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Abstract: Currently, power quality is a major issue for all sorts of customers. End users of the
electricity service in industrial, commercial and residential sectors have nonlinear loads or loads that
are sensitive to disturbances in the electric power supply. In this context, this paper presents a study on
four different control strategies for the application of synchronous compensator based on a doubly-fed
induction generator (DFIG). The mathematical modeling developed to support the proposal of
this article is validated through computational simulations and experimental results. This work
contains strong arguments that support the idea that the proposed synchronous compensator can
be employed to cancel oscillations caused by imbalances in the grid, and can furthermore inject or
absorb reactive and active power without the characteristic oscillations that arise when negative
sequence components are present in the system.

Keywords: synchronous compensator; power quality; doubly-fed induction machine; power oscillations

1. Introduction

Nowadays, power quality is a topic of great importance to all consumers. Industrial, commercial
and residential electricity consumers have non-linear loads or loads that are sensitive to disturbances
in the electricity supply. This scenario requires a higher level of non-interruptable power quality,
therefore drawing even more attention to this topic. The main motivation of this paper lies in the
possibility of improving the quality of electric power supply. Presently, occurrences that affect the
power quality are considered to be an issue to these loads sensitive to parameter variations of the
grid [1,2].

In this context, this paper focuses on the development of an alternative synchronous compensator
with a different control strategy, using as a generator a doubly-fed induction machine (i.e., power
flowing both through the stator and through the rotor), and with the aid of two power converters in the
back-to-back configuration, thus characterizing a Doubly-Fed Induction Generator (DFIG). The main
objective is to improve the power quality, by developing of strategies capable of compensating active
and reactive power in scenarios where the system experiences voltage and current imbalances.

Problems related to voltage control and stability are not new in the electric power industry around
of the world, as noted in [3]. As such, there are many papers from different decades published targeting
these topics.
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In recent years, there is a notable concern with the rules proposed by grid codes of several
countries related to the low-voltage ride through (LVRT). This is reflected in the number of publications
tackling this issue, with the most varied proposals of methods to adapt the power systems to the new
grid codes.

One of the factors that incite the weakening of the power grid is related to impedance increase
at certain locations, thus making the system vulnerable to all sorts of imbalances and distortions.
The impedance is, in turn, related to the inability of the system to control the reactive power required [4].

The proposed synchronous compensator utilizes the kinetic energy stored in the machine rotor to
help stabilize the system’s power during short faults or rapid load fluctuations. It is able to provide
reactive and active power without oscillations in scenarios where there is imbalance between the phase
voltages. Imbalances in the grid current are also investigated.

As Ref. [5] points out, the kinetic energy storage in the rotor is the basic principle of flywheels.
There are numerous studies in the literature that apply this principle for reactive power compensation.
In this line, Nishio et al. [6] developed a flywheel fed by a power converter, generating up to
30 kVA and providing active and reactive power to the system during voltage sags. Highlighting
the limitation of conventional static compensators such as the Static Var Compensator (SVC), which
only provides reactive power compensation, Akagi and Sato [7] presented a compensator capable
of controlling not only reactive but also active power, based on the energy stored in its flywheel.
In turn, Molinas et al. [8] proposed the application of a flywheel to stabilize voltage imbalance in
power stations during transients. Similarly, Weissbach et al. [9] used a flywheel to restore balanced
voltage sags. They compared the compensation efficiency between series and parallel connection.
To achieve this, a synchronous motor is used in its compensator. In [10], the authors explored the use
of a synchronous generator as a compensator to analyze the system stability by control of both reactive
and active power. In Ref. [11] mathematical models are applied to compensate current imbalances,
known as Steinmetz method. This compensation method uses symmetric components in the frequency
domain. The compensation current values were obtained from the estimated susceptance of each
branch of the compensator. The same compensation model was later adapted to the time domain
so that it could have an instantaneous compensation. The work in [12] presents some types of loads
that compromise the stability of the system. The authors presented some definitions, consequences,
losses and techniques applied to reduce unbalanced currents. In [13], the authors proposed a different
method for compensation of current imbalances by applying the instantaneous power theory, better
known as the pg theory. Akagi aimed to promote the balance of the system by eliminating undesirable
power (oscillating terms) that are present in the power system. This compensation method is valid for
both transient and steady state scenarios, and including for general waveforms of voltage and current.

