equivalent
electrical circuit in Figure 2, stator current depends not only on rotor current but also on the
magnetizing current (11). To elaborate stator power control based on the information on
rotor current, the magnetizing current should be determined. A possible DPC modification
is given in (40), (41) for control in the rotating reference frame and (42), (43) for the stationary
reference frame. The relations are derived from (3), (4) and (11). Similar principles were
published in [8] for stator voltage oriented rotor current vector control.

—(Ls — Ly,)i
.;d _ Psa — ( Ls m)isd _y (40)
m

g l/«’sq - (Ls - Lm)isq

qu = L, —Irg (41)
s Yp—(Ls —Lu)isg
ity = g (42)
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i;a _ Psa — (Ls — Lin)isa i 43)
Lin
where: i; 2 i;q—calculated stator current value, which includes rotor current information
in the synchronously rotating frame in the d and ¢ axis respectively, i}, i g—calculated
stator current value in the stationary orthogonal frame in the & and j axis respectively.

In case of basic control executed in the stator frame of DFIG, there is no direct in-
formation about rotor current, which deteriorates the ability of control even more when
full decoupling between control paths is implemented. In order to regain control, the
mechanism given in (40)—-(43) is strongly recommended. For steady state of DFIG each
relation (40)—(43) is reduced to its basic form given by (44).

i;x - isx (44)

where: x—axis name d, g, «, 3 respectively.

For stator control executed in the rotor circuit it is beneficial to contain information
about the rotor current. What is more, it will be shown that it allows to significantly reduce
transient in both stator and rotor circuit.

3. Simulation and Experimental Results of the Proposed Control

The concepts described in Section 2 Materials and Methods were validated, tested and
implemented in simulation as well as in a laboratory set-up. In this section, the set-up as
well as waveforms obtained during the tests will be presented and commented on.

3.1. Simulation Results

In order to validate the proposed control of DFIG power generation set-up simulations
were conducted in PSIM software. As a control plant a 2 MW DFIG model was used; it
is a machine used in wind power plants [1]. The whole control was implemented in a
dll block written in the C language. The control is executed in the stationary af frame
according to the scheme given in Figure 5 with simulation frequency equal to 4 kHz. RSC
was simulated as ideal controlled voltage sources. Voltage asymmetry level, calculated
according to (19), during the imbalance grid voltage operation tests was set to 20%. The
DFIG shaft was rotating with constant speed given by a constant mechanical speed source
with 1, = 2000 rpm, which is the worst condition for control due to the highest amplitude
of induced in the rotor circuit negative sequence voltage connected with the asymmetrical
grid voltage. The obtained results were elaborated using the MATLAB® software. The
nominal parameters of the simulated DFIG are given in Table 1.

Table 1. 2 MW DFIG nominal parameters.

Parameter Description Value
P, Rated power 2 MW
Usy, Stator nominal voltage 690V
Isn Stator nominal current 1760 A
uy Rotor voltage (0 rpm) 2600 V
ny Stator/rotor turns ratio 0.34
Rs Stator resistance 2.6 mQ)
R, Rotor resistance 2.6 mQ)
Lys Stator leakage inductance 0.087 mH
Loy Rotor leakage inductance 0.087 mH
L Magnetizing inductance 2.5mH
Po Number of poles pairs 2

Changes of reference signals for all simulation cases with the 2 MW DFIG are not done
in a step manner but the reference signals used in the control are obtained from a prefilter—
second order low pass filter (LPF) with the gain factor set to 1 and the damping factor
set also to 1. The basic reference signals are reactive power Q5" (23) and electromagnetic
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torque Tem™ (22), based on which the reference stator current component is calculated (20),
(21) and finally reference power signals used in DPC control p;—(34) indirectly and directly
qs—(23).

Changes of reference signals levels for steady state operation in case of symmetrical
and asymmetrical voltage are given in Table 2.

Table 2. Reference signal values set in simulation.

Parameter Value
time 444-45s 45-46s 46-47s 4.6-4.7 s
Tom™ 0 0 0 12.7 kNm
g5 0 —2 MVAR 0

PR controller gains at first were calculated according to the Naslin polynomial ap-
proach for a linear decoupled standardized model of DFIG according to [29]. In case of
different models they were chosen by the trial and error method with the starting point
obtained from the Naslin polynomial approach.

