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ABSTRACT This paper introduces a novel control approach for Doubly-Fed Induction Generator (DFIG)
operating in island mode based on the cascaded control structure with disturbance estimation. The control of
the DFIG is a challenging task due to its inherent nonlinearity, fast dynamics, and unpredictable disturbances
acting on the system. The proposed control structure involves a nominal controller for plant and disturbance
observer (DOB) in each of the inner and outer control loop. The first-order disturbance observers are
designed to estimate the time-varying and unknown disturbances. With disturbance estimation, the nominal
linear dynamics is obtained in both loops. This enables the same approach for designing controllers for the
inner and outer loop which significantly simplifies implementation. The controllers are designed based on
the demanded error dynamics and ensure stable operation of the system, while proposed DOBs estimate
disturbances including external load. Finally, the effectiveness and quality of the proposed control structure
were verified through numerical simulations in terms of external disturbances rejection and closed-loop
tracking performance.

INDEX TERMS Disturbance observer, DFIG, microgrid, renewable energy, wind energy conversion system,

island mode operation.

I. INTRODUCTION

Renewable energy sources (RES) have become an inevitable
part of modern microgrids. The most important control
requirements for these energy sources are their stable oper-
ation and efficient integration of RES in the energy sys-
tem, especially when operating in islanded mode, such as
microgrid applications where weak grid conditions impose
frequency and voltage regulation for all energy sources. The
doubly-fed induction generators (DFIG) are the most widely
employed in wind energy conversion systems (WECS) [1].
They provide a variable speed operation as well as decoupled
active and reactive power control. This type of generator
can be used in various types of primary movers. In addi-
tion to WECS, DFIG has been used for internal combustion
engines [2] and water turbines [3]. Further improvements
in the efficiency, stability, easier integration and synchro-
nization with the grid, and a quality improvement of the
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produced energy depend on the efficiency of control struc-
tures for DFIG-based systems. The field-oriented control
(FOC) [4], [5], can be applied to the DFIG generator [6].
Aligning with the stator voltage allows easy relationship
between currents and power [7]-[9], where the d and ¢ com-
ponents of the stator current are proportional to the active and
reactive power of the generator [10]. Sensorless FOC control
of DFIG generator based on the reference model observer is
presented in [11]. The FOC system using the neural discrete
control in the sliding mode for active and reactive power
control was proposed in [12], where the performance of this
system, in terms of robustness to unknown interference with
DFIG generator connected to the grid, was considered. The
vector control of the DFIG generator based on the direct
current vector was realized in [13].

An alternative approach to the FOC-based control of DFIG
generator represents a direct torque control (DTC) [14].
In this approach, the stator flux and electromagnetic torque
are directly controlled using lookup tables. However, this
type of control strategy has some drawbacks, such as high
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torque pulsations, variable switching frequency in power con-
verters, and difficulties related to torque and flux control at
low speeds.

The direct power control (DPC) technique was origi-
nally proposed for controlling three-phase PWM
rectifiers [15]-[17].

In [18] and [19] the control structures based on DPC for
DFIG generator under unbalanced grid voltage are proposed.
For removing the difficulties associated with the rotor flux
estimation, another method based on DPC is proposed in [20].
The work [21] presents a similar control method that is based
on DPC but without using rotor position sensor. In [22],
DPC method to limit the rotor voltage is proposed to improve
the system transient performance.