The use of asynchronous machines in a compensator is also not new in the literature. There are
many works with this theme, however each one with its particularities. Of all compensators utilizing
wound rotor induction machines, Uemura et al. [14] mentioned the need for a large amount of active
power transfer due to the electricity consumption behavior. They proposed a generator based on
flywheel aimed at the stabilization of the power system and also providing reactive compensation
to the one. Molinas et al. [8] investigated the use of a flywheel with wound rotor induction machine
in scenarios with voltage transients. The authors in [15] studied a flywheel to provide quality and
reliability to the grid. To provide reactive power, it uses a squirrel-cage induction machine (which at
times functions as both a motor and a generator) and two PWM(Pulse Width Modulation)-controlled
inverters. Methods to compensate harmonic currents due to the presence of non-linear loads in the
system are studied in [16]. This paper compares the performance of the compensator, initially with a
squirrel cage motor and later with a wound rotor induction motor. Already operating the induction
machine as DFIG, the authors in [17] noted that, by storing kinetic energy in the rotating part of
the DFIG, it is possible to controlling active and reactive power. The authors also proposed a new
strategy for the DFIG operating as compensator, by combining vector control and decoupling control.
The authors in [18] explored the possibility of decoupling the speed control machine from the grid
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frequency, in the case of a variable speed synchronous compensator based on wound rotor induction
machine. The methods and results of more recent papers [19-23] are compared with those obtained in
this article in the Section 4.3.

It is noteworthy that, in this literature review, no publication that specifically addresses a study
of the DFIG in the molds proposed by this work was found. None of the materials researched in the
literature propose to develop a compensator specifically aimed at providing non-oscillating active
and reactive powers, even when the grid presents imbalances caused by single-phase voltage sag,
for instance.

This paper intends to study and bring light to this very specific knowledge gap that exists in this
area of power quality. The intention is to investigate the technical feasibility of such equipment, paving
the way for further analysis, such as financial feasibility.

2. Mathematical Modeling

The rotor side converter (RSC) controls the active and reactive power of the machine stator.
Usually, the method employed is the field-oriented control (FOC). This customary modeling considers
positive sequence voltage components only.

The vector control in dg synchronous reference frame (SRF) employs the stator magnetic flux
vector as reference. When this vector is aligned with the SRF axes, the control variables become DC
values, allowing the regulation with proportional integral (PI) controllers and ensuring that the steady
state error is reduced to zero. The stator currents in SRF, and simplified for a fifth-order model in
steady state condition, in the Laplace domain, are given by [24]:

1 L
Isd(s) = mvsq - f?lrd/ 1)
L
Isq(s) = *L*?Irqr )

where Iy, Isg, I,4, and I, are, respectively, the stator and rotor currents in the direct and quadrature
axis (frequency domain); V5, is the stator voltage in the quadrature axis (frequency domain); Ly, is
the magnetizing inductance; L; is the inductance in the stator windings; and w; is the frequency of
the stator voltage. As mentioned previously, the RSC is used to control the stator active and reactive
power in DFIG systems. The stator active power (ps) is defined by:

Ps = Usdisa + Usqisq, 3)

where vy, Vs, i54, and is, are, respectively, the stator voltage and current in direct and quadrature axes.
Since the stator magnetic flux vector is aligned with the SRF d-axis, which leads v, to zero, the stator
active power can be reduced to:

Ps = Usq isq- 4)

Taking into account the previous simplifications and substituting Equation (2) into Equation (4),

one can find:
L

Ps = _Tsvsqirq/ ®)

where i, is the rotor current in the quadrature axis. From Equation (5), it is possible note that, by
controlling the g-axis rotor current component, and as long as the grid voltage is constant, the stator
active power can controlled through iy,.

The same method can be employed for the d-axis, this time controlling the stator reactive power
and aiming at regulating the voltage at the point of common coupling.

The stator reactive power (g;) is defined by:

qs = Usdisq - Usqisd' (6)
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Considering that the stator flux modulus in direct axis (A44) can be calculated according to the
following expression:

Ag = —, 7
sd s ( )
Equation (1) can be rewritten as:
. 1 L .
Isd = L:ASd - fslrd/ (8)

where i, is the rotor current in the direct axis. Substituting Equation (8) into Equation (6), and taking
into account that the term v, is zero, the following expression is obtained:

2

L
_ 59 m :
qs = wil. + fs Osqlyd- )

(%

In steady state, the electromagnetic torque (T,) can be written as:

3 L )
T, = EPfAsdqur (10)

where p is number of poles pairs.

