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Abstract: Wind systems are sustainable and economical options for producing electrical energy. These
systems efficiently manage the power flow by maximizing wind power and consuming reactive
power from the grid. In addition, wind systems must maintain operation despite utility grid electrical
failure; hence, their control system must not collapse. This study proposes a fault-tolerant converter
controller to ensure the efficient operation of wind system converters. The central concept behind
this is that when there is an imbalance in the utility grid voltage due to a fault nearby or far away,
positive and negative sequence voltages are created in the time domain. Then, two parallel controllers
operate to allow the wind system to continue operating despite the failure. One controller utilizes
positive sequence voltages as inputs to regulate the generator’s electromagnetic torque. This helps in
maximizing the amount of wind energy. The second controller uses negative sequence voltages as
inputs, which helps to cancel out the produced torque in the opposite direction, thereby preventing
generator overload. Finally, the controllers proposed in this article are validated through simulations,
and the results are presented.

Keywords: fault tolerant; wind system; symmetrical components

1. Introduction

Power systems continuously evolve to improve their size, efficiency, technology,
and variety. Renewable energies are part of this general trend, and so is the addition
of new ways to regulate the grid. Power system operations are commonly centrally
dispatched so that large power plants supply most of the energy consumed. Although
distributed generation is increasing its input to the grid, it is not completely regulated. This
condition implies larger currents in the transmission lines, bidirectional power generation,
voltage control, stability, and protection coordination concerns [1]. Wind systems, as
fast-growing sources of distributed generation, implicate technical challenges since they
are subject to failure during operation. Moreover, power generation is not constant due
to unpredictable wind energy surges and recessions, resulting in non-scheduled energy
sources. These aspects have led to an interest in maximizing power while maintaining
resilience to failures within the grid. Symmetrical components are usually applied to
analyze either a symmetrical or asymmetrical fault, and hence, this method is employed
not only to characterize the fault but also to design a torque controller able to address
those difficulties.

This topic has been addressed several times with different approaches. In Ref. [2],
a short-circuit study for the doubly fed induction generator is presented, defining the
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electromagnetic process in a coordinate space working on positive and negative sequence
vector models. Nevertheless, this research is only directed to the induction generator’s
excitation control. In Ref. [3], a hierarchical fault-tolerant controller is proposed, which
consists of controlling the pitch angle and the maximum power point tracking during the
balanced short circuit of a doubly fed induction generator-based wind energy system. This
controller is developed to suppress the DC overshoots under the short-circuit conditions
of the power system, but it does not consider asymmetric failures in the utility grid. In
Ref. [4], the authors present a control algorithm for the rotor-side converter of a doubly fed
induction generator capable of mitigating oscillations arising during line faults, endowing
the system with effective low voltage ride-through capability under both balanced and
unbalanced grid voltage sags without relying on dedicated auxiliary hardware, but the
authors do not address the control of the grid-side converter. In Ref. [5], an improved
fault-ride-through system is proposed for a wind turbine with a doubly fed induction
generator that is based on the proper stator voltage control to address symmetrical as well
as unsymmetrical and unbalanced grid voltage sags; additionally, a modified topology
of the conventional wind system is implemented to regulate the stator voltage. They use
a transformer between the rotor circuit and the electrical grid, increasing the hardware
cost. In Ref. [6], a detailed analysis of the negative sequence current response under each
control objective is carried out, considering all the controller parameters. Nevertheless,
approximated mathematical models of the short-circuit quantities and currents are pro-
posed. In Ref. [7], the authors propose controlling a wind conversion system’s rotor-side
controller and grid-side controller based on the doubly fed induction generator under
unbalanced grid voltage conditions. They focus only on the control technique of the rotor
power flowing from the DC link through the grid-side converter controller in the case of
line to ground faults.

The main contribution of this research is related to the design of a robust fault-tolerant
control system applied to a wind system using a doubly fed induction generator. Two inde-
pendent control schemes are proposed: the rotor-side and grid-side converter controllers.
Both include two controllers in parallel, one in a positive sequence and the other in a nega-
tive sequence, where the symmetrical component transformation is implemented in the
time domain. This research is part of an effort to explore and understand different scenarios
where an asymmetric fault occurs in the electrical grid and its effect on the performance of
the wind system using a doubly fed induction generator.

The content of the article is described below. Section 2 describes the wind system con-
troller scheme. Section 3 presents the wind system model. Section 4 describes synthesizing
the converter control system, which is composed of two independent controllers. Section 5
shows the symmetrical component transformation procedure in the time domain. Section 6
presents the simulation results for validating the proposed controller. Section 7 presents a
discussion related to relevant aspects of the proposed fault-tolerant control system. Finally,
the conclusions are shown in Section 8.

2. Wind System Controller Scheme

The controller design of a wind system driven by a doubly fed induction generator has
two main objectives. The first is to control the electromagnetic torque of the generator, thus
maximizing the capture of the wind energy. The second is to regulate the DC bus voltage of
the grid-side converter, which allows for bidirectional power flow between the rotor circuit
and the utility grid. The proposed scheme of the wind system controller consists of two
independent controllers: the rotor-side and grid-side converter controllers [8], as shown in
Figure 1.