The simulation results of DFIG connected to symmetrical grid are presented in
Figure 7. The order of signals is as follows: stator phase voltages, stator phase currents,
rotor phase currents, instantaneous stator power and finally electromagnetic torque. Con-
trol performance is presented for the change of reference instantaneous power calculated
on the basis of the signal given in Table 2. The control presented in Figure 5 allows stable
operation in the whole power range of DFIG.
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Figure 7. Direct power control simulation results of DFIG in case of symmetrical grid voltage with
no feedforward and decoupling mechanism implemented.

The extended DPC of DFIG is presented in Figure 8. The main part of control is
extended at t = 3.5 s by the decoupling and feedforward mechanism as given in Figure 6.
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Figure 8. Simulation results of DPC in case of symmetrical grid voltage, at t = 3.5 s the feedforward
and decoupling mechanism is enabled.

Control of the stator side variables in the rotor circuit without taking into consideration
rotor side current does not allow DFIG stable operation when the decoupling terms are
applied. The case of DPC control when in the stator instantaneous power signals rotor
current information is included (42), (43), is given in Figure 9 for the case of balanced
voltage operation. The control is stable and its performance is better than the basic structure
given in Figure 7. Figure 10 presents, the basic control case given in Figure 5 without any
amendment, in case of voltage asymmetry condition.

500 |

u i

-500 &V

lj[A]
B owase

i (4]

> ., x10°
x 2 T T T T T T T
< v
>
E—‘ ok q\ pS\
& §
P L 3 1 1 L 1 | L
_ 10
. 10 £ T T T T T T
£
= 0 .
~
54101 \ Lem =
& 0 L1 I I I I I 1
4.45 4.5 4.55 4.6 4.65 4.7 4.75 4.8
1fs]

Figure 9. Simulation results of DPC in case of symmetrical grid voltage with the feedforward and
decoupling mechanism. The stator current signal contains information about the rotor value.
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Figure 10. Simulation results of DPC in case of asymmetrical grid voltage operation without the

feedforward, decoupling mechanism and without rotor current information included in the control.

R
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The control is stable but some signal oscillation and control axis coupling is visible.
For the amended DPC by feedforward, decoupling and information about rotor current
simulation results are given in Figure 11. Coupling between the control axis is eliminated
and better performance is obtained, in comparison to Figure 10.

4.45 4.5 4.55 4.6 4.65 4.7 4.75 4.8

i[s]

Figure 11. Simulation results of DPC in case of asymmetrical grid voltage with the feedforward and

decoupling mechanism and with stator power calculated with consideration of rotor current.

The most significant control improvement is obtained when transients are being
considered. In case of simple DPC transients are long lasting, they are visible in stator
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and rotor current, instantaneous power as well as on electromagnetic torque signal. The

simulation results of this case are given in Figure 12.
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Figure 12. Simulation results of simple DPC in case of asymmetrical grid voltage transients without

the feedforward and decoupling mechanism and without included rotor current information in

control. Constant speed operation, eref =0, Tom = —12.7 KNm.

Implementation of the feedforward and decoupling mechanism with incorporation of
information about rotor current, presented in Figure 13, in reference instantaneous power
signals allows to significantly reduce transients time and improve the quality of generated

currents with almost no transient in case of stator and electromagnetic torque.
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Figure 13. Simulation results of simple DPC in case of asymmetrical grid voltage transients with
the feedforward and decoupling mechanism and with included rotor current information in control.

Constant speed operation, Q5" =0, Top™ = —12.7 KNm.
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Finally, the total amended control performance in case of DFIG variable speed opera-
tion is presented in Figure 14.
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Figure 14. Simulation results of DPC in case of asymmetrical grid voltage with the feedforward and
decoupling mechanism and included rotor current information in control. Variable speed operation,
change from sub-synchronous to super-synchronous speed, Q5" = 0, Tey = —9.5 kNm.

The control allows to maintain constant torque operation for a vast range of speed variance.