2.1. Positive and Negative Sequence Components Estimation

This paper uses the Decoupled Double Synchronous Reference Frame (DDSRF) method, presented
in [25], that allows decoupling the effect of the negative sequence voltage components on the positive
SRF and the positive sequence voltage components on the negative SRF. Estimating the positive and
negative sequence components of the rotor currents in the SRF allows a PI controller to be employed
to reduce the steady state error to zero. The decoupling cell is the one responsible to cancel out the
oscillations at 2w caused by the presence of negative sequence components.

2.2. Proposed Control Strategy

This section focuses on obtaining a control strategy for the RSC whenever voltage imbalance is
present in the system where the DFIG is operating as a synchronous compensator. As mentioned,
the RSC control shown previously does not offer the possibility to inject/absorb power without being
affected by oscillating terms arising from the presence of negative sequence components in the system.
Thus, the following equations address this problem ensuring an enhanced performance for the system.

The voltage, stator and rotor flux equations, previously obtained considering only the positive
sequence, are now rewritten more comprehensively, taking into account the negative sequences as well:

1
41l A4
Ugq = Rsigy + dsil wsAgy
A
+1 _ p ol st
Osg = Relag + =7~ — sy (11)
+1 1 Ay 41
v =Rei + - —wr)\,q
A
1 _ poitl |
vy = Reipy + 5 wrAy
A =Lt + Lyit!
s | +1
Asg = Lsigy + Liniyy 12)

+1 _ 7 41 +1 s
/\rdl - Lrl'rdl + Lml.sd1
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1 o1, dAG 1
Vg = Rsigy + =5~ — wshyg

_ . d/\il 1
vy = Reigg! + - — wikyy

L , (13)
1 a1, dr 1
e R’lrd + T?l - w,)qu
dA;,
-1 _ -1 g -1
Uy = Relipg + —- —wrdy
-1 _ 1 .1
/\sd1 - le'sdl + Lml.rd1
/\Sq = lesq + Lmqu (14)

At =Lei 4+ Lui

Ayt = Lyig! + Linig)!
where Rs and R; are, respectively, the resistance in the stator and rotor windings; v, vy, A4, amd
Arq are, respectively, the rotor voltage and magnetic flux in direct and quadrature axes; and wy is the
frequency of rotor. The superscripts +1 and —1, respectively, mean positive and negative sequence.
Considering that the system described in Equations (11)—(14) is linear, and still based on the model
proposed by de Araujo Lima [26], one can combine these equations similarly to what was done in the
classic control, which results in:

v (Re+sL)VE + wsLs Vit —La(w?Ls + sRs + 87Ls) [H! + RswsLag L}

= , 15
sd " w22+ R2 + s2RsLs + s21.2 w212 + RZ + s2R;Ls + s2L2 (15
1 —wsLs Vit + (Rs + sLs) Vi + —RswsLml' — Lip(w?Ls + sRs + s°Ls) It a8
1 w212 4 RZ 4 s2R,Ls + s21.2 w2LZ + RZ + s2RsLs + s2L2 ’
1 (RetsLo V' — wilVyg! . —Lt(w?Ls +5Rs + $°Ls) ;' + Rews L L, a”
sd " w22 4+ R2 + s2RsLs + s2L.2 w212 + RZ + s2R;Ls + s2L2 ’
1 _ wsLsViy' + (Rs + sLs) Ve '+ RewsLyI' — Lyg(w?Ls + sRs + §$Ls) I! (18)
1 W2L2 4+ R2 + s2RsLs + s21.2 w2L2 + RZ + s2R;Ls + s2L.2 ’

As in the previous section, to simplify the analysis, some considerations are proposed [24]:

e The positive sequence stator voltage vector is aligned to the reference frame g1 (which is ensured
by the field-oriented vector control), thus V., is disregarded.

e  The stator resistance is small, therefore the term RS on the denominator is eliminated, since its
value is much smaller than w?L2.

e  Given the small value of RswsLyy, the following terms are neglected: I;[il in Equation (15); I:{;l in
Equation (16); Ifql in Equation (17); and I;il in Equation (18).

Finally, in steady state scenarios, the following approximation is considered:

w?Ls +sRs + s’Ls

wW?Ls + $2Rs + $2Lg (19)
As such, one can obtain:
Iy = WLV _ Luby (20)
sd " (w2Lg + s2Rs + s2L2) Ls L
Iy = (Ro L)V’ Lmly' (1)

(w2Ls + s2Rs + s2L2) L, Ls
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 (Re+sL)Vy ' —wsLsVigt LgLy!