It is important to consider fault-tolerant strategies that allow the wind systems to
continue functioning despite the presence of an electrical failure in the utility grid. An asym-
metrical fault presented in the utility grid produces unbalanced line-to-line voltages at
generator terminals. Consequently, the control system is affected due to oscillations pro-
duced in the system variables referred to as the dg system. Therefore, this research describes
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a control system applied to wind systems tolerant to asymmetrical faults in the utility grid
where the symmetrical component transformation is applied in the time domain. Ap-
plying the proposed methodology, it is possible to analyze an asymmetrical fault in the
grid utility and its effect on the performance of the wind system driven by a doubly fed
induction generator.
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Figure 1. Proposed scheme of the wind system controller.

3. Wind System Model

The wind system is divided into three subsystems: the mechanical oscillation system,
the doubly fed induction generator model, and the grid-side converter system. The me-
chanical system is composed of a wind turbine impelling a doubly fed induction generator.
This generator is fed in both the stator and rotor winding. The stator winding directly
sends a large amount of generated power to the utility grid. Meanwhile, the remaining
generated power bidirectionally flows between the utility grid and the rotor circuit [9].

3.1. Oscillation Mechanical System

The mechanical oscillation equation of a wind system involves the torsional forces
between the shafts of the wind turbine and the induction generator, which are coupled
by a gearbox. The input torque corresponds to the turbine torque, while the generator
establishes a resistive electromagnetic torque that opposes the turbine torque. The wind
system’s mechanical model is as follows [10]:

T B
()
Mgb ngb

dwm 1

at )i
(g %)

where wp, is the angular speed referred to the high-velocity generator side; Ty, is the tur-
bine "s mechanical torque; Te is the electromagnetic torque developed by the generator; ngy,
is the gear-teeth ratio of the gearbox, which is used to couple the low speed of the turbine
with the high speed of the generator; By, and Bg represent the friction coefficients of the
turbine and generator, respectively, and [y, and Jg represent the inertia moments. Further-
more, the wind turbine’s mechanical torque involved in (1), i.e., Ty, can be approximated
as follows [11]:

_ 10aRG,Cp 2

2
Ty = 5220, @

where p, is the wind density in kg/m?; Ry, is the turbine radius in m; Cp, is the power
coefficient, which relates to the amount of wind energy that is transferred to the electrical
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generator, and vy, is the wind speed in m/s, and the parameter A relates to the tangential
speed at the blade tip concerning the speed of the wind, yielding the following:

_ wip Ry

A 3)

Ow

The power coefficient of the stall turbines can be approximated by the following
nonlinear function [12,13]:

Co—cy (2 —cp)e +esh @)
p==C1 A 4 5/,
where 1 1

and the constants c1, ¢y, c3, ¢4, and c5 correspond to a specific turbine design. The power
coefficient function (4) is depicted in Figure 2, where the desired parameter A, i.e., Ages,
defines the maximum power coefficient. Notice that the power coefficient C) is the only
parameter that can be adjusted to maximize torque (2) and capture maximum wind energy.
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Figure 2. Power coefficient.

The electromagnetic torque in (1), i.e., Te, at the dg coordinate frame, is defined as
follows [14]:

3P Ly ,. . ..
Te = Zf(quZdr — igsiqr), (6)

where iy, iqs, and gy, iqr are the stator and rotor currents, respectively; P is the number of
poles; Ly, and Lg are the mutual inductance and stator inductance. These parameters are
defined in the induction generator model in the following subsection.

3.2. Doubly Fed Induction Generator Electrical Model

The doubly fed induction generator is widely used in large-scale wind systems of
variable speed. This generator is controlled through the rotor circuit using a bidirectional
converter; meanwhile, the stator winding directly delivers a large amount of energy gen-
erated to the utility grid. The wind system operates in a bounded range of speed. When
the system operates below synchronous speed, the power flows from the utility grid to
the rotor circuit, and for the operation above the synchronous speed, the energy flow is
reversed [15].
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The doubly fed induction generator comprises a three-phase winding in the stator
and another three-phase winding in the rotor. The voltage equation of the stator winding,
assuming active convention for the stator currents, is as follows:

Vas rs 0 0 fas d Aas
Ups| =—1|0 15 0 Ips | + at Aps | » )
Ocs 0 O Is ics ACS

where (Va5 Ups  Ucs) T, lias  Tps ics] T, and [Aas Aps  Acs) T are the voltages, currents,
and flux linkage vectors in the stator winding, and r is the stator resistance per phase.
Meanwhile, the stator flux linkage equation is defined by the following:

A‘as LSS Lsm Lsm ias iar
/\bs = - Lsm Lss Lsm ibs + Lsr ibr ’ (8)
)\CS Lsm Lsm LSS iCS iCr
with
cos 6, cos (6 + 27”) cos (6 — 27”)
Lsr = Lgrm | cos (6 — ZT") cos 6, cos (6r + %”) ,
Cos (Gr—i—%ﬂ) cos (6 — ZT”) cos b,

where [iar Ibr icr] T is the rotor winding current vector; Ls; is the self-inductance of the
stator winding per phase; Ly, is the mutual inductance between two phases of the winding
stator; Lgrm is the maximum mutual inductance between stator and rotor windings, and 6,
is the rotor angle displacement with respect to the x-axis.