3.2. Laboratory Set-Up

The laboratory set-up scheme and photos of its corresponding elements are given in
Figure 15. It consists of two mechanically coupled electrical motors. The prime motor is
an induction squirrel cage machine with two pole pairs and nominal power 11 kW. The
generator is a doubly-fed induction motor with two pole pairs and nominal power 7.5 kW.
Detailed generator parameters are given in Table 3.

Table 3. Laboratory set-up 7.5 kW DFIG nominal parameters.

Parameter Description Value
Py Rated power 75 kW
Usy Rated stator voltage (A/Y) 220/380 V
L, Rated stator current (A/Y) 27.4/15.7 A
Ly Rated rotor current 15A
u, Rated rotor voltage (0 rpm) 182V
n Stator /rotor turns ratio 2.08
Rs Stator resistance 043 Q)
R, Rotor resistance 0.71 0
Lo Stator leakage inductance 10 mH
Loy Rotor leakage inductance 10 mH
L Magnetizing inductance 120 mH

n Rated speed 1445 rpm

Po Number of poles pairs 2
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Figure 15. DFIG based laboratory set-up.

The driving induction motor is supplied by an industrial power converter with speed
control and external speed reference. In the case of laboratory tests, the speed reference was
set manually. The machine set is equipped with an incremental encoder on the shaft. The
DFIG stator is connected to the grid via a multi-tap transformer (G_Transf., yY connection).
On the rotor side there is a back to back three phase power converter controlled from a
microcontroller interface with a DSP TMS320F28335 microprocessor. The power converter
consists of two three phase AC/DC converters with a common DC-link. The converter
connected to the rotor side-RSC manages DFIG rotor current flow and controls indirectly
stator electrical power components, whereas the second converter-GSC has the main
purpose of maintaining the DC-link voltage at the reference level. From the grid side of
GSC a three phase induction current filter and a step-down transformer (R_Transf., yY
connection) are connected, the sole purpose of which is to match the voltage level to the
rotor side nominal parameters. For GSC the implemented control algorithm was voltage
oriented control (VSC) and its only purpose was to maintain the level of DC-link voltage.
The control of GSC has been widely known for many years and will not be discussed in
the paper.

The laboratory tests were done with 230 V rms line-to-line voltage for symmetrical
case operation, whereas in case of asymmetrical voltage, one-phase voltage was reduced-in
steady states tests by arbitrarily set lower voltage terminal of the multi-tap transformer,
whereas in transient states by significant line-to-line overloading of the grid transformer.
The switching frequency of the two level back to back power converter is set to 4 kHz. The
waveforms were acquired by a YOKOGAWA 16-channel DL750 scope as digital samples
and processed in the MATLAB® software. The currents and voltages were measured
directly by measurement equipment, whereas instantaneous power component ps and gs
and electromagnetic torque T,,;, were calculated in the microcontroller, for control purposes
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and in MATLAB® for unification of graphics in the paper. The DC-link voltage level for
all tests was set to 150 V. Experimental tests were conducted in a laboratory placed in the
city centre where most electrical loads are nonlinear. In consequence, small distortions
connected with 5th and 7th harmonic are observed in the grid voltage.

3.3. Experiment Results

The experiments were conducted for both symmetrical and asymmetrical grid volt-
age condition. The main aim of the paper is DPC of DFIG connected to asymmetrical
grid. Therefore, the major part of the recorded waveforms will present operation with
unbalanced voltage. In case of DFIG steady state operation with an asymmetrical grid,
voltage imbalance level—V 455, measured according to (19) was about 17%. In the case
of transient-asymmetric voltage drop, the measured V 4551 was about 22%. The value of
Vasm was calculated as the ratio of signals after decomposition to positive and negative
sequence components from the space vector voltage using the delayed signal cancelation
method [30].