= , 22

sd " (w2Ls + s2RsLs + s2L2) Ls Ls @2)
L1 wsLeV '+ (Re+sLs) V' = —Lly! )
9 (w2Ls + s2RsLs + 52Ls) Ls Ly

2.3. Calculating the Reference Currents

Oscillating components (at twice the grid frequency) appear in the stator active and reactive
power when there is grid imbalance [27]. The stator active (Ps) and reactive (Qs) powers associated
with the DFIG converter under such scenarios can be written as [13,26]:

Ps = Pyg + Pyp cos(2wgt) + Psspsen (2wt ), (24)

Qs = Qs0 + Qsc2 cos(2wyt) + Pespsen(2wqt), (25)

where wy is the frequency of the grid voltage and ¢ is time. The subscript s0 is related to the continuous
power component and the subscripts ss2 and sc2 refer, respectively, to the sinusoidal and cosinusoidal
oscillating power components. In matrix form [25,28]:

" Py ] o Y Yu
Qs0 V4 _U;dl Ugq _vgdl i;dl
Poo | _ 2 | % Uy Y U iy (26)
Pss» 3k2 vgql —U;dl —vgﬁ} v;dl ig, 1
gscz vézqi —vg:di v%i _Zi%dl i g’ql
L ss2 i z;gd _vgq vgd vgq

In this case, k must be replaced by either 2/3 or /2/3, representing amplitude or power invariance,
respectively. In this work, the power-invariant transform is considered.

Only the d*! rotor components can be controlled using the classic vector control, thus it is
solely possible to control two power components from Equation (26), usually the average active and
reactive power (Pyo and Qy). By giving rise to the possibility of also controlling the d~! rotor current
components, two other parameters can be controlled as well. This technique was used for another
situation in [28]. From then on, four main objectives can be drawn for the use of the synchronous
compensator with unbalanced voltages:

T N
Balance rotor current: i = iy =0.
Balance stator current: i;il = is’ql =0.
Balance stator active power: Psp = Py = 0.

Ll N

Balance stator reactive power: Qs = Qss2 = 0.

The objectives listed above are proposed as mutually exclusive possibilities that the compensator
can achieve. For practical purposes, the first objective has protecting the machine as its only purpose,
whereas the remaining three can be selected as needed by the power grid.

Table 1 summarizes the equations used to calculate the reference rotor currents (i*) arising from
the combination of Equations (20)—(23) and (26), and using the following approximations:

e Neglect v;dl, since the positive sequence stator voltage is aligned to the referential 47! (due to the
field-oriented vector control).

e Given the small value of Rs;, we have the approximations: )L:;il ~ v;zl /ws, /\;'j1 ~ 0,
As_dl ~ —vs_ql/ws and )\s‘ql ~ —vs_dl / ws.
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Table 1. Calculation of rotor reference currents for the four objectives studied.

Objective I Objective II
152 12 _ 1,2 .
il Tlog— gd Ugq—QsowsLs P L vl QutL
rd ,ng wsLm rd wsLy, v;fql Ly,
l+1* _ —PjwsLs l+1* — —Po+Ls
rq 04 Lin rq Vg Lin
o1
1% —1x _ "
ba = 0 Lgy = wsLy,
o1
71* =0 71* _ Yed
Tq - Tq T wsLy
Objective III Objective IV
+1* B v;q (+1 2 o lv2d+ v —QlywsLs) i+1* . ziql 1 QLs
L w,Lm(“vz +- 1vgd+ ) rd  — Ln \ ws “v§q7*1v§d7*11}§q

* o1
—Pivg, Ls

l+1* — - :OWSZLS il — A
T2 -1 1.2 T2 4 -1 1.2
rq L (F1od,— vy, —10%,) rq L (F1og+Tvgg+710,)
11141 -1 1y 1341k
e Yt Oyt 20 i~ _ Vgq bra +0gq irp
rd vgql ws Ly, rd ‘ngl
-1 —1 +1* —1 +1* 1 +1* 141
1'71* _ ngd _ Ugd rd +UA % 71* _ Ugd rd +Ugf7 trq
T — wsL +1 Ly - 1
7 som Ugq 1 Ugq

The proposed control strategy for the synchronous compensator is summarized in Figure 1.

1

v,
gb
e
A,

avy Grid

Positive sequence

+1 +1
er

[ T
P
Uifq“ ”dfq_l fg ™
Py v,
0: Control objectives from | | \ ‘7‘/7 vrri, PWM
es0 | table 1 — I
o —1-F+1-P—1 —
lsdq lsdq lrdq lrdq lra
i *14 J
DDSRF r—d>+ —»@ U d—»d -1 =1
- UT(X

I A
B
isa isb isc ira irh irc \\ irI_l QTr_l

Negative sequence

Figure 1. Alternative control proposed for the synchronous compensator. DDSRF: Double Synchronous
Reference Frame; PWM: Pulse Width Modulation; PI: Proportional Integral; DSOGI-FLL: Double
Second-Order Generalized Integrator Frequency-Locked Loop.