On the other hand, the voltage equation of the rotor winding, assuming passive
convention for the rotor currents, is as follows:

Var rw 0 0 far d Aar
Upr| = |0 7 O Z’br + a )\br ’ )
UCI‘ 0 0 rr icr )\CI‘

where [Var  Upy Ve T and [Aar Apr Acr] T are the voltages and flux linkage vectors of
the rotor winding, and r; is the rotor winding resistance per phase. The rotor flux linkage
equation is defined by the following:

/\ar er er er iar ias
M| = |Lem Lo Lem | dor| — L [dps |, (10)
/\cr er er er iCI‘ iCS

where L, is the self-inductance of the rotor per phase and L, is the mutual inductance
between two phases of the rotor.

The doubly fed induction generator electrical model in the abc system described by
Equations (7)—(10) is very complex because the mutual inductances between stator and rotor
windings vary periodically with time (8). It is common to refer the electrical variables from
the abc system to the dq0 coordinate system to obtain a simpler model of the doubly fed
induction generator. The similitude transformation, also named the Park transformation, is
described as follows [16]:

cosy cos(y+ &) cos(y—2f)
Tgq = |siny sin(y+ ) sin (v — ) |, (11)

where v = 65 denotes stator variables and y = 65 — 6, denotes rotor variables. The phase-a
axis of the stator variable fy is typically aligned with the d-axis of the stator variable, f4,
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in the dq0 coordinated system, which rotates according to the utility grid frequency; see
Figure 3. It is important to note that the zero component of the dq0 system is null because
the neutral line is not enabled. Therefore, the equivalent system in the dq is biphasic.

f -bs {q

f cs f cr

Figure 3. The dq coordinate system.

Once the similitude transformation (11) is applied to the voltage and flux linkage
equations of the stator windings (7) and (8), it yields the following;:

Ods| . |Ts 0] [igs 0 —ws| [Adgs E Ads
L’qJ a {0 rs] [iqs} " Lfs 0 ] [/\qs} " dt [Ags]’ (12

v e et | S e

= — U+ Rl 13

{)\qs 0 Ls||igs 0 Lm] [igr (13)
3 T ;. . 1T T

where Ls = Les — Lsm,  Lm = 5Lsrm, and [v4s 0gs] ', [ids igs] , [Ads Ags) are the

voltages, currents, and flux linkage vectors of the stator winding; [idr iqr] T is the rotor
winding current vector, and ws is the electrical frequency of the utility grid.

In the same way, the similitude transformation (11) is applied to voltage and flux
linkage equations of rotor windings (9) and (10). Thus, the following system is derived:

var] [ O] [igr 0 —(ws — wr) | [Aar d [Agr
B A R TRl IR - P T

-l el e
Agr 0 Ly| |igr 0 Lm] |igs]”

where Ly = Ly — Lym, L = %Lsrm, and [vgy Vqr] T and [Adr Agr) T are the rotor voltages
and flux linkage vectors, respectively; w; is the electrical frequency of the rotor circuit.

Selecting the stator and rotor currents as state variables and regrouping the variables,
the systems (12)—(15) define the following voltage equation:
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Uds —Ts wsLs 0 —wsLm Ids
Ugs | _ —wsLg —7Ts wsLm 0 igs (16)
Odr 0 Lm(ws - wr) Ty _Lm(ws - wr) idr
Vgr L (ws — wy) 0 L (ws — wy) r iqr
L 0 Lm O s
n 0 —Ls 0 Lm|d |igs , (17)

iqr
Solving the derivative term in the voltage Equation (16), the doubly fed induction
generator model in the dq coordinate system is obtained as follows [17]:

dig 1 Lm
— = Apis + Apiy — —vVvg+ ——vVv
dt 111s 121r O’Ls s (TLer r
. , (18)
Nr _ Aty + Agpiy — 2™y
— = Ani ip— ——Vs+ —vV
dt 211s 221r U'Ler s (TLr T
with
1 1-0
~on (“’s + ?wr)
Ap = L 1 p
- (Ws + 7wr) ~on
[ L L L L
Ay — _¢7LrsnTr _(Tins Wr Aoy — _UTSer TILanT
12 = | Ly _Lm |’ 21 = | _ Ly _Lm |’
L TLSwr oLsTy oL, Wr oTsLy
r 1 1
~on Ws = gWr
Ay = 1 1 ,
—(\Ws = gWr o
. . . T . . . T
is = [igs igs] . ir = [igr iqr]| .
T T
Vs =[odas vgs] ,  ve=[oar vqr
and )
L Ls L,
c=1--1 Ts=—, Tp=—
Ler/ S rs 7 T rr 7
3
Ls = Lss - Lsm/ Lr - er - er; Lm - iLsrm/

where ws and wr are the stator and rotor angular frequencies; o is the coupling coefficient;
Ts and T, are the stator and rotor winding time constants; rs and r; are the stator are rotor
winding resistances per phase; Lgs and Lgm, are the stator self-inductance per phase and
stator mutual inductance between two stator phases, respectively; Ly and Ly, are the
rotor self-inductance per phase and rotor mutual inductance between two rotor phases,
respectively; Leym is the maximum mutual inductance between stator and rotor windings.
The electrical doubly fed induction generator model (18) is a perturbed linear system that
has rotor speed as the mechanical input, wn = %wr, and as electrical inputs, the stator
voltages vgs and vgs, and the electrical angular frequency ws; meanwhile, the control inputs
are the rotor voltages vgq, and vgy.