The balanced grid voltage operation of the presented DPC control executed in the
stationary reference frame (concept given in Figure 5) without any additional control
extension is given in Figure 16. Stator current is sinusoidal, while electromagnetic torque
Tem and instantaneous power components ps and gs are maintained constant. The DPC
performance of DFIG connected to an unbalanced grid is presented in Figure 17. The control
like in the case of asymmetrical grid allows to generate sinusoidal current and maintain
constant electromagnetic torque operation despite grid voltage imbalance conditions.
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Figure 16. Experimental tests results of DPC in case of symmetrical grid voltage operation without

the feedforward, decoupling mechanism and without information about the rotor current value
included in the control. eref =0, Tow'¥ = —19.5 Nm.
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Figure 17. Experimental tests results of DPC in case of asymmetrical grid voltage operation without

the feedforward, decoupling mechanism and information about the rotor current value included in
the control, eref =0, T = —19.5 Nm.

Variable speed operation of the proposed DPC is presented in Figure 18. Electro-
magnetic torque Ty, is kept constant in a wide range of speed from sub-synchronous to
super-synchronous. Figure 19 presents a transient of asymmetric voltage drop applied to
basic DPC. The control is stable but significant oscillation occurs in rotor current, instanta-
neous stator power signals and electromagnetic torque. The pulsation is slowly decaying
with time due to the natural damping introduced by coupling terms.
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Figure 18. Experimental tests results of DPC during variable speed operation in case of asymmetrical

grid voltage operation without the feedforward, decoupling mechanism and information about the
rotor current value included in the control, Qs"¢ = 0, T,,,¥ = —19.5 Nm.
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Figure 19. Experimental tests results of DPC showing transient performance in case of asymmetrical

grid voltage drop without the feedforward, decoupling mechanism and information about the rotor
current value included in the control, eref =0, Ton'¥ = —19.5 Nm.

Figure 20 presents experimental results of a case when feedforward and decoupling is
applied in control. Att=0.12 s, an asymmetric voltage drop occurs and it leads to unstable
operation even after the voltage asymmetry disappears. Significant undamped oscillations
are visible at rotor phase current, instantaneous power signals and electromagnetic torque.

The case of DPC with feedback, decoupling and with stator power calculated with rotor
current information is given in Figure 21.
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Figure 20. Experimental tests results of DPC showing transient performance in case of asymmetrical

grid voltage drop with the feedforward and decoupling mechanism included in the control, Q"¢ = 0,
Ten' = 0 Nm.
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Figure 21. Experimental tests results of DPC showing transient performance in case of asymmetrical

grid voltage drop with the feedforward, decoupling mechanism and information about the rotor
current value included in the control, Q" o =0, T = —19.5 Nm.

At t =0.48 s an asymmetric voltage drop occurs and it disappears at t = 0.68 s. During
the experiment the control is stable, transient state of control signals is significantly reduced,
which allows to maintain constant torque operation as fast as 0.1 s after the transient occurs.

4. Conclusions

The paper presents decoupled direct power control with rotor current feedback of
DFIG connected to unbalanced grid. The whole methodology of control design and imple-
mentation is given. The control is executed with linear PR controllers. The control method
was tested in simulation with a 2 MW DFIG and in a laboratory set-up with a 7.5 kW
machine. The obtained waveforms are presented and described in the paper followed by
presentation of the results of tests of steady state load change and variable speed operation
for symmetrical and asymmetrical grid. Moreover, asymmetrical voltage dip transient
tests were executed and the obtained results are presented. While the basic DPC allows
to operate with symmetrical and asymmetrical grid, coupling between the control path is
visible and consequences of asymmetrical voltage drop transients in instantaneous power
and torque are significant. Implementing the full control path decoupling and feedfor-
ward mechanism in stator current based power calculation of the DPC leads to unstable
operation even with symmetrical grid. Modifying the DPC by inserting to the control
stator power signals calculated with the rotor current information allows to regain total
control and fully utilize the decoupling and feedforward mechanism. Coupling between
the control path is significantly reduced as well as duration of transient in the controlled
signals. The presented control does not require any signal decomposition into positive and
negative component. Since the control is executed in a stationary orthogonal a3 frame with
proportional-resonant controllers, only two control paths with one PR controller each are
needed to maintain control for DFIG imbalance voltage operation.

The proposed DPC structure and implemented amendments in particular inclusion of
rotor current, allows to significantly improve basic control structure performance especially
when asymmetrical grid transients are considered.
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