3. Materials and Methods

3.1. Simulated System Description

For a simulation scenario, DFIG data from a machine model supplied by Abad et al. [29] were
used. The relevant parameters are highlighted in Table 2. In this case, it was chosen to maintain
all the original parameters, including the frequency of the grid in 50 Hz, instead of 60 Hz as in the
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experimental results. Despite this, it was verified through later simulations that this difference of
values does not alter the results analyzed in this work.

Table 2. Features of simulated DFIG. DFIG: doubly-fed induction generator.

Description Value
Rated power 250 kW
Frequency 50 Hz

Stator voltage (rms) 400V
Stator current (rms) 370 A

Stator connection Y (Wye connection)

Stator resistance 20 mQ)
Stator leakage inductance 0.2mH
Rotor leakage inductance 0.2mH
Magnetization inductance 42mH

To estimate the positive and negative grid voltage components, the Double Second-Order
Generalized Integrator Frequency-Locked Loop (DSOGI-FLL) was employed. As for the stator voltages
and currents, the authors opted to use the DDSRF. The PI controllers were tuned based on the optimum
magnitude method [30], which is often used in power electronics and drive applications.

The simulation was designed initially to work with the classic control of the DFIG, that is,
considering only the positive sequence of the grid voltage and current. At simulation timet =35, a
single-phase voltage sag (to 70%) was imposed on phase c. The sag lasted 1 s, so that it was possible to
analyze the performance during this crucial moment. It is important to emphasize that this period
can only be done with simulations, since in experimental tests a voltage sag detector sends a signal to
change the control strategy. Otherwise, the equipment can be damaged.

After this 1 s period, a time-based signal is issued for the proposed control to take effect. The
objectives are triggered in sequence, interspersed by a period of 1 s, in such a way that the first objective
is triggered at t = 4 s, the second objective at t = 5's, the third at f = 6 s and finally the fourth objective
startsatthet = 7s.

3.2. Description of the Experimental Apparatus Used

Experiments to validate the mathematical models and simulation were performed. Figure 2
shows the test bench main components and Table 3 shows the electrical data of the DFIG.

Table 3. DFIG Electrical Data.

Descri¢io Valor
Mechanical Power 7.3 kW
Frequency 60 Hz

Stator voltage (line) 380V
Stator current (line) 12.1 A
Stator connection Y
Rotor voltage (line) 436 V
Rotor current (line) 82A
Rotor Connection Y
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_2
dSPACE 1103

Sources and
acquisition boards

Output filter
inductors

\|
\/
conversor Motor (IM)

Figure 2. Equipments used in the experimental tests. DFIG: doubly-fed induction generator.

In the experimental tests, all measured signals were sent to dSPACE 1103. With the simulink
integration, these signals are used in the control structure developed (using simulink) and reference
currents are obtained as well as PWM signals sent to the converters. From this, relevant signals are
sent to the electronic control unit (ECU) developed using ControlDesk, where they can be analyzed in
real time and saved. From the ECU, it is also possible to set reference values for the active (P};) and
reactive power (Q},), as well as the selection of the different control objectives.

These reference values are set according to the intention to inject or absorb active and reactive
power of the system. As can be seen in Table 1, they directly influence only the calculation of positive
sequences of rotor reference currents. Any value can be used with power reference in the control, the
only limitation is the power of the machine. In this way;, it is advisable to set reference values for power
that do not subject the machine to excessive stress or leave it idle. In this work, we chose intermediate
values, which were kept constant for all scenarios, based on the power of the machine in the case of
simulation and in the experimental case. For simulation, —100 kW was set for reference of the active
power and 50 kvar for the reference of the reactive power. For the experimental tests, the machine
was smaller, therefore, —1 kW was set for reference of the active power and 0.5 for reference of the
reactive power.

An induction motor was used to assist in the process of maintaining system inertia when necessary.

To impose a voltage sag, a 30 kW three-phase autotransformer was employed, varying only
phase c.

4. Verification and Discussion

4.1. Simulation Results

Figure 3 shows the unbalanced voltages caused by a single-phase sag on phase c. The residual
voltage during the sag equaled 70% of the original value.
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800
600
400
200
0
-200
-400
-600
-800 :

2.95 3 . 3.05 3.1
Time (s)

Grid voltage (V)

Figure 3. Network voltages by imbalance caused by the sinking phase c.