The following relationships are used to refer the induction motor model parameters to
equivalent electric circuit parameters [18]:

Lis = Ls — hLm,
Lmag = hLm/
L. = KL, — hLm,
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where Lj; and L{r are the stator and rotor leakage inductances, respectively, Lmag is the
magnetizing inductance and 4 is the turn ratio between stator and rotor windings.

3.3. Grid-Side Converter System

A wind system driven by a doubly fed induction generator requires two three-phase
converter-type bridges in the “back-to-back” configuration due to variable power flow.
The grid-side converter system comprises a DC link bus and a three-phase converter
connected to the utility grid through an LCL filter, as pictured in Figure 1. The grid-side
converter model is based on matching the input power from the electrical system to the DC
output power of the converter, neglecting losses in both the LCL filter and converter and
from the equilibrium voltage equation in terminals of the equivalent inductance of the LCL
filter. Then, the grid-side converter model in the (f,, fp, fc) three-phase system takes the
following form:

lag

, d .
[vag Vbg  Ocg] g | = 04cCo 77 Vde T Vdctde
1
H . . (19)
Uag Vac req O 0 llag Legq O 0 1.ag
Ubg | = | Ubc +10 Teq 0 Ibg +10 Leq 0 7 lbg |/
Ocg Occ 0 0 Teq icg 0 0 Leq icg

where [Vac Ve V) T are the converter voltages; [vag  Ubg Ucg] T and liag lbg lcg] T
are the phase voltages and currents of the utility grid; vg, is the dc-bus voltage; i4. is the
output dc current; Gy, is the dc-bus capacitor; req is the equivalent resistance; and Leq is the
LCL-filter equivalent inductance of the two inductors, without considering the capacitor
for the purpose of reducing the order of the model.

The grid-side converter system is referenced to the dq0 coordinated frame, applying
the similitude transformation (11) in system (19) with v = 6;, considering that the zero

component is null due to the neutral line not being enabled, resulting in the following form:

3 . . d .
E(vdgldg + vqglqg) =04.Cp &Udc + Udclde
Udg . Req —Leqws idg (5] 0 Leq 0 d idg ’
= S+ + -
Ugg Leqws Req iqg 0 vq 0 Leq|dt |igg
Solving the time derivative term in (20) and considering that vq; = 0 when vg4g is

referred, with respect to the v of the f; in the similitude transformation (11), the grid-side
converter model in the dq coordinate system results in [19] the following:

(20)

d 3 . 1.

Evdc = mvdgldg - CT,ZdC

d . Req . . 1 1

aldg = — Leq ldg + Wslqg — rﬂlvdg =+ vadc ’ (21)
d. . Req. 1

Jplag = T Wsldg qulqg + quvqc

where v4. and vqc are the terminal voltages of the converter; idg, iqe, Vdg, and vgg are the
currents and voltages of the utility grid, respectively. The grid-side converter model (21)
is a nonlinear system; it has two inputs that can be controlled, v4. and vg., which are
uncoupled. Therefore, two outputs can be controlled through the currents iqq and iqg.

4. Converter Control System Design

This section describes the control system synthesis applied to wind systems tolerant
to asymmetrical faults in the utility grid. Two independent control schemes are proposed:
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the rotor-side and grid-side converter controllers, with both including two controllers
in parallel—one in a positive sequence and the other in a negative sequence. The main
control objective of the rotor-side converter consists of controlling the electromagnetic
torque of the induction generator to indirectly maximize the turbine power coefficient
and, consequently, maximize the capture of wind energy. Meanwhile, the main control
objective of the grid-side converter consists of the voltage regulation of the DC bus so the
AC/DC/AC converter works properly.

4.1. Generator Electromagnetic Torque Control System

The main control objective of the rotor-side converter applied to a wind system
driven by a doubly fed induction generator is to continuously achieve the maximum
capture of wind energy by controlling the electromagnetic torque of the generator. This
objective is met by maximizing the power coefficient in the turbine torque Equation (2).
The control system synthesis is based on the wind system models (1) and (18). As a first
step, the output variables to be controlled are selected. As can be seen in the induction
generator model (18), two inputs are identified that can be controlled: the rotor voltages v4,
and vgr. Consequently, the two output variables to control are the electromagnetic torque
of the generator T, defined in (6) and the reactive power Qs consumed via stator winding,
whose definition is [14] as follows:

Qs = %Udsiqs/ (22)
where v, is the stator voltage at the d-axis and igs is the stator current at the g-axis.