Several nonlinear control methods and techniques have
been designed to mitigate issues of sub-synchronous control
interaction for DFIG based wind power plants [23], [24].
When DFIG operates in the grid-connected mode, the con-
trol objective is related to active and reactive power that
generator delivers to the grid. The majority of the proposed
control methods for the DFIG are intended to use in the
grid-connected mode operation. However, these controllers
need changes in order to provide voltage and frequency reg-
ulation in stand-alone mode [25]. On the other hand, the
control objective for the DFIG in the island mode is related
to stable voltage and frequency generation on the stator side.
In general, there are two main control strategies for DFIG
in island mode operation: stator flux-oriented methods and
methods based on direct voltage control (DVC). In [26],
one of the rotor current components is employed to control
the machine flux while other is used to maintain reference
frame orientation. The stator flux-based control methods for
the DFIG without the rotor position sensor are introduced
in [27]-[29], while the control structures based on DVC are
proposed in [30]-[33]. This control method is based on the
equivalent circuit model of DFIG in the synchronous refer-
ence frame. It is capable of simultaneous control of the output
stator voltage magnitude and frequency of the DFIG sys-
tem [34]. Several methods based on DOB have been proposed
to overcome problems with model dependencies and external
interference for islanded mode operation of DFIG. In [35]
is presented direct stator voltage control scheme based on
the second-order auto-disturbance rejection control (ADRC)
for the rotor side converter of DFIG. This method suppress
the disturbances caused by the DFIG parameters, however
main shortcomings are voltage ripple at the output. In [36] is
proposed cascaded control structure with PI controllers and
compensation terms in both outer and inner control loop.

This work extends cascaded PI control method applied to
DFIG by introducing DOBs in both inner and outer loops.
It reduces the controller effort and significantly improves
performance of the overall system as well as control per-
formance in each control loop. The proposed method com-
pensates disturbance terms and simplifies controller design,
since compensated controlled plant is a linear first order sys-
tem. Therefore, it differs from the other DOB-based methods
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for DFIG in island mode operation, since it unifies controller
design methodology in both loops. To the best of our knowl-
edge, the existing cascaded control systems for DFIG which
includes observers in each loops has not been proposed yet.
Furthermore, this paper illustrates a number of benefits of the
proposed design technique from the engineering perspective.
It results in the control feedback law with simple first-order
filters and low computation requirements. Moreover, the
introduced method facilitates controller design procedure
with consistent control structures in all control loops. It means
that only one gain and cutoff frequency per loop is adjusted,
while the other gains depend on DFIG parameters. These
can be easily obtained by standard short and open circuit
experiment. Unlike the method presented in [36], in which
disturbance terms are calculated under assumption that all
system dynamics is modeled and known, the proposed con-
trol system estimates disturbances. This results in the better
disturbance rejection, especially when system is subjected to
unknown external disturbances.

This paper is organized as follows. Section II describes
the system based on the DFIG that operates in island mode.
In Section III, a design of the proposed control system is pre-
sented. Simulation results are given in Sections I'V. Section V
concludes the paper and discusses future extensions of the
proposed control system.

Il. SYSTEM DESCRIPTION

In this section, the overall control system for wind-driven
DFIG as renewable energy source (RES) that supplies an iso-
lated load or microgrid, will be described. The basic structure
of this system is illustrated in Fig.1. The proposed controllers
are going to be subjects of consideration in the next section.

AC link

AC load/
| Microgrid

Line
GSC_ | flter
DC link
= ~o

FIGURE 1. The system under consideration-DFIG connected to microgrid.

When RES works in standalone or island operation mode
it must satisfy both AC load nominal voltage and frequency.
This operation mode is very important, especially if the
microgrid is located in areas without any possibility to be
connected to the utility grid.

The DFIG model in a three-phase coordinate system,
considering the symmetrical wound induction machine is
described by the following equations [37]

dw,

vy = Ryis + dt (D
. 4y,

V= err + dt (2)

J dw,

; dt = Tpm - T, 3)
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The stator and rotor flux linkages are expressed as

Wy = Lyis + L iy (6)
\pr = Lrir + Lrsis (7)

where vy = [Vsq Vs Vsel! and v, = [Vyg Vip Vel | are
respectively the stator and the rotor voltage vectors; iy =
lisa isph iXC]T and i, = [i;g ipp irc]T are the stator and the
rotor current vectors; W, = [V, Wy Ve ]! and ¥, =
[W,, U, W,]7 are stator and rotor flux linkage vectors;
R, = diag(Ry, R, Rye) = diag(Ry, Ry, Ry) and R, =
diag(Ryq, Ryp, Rye) = diag(R,, Ry, R,) are stator and rotor
winding resistance matrices; w; is the electrical angular speed
of the rotor; T is the electromagnetic torque; T}, is the prime
mover torque; J is the inertia torque and p is number of pairs
of poles. Matrices L and L, are respectively the stator and the
rotor winding inductance matrices; Ly, and L, are matrices
of the mutual inductances between stator and rotor windings.
Determination of the inductance matrices L, L, L, and L,
is described in detail in [37].