Up to t = 4 s, no power was injected through the stator; moreover, the slip considered, 0.3, was
kept constant during all objectives.

Att = 4 s, power references were set, with Pj; = —100 kW and Q}, = 50 kvar. The reference
rotor currents for each control objective were calculated according to Table 1.

Figure 4a—d shows the behavior of the rotor current at the time of transition of Objectives I-1V,
respectively. To verify the fulfillment of the first objective, the Figure 4 shows the behavior change of
the rotor current at the instant 4 s.

1000 : : : : : 1000

500f < s00f
2 < 500
< =
g 0 5 I I  —I 1
5 g 0 Ra Rb_ Rc
= =
= -500 -500 N
3 @]

-1000 ‘ ‘ ‘ ‘ -1000 ‘ ‘ ‘ ‘ ‘

37 3.8 39 4 4.1 42 43 4.7 4.8 4.9 5 5.1 52 53
Time (s) Time (s)
(a) (b)

1000 : : : : : 1000
—~ _
< <
A Nt )
= = I I _1 1
L 8 Ra "Rb "R¢
= . v
=] =] ‘
O - O -

-1000 ‘ ‘ ‘ ‘ B ‘ ‘ ‘

5. 58 59 6 6.1 6.2 6.3 6.7 6.8 69 7 7.1 72 73
Time (s) Time (s)
(©) (d)

Figure 4. Evolution of the rotor currents (A) when changing from: (a) regular control strategy
(no compensation to address the voltage imbalance) to Objective I; (b) Objective I to Objective II;
(c) Objective II to Objective III; and (d) Objective III to Objective IV.

Figure 4 illustrates that the control strategy provided balance to the rotor currents when Objective
I was employed. As mentioned previously, for practical purposes, this objective aims at the protection
of the machine, if necessary. It does not contribute to the power quality improvement. The following
objectives (II-IV) do not improve the rotor currents, being similar to what they were before Objective .

Figure 5a—d shows the behavior of the stator current in terms of the control Objectives I-1V,
respectively.

Results in Figure 5 confirm that Objective II was met (Figure 5b) since the stator currents are
balanced. The currents also experience an increase in magnitude. Objective I (Figure 5a), however, did
not lead to changes. Objectives III (Figure 5c) and IV (Figure 5d), at t = 6 and t = 7 s, respectively,
kept the stator currents magnitude closer to the ones in Objective II; nevertheless, these objectives are
not related to balancing the stator currents.
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Figure 5. Evolution of the stator currents (A) when changing from: (a) regular control strategy
(no compensation to address the voltage imbalance) to Objective I; (b) Objective I to Objective II;
(c) Objective II to Objective III; and (d) Objective III to Objective IV.

The system active and reactive power were also analyzed for each period of the simulation so
that its behavior could be evaluated in more detail (see Figures 6 and 7). These plots show the active
and reactive power separated in their components s, s, sc; and ssy. The plots also show the effects of
changing from Objective I in (Figures 6a and 7a) to Objective IV in (Figures 6d and 7d).

When the Objective I (Figures 6a and 7a) takes place, it is notable that the oscillating terms sc2
and ss2 are reduced.

During the Objective II (Figures 6b and 7b), the oscillating terms, especially P2 and Qs,p, increase
the oscillation magnitude of Ps.

Finally, it is clearly seen in Figures 6 and 7 that Objectives III (at t = 6 s) and IV (at t = 7 s) were
met. Active power oscillations are reduced to nearly zero during Objective III, while the same happens
with reactive power oscillations during Objective IV. It is important to highlight that all objectives are
mutually exclusive, thus, with these control strategies, it is possible to provide either active or reactive
power free of oscillations even during unbalanced scenarios.

The simulation results were consistent with what was presented earlier, validating it. Naturally,
it is necessary to apply these same techniques beyond the scope of simulations, and to test
them experimentally.
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Figure 6. Evolution of the active power (W) when changing from: (a) regular control strategy
(no compensation to address the voltage imbalance) to Objective I; (b) Objective I to Objective II;
(c) Objective II to Objective III; and (d) Objective III to Objective IV.
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Figure 7. Evolution of the reactive power (var) when changing from: (a) regular control strategy
(no compensation to address the voltage imbalance) to Objective I; (b) Objective I to Objective II; (c)
Objective II to Objective III; and (d) Objective III to Objective IV.