The reference functions represent the second step in solving trajectory tracking. When
defining the reference torque function, consideration should be placed on achieving the
control goal of maximizing wind energy capture while avoiding sudden torsional forces on
the shaft. Firstly, a desired speed reference is defined from (3) as follows:

- ngb)\des

Wdes = Ttbvw, (23)

where A4es sets the maximum power coefficient (4) in the turbine torque (2), and con-
sequently the wind energy capture is maximized. Secondly, a speed error variable is
defined as follows:

€w = Wdes — Wm, (24)

whose dynamic is defined through a stable asymptotic dynamic movement —Kj e, to avoid
sudden torsional forces on the shaft. Involving (23) and (1) into the speed error dynamics
of (24) results in the following:

NopA 1/( T
. gb/‘des ., tb
=2 " 9w——| ——Ty — Biw = —K , 25
Ew R w T; < o g t m) 1€w (25)

where K; > 0 defines the decreased rate of the velocity error. Finally, by solving the
generator torque in (25), it can be defined as the torque reference function that maximizes
the wind energy capture, which is as follows:

& B ngb]t)\des

w — Biwm — K ) 26
e Ry, Uw — Biwm — Ky Jiew (26)

Tref =

The reactive power reference function can be established from the desired stator power
factor and the active power that crosses the air gap [20]. Then, the reactive power reference
function can be defined in the following form:
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Wsyn 1- (pfs)z (27)

Qref = P fs Ttb/

where wgyn is the synchronous speed and pf; is the desired stator power factor.
As a third step in the controller design process, an equivalent system is established by
using tracking error variables as new variables. A tracking error is defined as follows:

€T Trer — Te } { Trof — iSTMTir }
€= = = : | 28
|:€Q:| {Qref - Qs Qref — VgMle ( )

where 3
0 2PLn 0
MT:{ 3 4 ]andMQ:[ 3
—3PLm 0 -5

whose dynamics are as follows:

(@) SI[¢V)

T
Tref — (%ls) Mri; — lgMT (%lr)

. (29)
Qref - VEMQ (%is>

é:

Thus, substituting the corresponding state equation of the induction generator model (18)
into (29), the equivalent system takes the following form:

& = F(is, ir) + B(is, ir) vy, (30)

where F(ig, iy) is a nonlinear term, and it can be modeled as a disturbance; meanwhile,
the matrix coefficient of the control input is as follows:

3Lm [P(Lmiq+ Lsiq) —P(Lmig + Lsip)

B(is ir) = T L —200 200

(81)

System (30) is the first order, with the input vector being coupled to the stator and
rotor currents as state variables. Therefore, a new system is proposed to decouple the input
vector as follows:

s = B (i, ir)¢, (32)

where
20L.Lg D P(Lmld + LsiD)

~ 3PLmvp(Lmiq + Lsiq) [0Q  P(Lmiq + Lsiq)

B! . (33)
The dynamics of the new system, with the input vector being decoupled, take the

following form:
$ =B 'Bs + B 'F(is, i;) + vi. (34)

Then, as final step, the super-twisting control law is applied to system (34) to force its
movement to the origin [21], obtaining the following representation:

s = F*(is, ir) — Als|Y%sign(s) + v (35)
Vi = —asign(s) ’

where the diagonal matrices A and a have values high enough to cancel the disturbance, F*,

forcing both systems s (32) and $ (34) toward the origin in finite time; therefore, the tracking

error vector (28) is forced to zero in finite time, too [22]. Thus, the control objective

is achieved by tracking the reference torque to maximize the wind energy capture and

regulate the stator reactive power to achieve the desired power factor.
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If an asymmetric failure occurs in the utility grid, the voltages between phases become
unbalanced. This event produces oscillations in the voltages with the consequent increase
and distortion of the stator and rotor currents, which occurs in the dg system. Therefore, in
the time domain, this project proposes applying the symmetrical component transformation
to the line-to-line voltages to avoid the oscillations on dg voltages and configure two control
systems, one being a positive sequence controller to meet the control goals of the wind
system, and another being a negative sequence controller to cancel the reversed torque and
negative reactive power produced by the negative sequence variables. Figure 4 shows the
block diagram involving both controllers.

Positive sequence

W o{")
6] ‘
Qref . Sliding Doubly-fed
Ll . Output
— surface induction |—— >
. variables
design generator T.
Qs
Negative sequence )
W v
{Tmf = U} l
Qref =0
dres . Sliding Doubly-fed
| . Output
— surface induction |f—— 7",
. variables
design generator [T(. }

Qs

Figure 4. Proposed control scheme.

4.2. Grid-Side Converter Controller

The main control objective of the grid-side converter consists of maintaining the
DC-bus voltage in a specific value so that the rotor-side converter performs well for
the bidirectional power flow between the rotor winding and the utility grid occurring
appropriately [23]. The controller design is based on the grid-side converter model, which
is given in (21). As the first step, the output variables to be controlled are selected. As can
be seen in (21), the grid-side converter system has two inputs that can be controlled, which
are the inverter voltages v4 and vq. As a second output variable, the reactive power flow
between the utility grid and the rotor circuit can also be controlled. As a second step,
the reference values are defined to solve the regulation problem. The reference voltage of
the DC bus is as follows:

3v2

= —7‘/ ,
Oref 2\/5 LL

where V7, is the line-to-line voltage in the utility grid or the line-to-line voltage of the
primary winding when a step-up transformer is used. Meanwhile, the reference value to
reactive power flowing via the rotor circuit is as follows:

(36)

Qref =0, (37)

where this reference value sets a unitary factor power. As a third step in the controller
design process, an equivalent system is established using tracking error variables as new
variables. Firstly, an error variable of voltage tracking is defined as follows:

€1 = Uref — Udc/ (38)

where v, is the voltage reference to the DC-bus voltage vpc. Applying the linearization
block control technique [24], the stable dynamics of the voltage tracking error (38) are
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defined involving the corresponding state equation of grid-side converter system (21),
resulting in the following:

3

. . . ) 1.
€1 = Upef — m (vdgldg — ’Uqglng) + Ebldc = —Kjéq. (39)

From the first-order system (39), and solving for i4, a current reference is defined
as follows:

. 2C,v ) .
lpef = bd de (vref + =14c + K1€1) . (40)
g

Then, the second error variable—as the current tracking error—is defined by the following:
€2 = Iref — I, (41)

where the dynamic is defined involving the corresponding state equation of grid-side
converter system (21), which results in the following:
. d. Req . . 1 1
€2 = ylref + Teqldg — Wslqg + LTq”dg - LTqu- (42)
The third error variable is defined as the tracking error of the reactive power, computed
in the following form:

3 .
€3 = Qref — Qg = Qref — Evdglqgr (43)

whose dynamics are defined, involving the corresponding state equation of grid-side
converter system (21), in the following form:

. . . . 3 ) 3ReqV4g . 304g
€3 = Qref - Qg = Qref + Ewsvdgldg + ZLeq lqg — ZLeq 0q- (44)

Joining Equations (39), (42), and (44), the equivalent systems to the grid-side con-
verter (21) have the following presentation:

€1 = —Kye1 — iivd €
2C, vge ®
ézziif—.—&id — wsl +Lv —iv 45
dr'™el T Lo de T WSlas T Pdg T Td (45)
3ReqV4g . B 3v4g

. : 3 )
€3 = Qref + 5 WsVdgldg +

2 Dleq B 2Leq

Then, as final step, the super-twisting control law is applied to the new system (45) to
force the movement of the variables sq4 = ¢, and sq = €3 to the origin [25], obtaining the
following representation:

& = —Kjeq — —Lv S
1= 1€1 2C, 00 dgSd
d. Req. . 1 1 1/2..:

. _d Req. I Y
Sa = grivet + Leg iqg — Wsiqg + Lequg Leq[ alsal “sign(sq) + uq]

. . (46)
lig = agsign(sq)

. . 3 . 3Requ . 3uq 3uq .

$q = Qref + Ewsvdgzdg + ey glqg + 2Lecg1 Ugg — ZLei [/\q|5q|1/231gn(sq) + uq]

llqg = agsign(sq)

The super-twisting control law cancels the external disturbances [25] in the new
system (46). Specifically, the control input at the d-axis cancels the non-linearities and
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disturbances, and this input forces the movement of the sliding surface, sq4 = €5, toward
the origin, the second equation of (46). Achieving this, the current iy, reaches its reference
value (41), and consequently, the DC-bus voltage error has asymptotic movement toward
the origin in finite time, the first equation of (46). On the other hand, the control input at
the g-axis cancels the external disturbances and produces the asymptotic movement of the
sliding surface sq = €3 to zero; then, the reactive power reaches its reference value (43)
in finite time.

When an asymmetric failure occurs in the utility grid, oscillations in the voltages,
along with an increase and distortion in the stator and rotor currents, are observed in the
dq system. By applying symmetrical components to the line-to-line voltages in the time
domain and configuring the positive sequence controller to meet the control objectives of
the grid-side converter, and the negative sequence controller to cancel out the negative DC
bus voltage, and the negative reactive power produced by the negative sequence variables,
the grid-side converter system can maintain its operation when a failure occurs in the
electrical grid [26].

5. Real-Time Symmetrical Components

The transformation of symmetrical components for analyzing unbalanced three-phase
systems is typically applied. The unbalanced three-phase system can be represented by the
sum of three symmetrical systems: positive, negative, and zero sequences, as follows [27]:

fa(t) fa(t) fa (t) fa(t)
b)) = [fa |+ | fo O+ |RB)], (47)
fe(t) F(t) < (1) (1)

where f*, f~, and f* denote mean positive, negative, and zero sequence components,
respectively. To obtain the sequence signals in phase-f,, the following transformation

is applied:

FO] (e @[

il 2o il .
) 1] Lfe(t)

where a = ¢/ 7, with j = v —1. To reduce the calculation complexity of the complex
operator 4, this can be expressed as follows:

x_
OIS

3T =47, (49)

then, substituting (49) in (48) results [28] in the following;:

FO] [0 =300 + ) + L (1) = fe1))
) = 3o + felt) — & L (£ (1) — fe(1)) |- (50)
) fal)) + fot) + felt)

Once the sequence signals are defined in phase- f,, the phase- f, and phase-f. sequence
phase signals are obtained through the following transformations:

fa (D1 =3 falt) 3.3

O] [Fi-dE 0 o] [A]
fy ()] = 0 ~1 4 Bt fal (51)
@1 | o 0 1] Lfa ]

and ) .
e [-Eegdt 0 o] 4]
fe ()| = 0 —1_3,j% fal- (52)
_fc (t)_ i 0 0 1] _fa_
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The complex operators in (50)-(52) are represented through the time delay function of
Simulink/Matlab® R2016a using a frequency of 60 Hz. Finally, the symmetrical component
transformation applied to unbalanced three-phase voltages is represented in the scheme
shown in Fieure 5.

Vabe

Vabor

Figure 5. Real time symmetrical component scheme.