4.2. Experimental Results

Following the same sequence of simulation tests, the unbalanced grid voltage is shown in Figure 8.
The voltage sag considered was the same as in the simulation results, where the residual voltage on
phase ¢ was 70% of the pre-fault condition. Figure 8 specifically shows the voltage components in the
positive and negative SRF.
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Figure 8. Voltage of the electrical network through imbalance in the phase ¢ originated by 30 kW

autotransformer.

The experimental tests focus on the analysis of the stator currents as well as the active and reactive
power components, since these parameters have a greater importance to the power quality studies
in the power grid. The analysis of the rotor current is only related as a strategy of protection of the
machine. Their behavior predicted by the modeling was validated by the simulation results, therefore
they were not presented. This study does not contribute directly to the focus of the article, which is

found in the quality of energy, thus have not been detailed.

Figure 9 shows the behavior of the stator currents between beginning and the end of the proposed

objectives in both the stationary axes abc and sequence-separated dg SRE.
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Figure 9. Evolution of the stator currents (A) when changing from: (a) regular control strategy
(no compensation to address the voltage imbalance) to Objective I; (b) Objective I to Objective II; (c)
Objective II to Objective III; and (d) Objective III to Objective IV for experimental tests validations.

The Figure 9a-d clearly show a high harmonic distortion in the stator currents that remain in
steady state throughout the experiment. It has been identified in previous tests that this occurrence is
due to constructive problems of the machine itself, as the imbalance between the phases of the rotor
circuit and has no relation with the experiment in question.

Confirming what was obtained in simulation results, the control strategy employed during the
proposed objectives led to the increase of the stator currents amplitude. This is a side effect coming
from the calculation of the reference rotor currents, shown in Table 1. However, only during the
Objective II (Figure 9a), at t = 5 s, there is an apparent improvement of the grid currents with respect
to their balance, thus ratifying what was obtained through simulations.

Analyzing the behavior of the power components, Figure 10 shows the beginning of the active
and reactive power injection through the stator, with Pj; = —1.0 kW and Q}, = 0.5 kvar. P; and Qs are
calculated by Equation (26). The plots showing experimental results of the active and reactive powers,
for each objective, were combined in a single figure to make it easier to visualize these variables during
the different objective periods. The references for stator active and reactive power are kept constant
throughout the whole experiment.

As shown in Figure 11, the oscillating components of the active and reactive powers (Psc; Psso;
Qsc2 and Q) are already reduced when Objective II takes place. Figure 12 shows a reduction of
the oscillating components below that expected for Objective III. The authors consider that this has
happened because (Rs) was not taking into account when finding the equations shown in Table 1.

Att = 7 s (Figure 13), Objective IV takes place, which, similar to Objective III, reduces oscillations
but does not completely eliminate them. A slight reduction in the amplitudes of the oscillating
components of the reactive power is observed: Qsc2 goes from —230 var to 134 var and Qss2 changes
from —117 var to —92 var.
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Figure 10. Stator active (W) and reactive (var) power at the beginning of the activation of Objective I
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Figure 11. Stator active (W) and reactive (var) power at the beginning of the activation of Objective II
for experimental tests.
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for experimental tests.
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for experimental tests.

4.3. Results Discussion

The main practical application for the strategy developed in this work is related to the power
quality improvement. Power systems in general are susceptible to electrical disturbances, and the
literature presents various equipment designed to mitigate damages caused by them. Synchronous
compensators have a power storage system with flywheel and have a long life expectancy with a
high number of loading and unloading cycles, which make them an excellent device for integration
into power systems when compared to other power storage technologies. In addition, they have the
advantage of being able to offer compensation in oscillations of the active and reactive power or even
in the current of the system, when necessary. In this context, the control strategy developed in this
work can be applied to the current synchronous compensators, making its application more versatile
with the four control strategies presented.

The main practical advantages for the proposal presented in this work can be summarized
as follows:

e  The use of a machine with more degrees of freedom than the machine used in the conventional
solution, because it is fed in both stator and rotor circuits. This gives the compensation system
more flexibility to quickly adapt to new situations.

o  The possibility of compensating by the rotor side converter and the grid side converter too.
This enables more power quality for the system to be compensated.

e Presentation of four control strategies, each one able to compensate for oscillations in different
electrical quantities, namely: active power, reactive power, rotor currents and stator currents.
The reactive power compensation is contemplated by all strategies presented.

In this subsection, a comparison is made between the control strategy used in this work and other
recent methods found in the literature that have similar objectives. When possible, some comparisons
between results are also made to highlight the advantages and limitations of this control with the
most current.

The penetration level of Wind Energy Conversion Systems (WECS) is constantly increasing. As a
result, many works with this topic seek solutions involving stability, controllability and power quality
of electric machines, such as the DFIG. The work presented in [19], for instance, controls the DFIG
connected to the network with a Series Dynamic Voltage Restorer (SDVR) under voltage sag scenarios.
The authors show that this strategy not only is efficient and simple, but also has fast response and uses
low cost devices to mitigate the effects of a three-phase fault. However, the control strategy of this
work does not provide solutions for the presence of negative sequence in the system.

The authors in [20] presented a configuration that combines a wind turbine based on a DFIG and
the operation of a Solid State Transformer (SST), aiming at improving power quality by compensating
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reactive power, reducing harmonics and consequently improving the power factor. This is an
interesting work because it uses a hysteresis current control without using PLL, also eliminating
the need for a STACOM in (WECS) to meet grid codes. Although it shows excellent reactive power
compensation in the results, this proposal does not offer any strategy to provide active power as it
functions similarly to a STATCOM.

In Ref. [21], a control strategy for impedance remodeling based on Variable Frequency Resistance
(VFR) and Chebyshev filter is proposed. The High Frequency Resonance (HFR) damping control and
harmonic current suppression are performed simultaneously providing a power quality improvement
for the DFIG connected to the grid. The authors presented excellent results for harmonics reduction.
These results are superior to the ones obtained in Objectives I and II of this work (simulation and
experimental). However, Nian and Pang [21] did not offer any other solutions beyond this one to
improve power quality, such as active and reactive power compensation, which are presented in
this article.

Focusing more on the protection of the electric machine in scenarios where high currents are
flowing in the DFIG rotor circuit, such as voltage sag scenarios, Chowdhury and Chowdhury [22]
introduced a method for compensation used to sink 50% of the voltage and voltage interruption, which
prevents the isolation of the DFIG from the grid and guarantees the protection of the machine. The
method uses a three-phase inverter that converts the DC voltage of a battery energy storage system.
This work presents excellent results for the reduction of high currents in the rotor and stator even
for the critical case of total voltage interruption. Although the proposed control proves to be very
interesting for the protection of the machine, the work does not present scenarios with asymmetrical
voltage sags; moreover, the addition of a new device in the system can be costly.

In a context that goes beyond the application in wind turbines, ref. [23] used a flywheel
synchronous compensator with a permanent magnet synchronous machine. The work proposes to
improve power quality and the stability of the local system by compensating voltage sags. The results
show only the compensation for three-phase voltage sags. The main limitation of the developed
strategy is that it compensates only the voltage processing reactive power. It does not present other
solutions for the power quality improvement, such as eliminate the oscillating component of the active
power, for example. This inability control makes this solution more limited, when compared to the
strategy proposed in this work.

The comparison between methods and results with recent closely related works points towards
the fact that the proposed control is a feasible solution for the improvement of power quality.

5. Conclusions

This study allowed a thorough analysis of how the proposed strategy can adapt the operation of
the DFIG to work as a synchronous compensator. The main idea is that it is possible to adapt control
techniques that are normally employed on the DFIG operating as a generator and provide alternatives
for supplying oscillation-free active and reactive power as well as balanced currents to the power grid,
specifically in scenarios where the grid voltage is unbalanced.

Simulation results verified that the technique studied met the objectives proposed for the
considered scenarios. With respect to the rotor and stator currents, there was a considerable reduction
of the imbalance and distortions, which can be verified in Objectives I and II, respectively. In the case
of the active and reactive powers, Objectives IIl and IV drastically reduced the oscillating components
sc2 and ss2.

Overall, the experimental results confirmed the tendency shown in the simulation results, that
is, promoted the convergence to zero of the negative stator current components in the dgq axes
(Objective II) and reduced oscillating components in the active power (Objective III) and reactive
power (Objective IV). The reduction of oscillating components in the active and reactive power was
lower than expected; the authors believe this happened because Rs was not taken into account when
modeling the electrical machine.
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The experimental results were limited by the rating power of the electrical machine used in
the laboratory (as well as the converters), which increased the influence of the resistance of the
stator windings in the experimental results. It was also verified, in previous tests, that the generator
has constructive problems, probably related to the stator windings. These two limitations caused,
respectively, undesirable oscillations in the stator current and the active/reactive power.

Nevertheless, it is intended in the next experiments to validate the simulations with a machine
with greater power. It is also possible to extend future tests to more critical cases, such as voltage
interruptions, to verify the scope of performance of the proposed model. Future work is also desirable
to identify the experimental plant. This would allow greater accuracy in the calculation of the controller
parameters, increasing the reliability and performance of the system.
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