6. Simulation Results

The simulated system is formed by the turbine mechanical model and the following
systems in the dq coordinate frame: the doubly fed induction generator model, the rotor-side
converter system, and the utility grid. The parameters of the simulated system are indicated
in Tables 1 and 2. The turbine parameters are presented in Table 1 [29]; Table 2 presents the
nameplate data and the parameters of the induction generator. Subsequently, the proposed
control system performance is presented through figures in positive and negative sequences
for two types of asymmetric faults that occur in the utility grid. In the performance analysis
of the wind system, the solid-state inverters are not considered due to the variables in
the dq frame being DC signals. The system is simulated in Simulink/Matlab® , with a
fixed-step sample time of 100 ps. The system is simulated with a fixed-step sample time of
100 ps in Simulink/Matlab® using the ordinary differential equation method: ode4 (Runge
Kutta), as the solver; Figure 6 presents the system implemented in Matlab/Simulink® .

Figure 6. Source block program in Simulink/Matlab® .

Two types of asymmetrical faults in the utility grid are simulated in the abc three-phase
system. One fault is phase to ground and another is phase to phase; in both faults, the volt-
age level and the current waveform depend on the grounding system and fault impedance.
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Table 1. Wind turbine parameters.
Parameters Value
Turbine radius, Ry Im
Air density p, 1.225 kg/m?
Turbine’s inertia momentum, Jy, 0.1 N-m-s®
Turbine’s friction coefficient, By, 0.1 N-m-s®
[C1, Cp, G5 [0.5176, 116, 0.4]
[C4, Cs, Ce] [5, 21, 0.0068]
Gear-teeth ratio, Ngp 42
Table 2. Nameplate data and doubly fed induction generator parameters.
DFGI Nameplate Data DFGI Parameters
Rated power 180 W Poles number, P 4
Rated velocity 1750 rpm Stator resistance, Rs 1250
Line-to-line voltage 220V Rotor resistance, Ry 16.8Q)
Magnetization inductance, Lmag 0.352 H
Stator leakage inductance, Ljg 0.024 H
Rotor leakage inductance, L, 0.028 H
Inertia moment, 0.0016 N-m-s®
Friction coefficient, Bg 0.00094 N-m-s®

6.1. Performance of the Wind System Controller under a Phase to Ground Fault in the Utility Grid

A phase to ground fault can occur on the generator terminals or the medium-voltage
bus; in both cases, the faults have similar behavior [30]. Ideally, at the point of failure,
Van = 0 and I, = I. = 0. Nevertheless, the phase voltage Va, drops to a value that
depends on the fault impedance; meanwhile, the other two-phase voltages, W, and Ven,
can have an overvoltage whose value can be the line-to-line voltage due to the grounding
wire’s resistance, leakage, and coupling capacitance in the ground connection. The failure
approach set above is simulated in Simulink /Matlab® ; at the beginning of the simulation,
all phase voltages are 120 V rms, and the phase to ground fault is presented at t = 0.5 s,
causing phase voltage Van to decrease its magnitude to 0.5 pu; meanwhile, the other two-
phase voltages, V},, and Ve, increase the magnitude of the line-to-line voltage. Att = 0.6 s,
the fault is cleared, and all phase voltages are restored, as shown in Figure 7.

300 -
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0 '

Phase voltages (V)

-100 |
-200 L

-300 -

0.45 0.5 0.55 0.6 0.65
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Figure 7. Utility grid phase voltages in a phase to ground fault.

6.1.1. Performance of a Non Tolerant Fault Controller in a Phase to Ground Fault

Under the conditions set in the phase to ground fault and the induction generator
operating in a controlled form without including the proposed controller, the performance
of the wind system is pictured in Figures 6-8. Stator voltages vp and vg have oscillations
in steady state during the time range in which the fault is presented, as shown in Figure 8.
The oscillation frequency is 120 Hz. The stator and rotor currents of the induction generator
are distorted, out of phase, and increase in value, as shown in Figure 9, which represents



Wind 2024, 4

105

an overload condition for the generator. The rise and distortion of the currents cause high
oscillations in the electromagnetic torque developed by the generator, with a consequent
decrease in the rotor speed of 400 r.p.m., approximately, as pictured in Figure 10. The torque
oscillation causes stress in the mechanical system.
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Figure 8. Utility grid dg voltages for a phase to ground fault.
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Figure 9. Stator and rotor currents under a phase to ground fault.

)

: 2000

g
[=9
= 1800
S\
8 1600 - 1
o
= 1400 1
2
& 1200 : : ‘ :
0 02 0.4 0.6 0.8 1
10
Z
N
=
Q
g ot
: - - - Torque reference
% 5 E]ectrm"ﬂagnelic Iorqu? ‘ |
5 -
=0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 10. Rotor speed and torque tracking under a phase to ground fault.

6.1.2. Performance of the Fault-Tolerant Controller Proposed in a Phase to Ground Fault

Once the generator performance is analyzed in phase to grid failure conditions in the
utility grid, without the use of the proposed controller, the analysis is conducted by applying
the symmetrical component transformation to the unbalanced voltages of the utility grid
caused by the fault. Then, these voltages are transformed into dg coordinate frames for
positive and negative sequences. These voltages are pictured in Figure 11. It is important to
note that these voltages do not have oscillations in a steady state. Consequently, the stator
and rotor currents now do not have high values, as pictured in Figure 12. Figure 13 shows
torque and reactive power tracking in a positive sequence. The electromagnetic torque of
the induction generator tracks the torque reference, which maximizes the wind energy in
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the turbine. Meanwhile, the reactive power tracks its reference, setting a lagging power
factor of 0.9. The tracking of the electromagnetic torque and reactive power in the negative
sequence is pictured in Figure 14. The electromagnetic torque in the negative sequence
tracks the zero value as a torque reference to cancel out the negative torque that overloads
the generator. Meanwhile, the reactive power in a negative sequence tracks a zero value
of its reference to define a unity power factor. Finally, in Figure 15, the input wind speed
and power coefficient are pictured. It is important to note that when the torque reference is
tracked (26), the power coefficient (4) consistently remains at its maximum value of 0.47.
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Figure 11. Positive and negative sequence stator dg voltages for a phase to ground fault.
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n

Figure 14. Negative sequence torque and reactive power tracking in a phase to ground fault.
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6.2. Phase to Phase Fault

This type of fault is presented at generator terminals (phase a to phaseb) att = 0.5 s
and cleared at t = 0.6 s [30]. Ideally, I + I, = 0, Ic = 0, and Van = V},, = V at the point of
failure. The phase voltages Van and W,;, decrease considerably, and in phase c, the voltage
Ven has a marginal drop. At the beginning of the simulation of this fault condition, all
phase voltages are 120 Vrms, and the phase-to-phase fault is presented at 0.5 s, causing both
phase a and b voltages to decrease their value to 0.5 pu; meanwhile, the phase ¢ voltage
decreases to the marginal value of 0.9 pu. The phase to phase fault is cleared at t = 0.6 s,

and all phase voltages are restored, as shown in Figure 16.
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Figure 16. Utility grid phase voltages in a phase to phase fault.
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In the phase to phase fault scenario, both stator and rotor currents experience an
increase in magnitude, become distorted, and undergo a phase shift with respect to the
other phases, as shown in Figure 17. The distortion and increase in both stator and rotor
currents cause an increase in the electromagnetic torque, resulting in a consequent decrease
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in the rotor speed, see Figure 18. The positive and negative sequence variables in both
types of faults have a very similar performance; therefore, we report only the symmetrical
component results for the phase to ground fault.
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Figure 17. Stator and rotor currents under a phase to phase fault.
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Figure 18. Rotor speed and electromagnetic torque under a phase to phase fault.

7. Discussion

This project presents a small-scale model of a wind energy system that can operate
even during fault conditions. Two controllers are suggested to maintain generator operation
during electrical network failure conditions: one for the positive sequence and one for
the negative sequence. The design of the converter controller relies on the models of both
the wind turbine and the doubly fed induction generator. The induction generator model
is linear and can handle external disturbances, such as limited inputs to the system, the
rotor speed, voltages from the utility grid, and angular frequency. The model used in
this system has linear characteristics, allowing the superposition principle to be applied.
This means that one control input can be in a positive sequence while the other can
be in a negative sequence. The positive sequence controller on the rotor-side converter
controls the generator’s electromagnetic torque, which maximizes the amount of wind
energy captured by the turbine. Meanwhile, the negative sequence controller cancels the
reverse electromagnetic torque that is created by any electrical faults that may occur. It is
important to highlight the implementation of the symmetric component transformation
in the time domain of the voltages established during an asymmetric failure in the utility
grid. Usually, this transformation is performed in the frequency domain. The results
demonstrate the control system’s effectiveness by adding a positive sequence control input
to track the torque reference and a negative sequence control input to cancel the reversed
electromagnetic torque produced by the fault. As part of the second stage, the challenge is
to implement a fault-tolerant emulated wind system using electrical machines, specifically a
DC motor-doubly fed induction generator, due to the importance and unique characteristics
of the proposed controller.
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8. Conclusions

This research paper discusses a control system that was designed to be applied to
wind energy systems. The system is tolerant to asymmetrical faults that may occur in the
utility grid. To achieve this, two independent control schemes are proposed: the rotor-
side converter controller and the grid-side converter controller. Each of these controllers
includes two parallel controllers, one for the positive sequence and the other for the negative
sequence. When using the rotor-side converter, two controllers serve different purposes.
The positive sequence controller ensures that the generator’s torque reference is accurately
tracked, allowing for maximum wind energy capture. Additionally, it regulates the reactive
power flow through the stator winding. On the other hand, the negative sequence controller
is responsible for canceling out any reversed electromagnetic torque produced by currents
in the negative sequence. It also cancels out any negative reactive power flow through the
stator winding. This ensures that the generator does not operate in overload conditions.
The grid-side converter has two controllers: the positive sequence controller regulates the
DC bus voltage and the reactive power to achieve a power factor of one for the rotor circuit.
The negative sequence controller cancels out the negative voltage of the DC bus and cancels
out the reactive power in the negative sequence flowing in the rotor circuit. It is important
to highlight that the symmetrical component transformation is applied to the time domain.
By utilizing this tool, it is possible to examine an asymmetrical fault in the grid utility as
well as its impact on the performance of the wind system. In the project’s next phase, the
strategies proposed in this research will be implemented in real time.
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