In order to complete the system model described by (1)-(7)
it is necessary to include the equation for the stator voltage.
The stator voltage for loaded generator could be calculated as

u, = —Zjig ®)

where Z; is diagonal matrix of per-phase loads Z; =
diag(Zy1, Zi2, Zi3).

IIl. CONTROL SYSTEM DESIGN

The control system is designed in rotating dgq reference
frame that rotates with angular speed denoted with w;. Using
Clarke and Park transformation, all three-phase quantities
were transformed to dg reference frame.

In the island mode operation, the stator voltage must com-
ply to the load specifications. Thus, the main control task
will be to maintain a stable stator voltage and frequency. For
this purpose, the controller will include virtual three phase
symmetrical reference that rotates with angular frequency
w1 = 2xf1. This will ensure a consistent base for all transfor-
mations. It has to be noted that f; could be arbitrarily selected;
therefore, the output voltage frequency can be changed.

For obtaining the transformation angle for Clarke and Park
transformations from abc to dq reference frame, phase locked
loop (PLL) algorithm is used.

In Fig.2, signals v,, vp and v, denote virtual three-phase
system components. Since our work is considering island
mode of operation, this signals are generated internally by
controller. In the case of grid-connected mode these are
obtained by measurements e.g. voltages at the point of syn-
chronization.

Fig. 3 illustrates the vector diagram of the virtual reference
frame and its component v;, as well as the stator space
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FIGURE 2. Structure of implemented PLL algorithm.

FIGURE 3. Vector of the stator voltage vs in dq reference frame.

vector vy. It is important to mention that angular speed w
of dq frame is chosen to be same as angular speed of v,. That
means, components of vy will have constant values vs; and
vsq in the considered reference frame. Space vectors in dg
frame are represented as complex quantities e.g. f = fy + jfy,
where j = /—1.

The mathematical model of the DFIG in the rotating dg ref-
erence frame is described by (all rotor quantities are referred
on the stator side)

., Ay
Vs = Riy + ? + jow1 ¥ 9

Lo, Ay,
vV, = Ryi, + ? +j(w1 — 0¥, (10)
¥, = Lyis + Lu(is + ir) = Lii; + Luir (1D
V¥, = Lol + L;l.(iS + ir) = Lp.is + Lyi, (12)

Ly = Lu + Ly, L= L/L + Ly (13)
gLder o0 o (14)
p dr pm e
3 L,
e = Ep m (quwrd - 1psdqu) (15)

where L, is mutual inductance, Ly, and L,, are the stator
and rotor leakage inductance; w; is the electrical angular
speed of the dq reference frame given by w; = 2xf] and
o, is the electrical angular speed of the rotor. The constant
parameter L, is defined with

1 1 1 1

—= et ——. (16)
L. LM Ly Lis

If we eliminate stator current in (11) with relation (8) and
insert equation of stator voltage dynamics (9) into (11) we
have

LW + (Z) + Ry + jo L) Wy = L, (Z; + Ry)i,. (17)

From (17) we can notice that stator flux can be controlled
with the rotor current. However, the dynamics of the rotor
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current is controlled by the input rotor voltage. Thus, a cas-
caded control structure can be utilized. Within the structure,
the internal rotor current control loop will be created, while
the outer loop will control the stator flux and it will provide a
reference for the internal current loop. The basic idea of the
structure is illustrated in Fig. 4.

Rotor .
current Stator flux Reference flux

3 controller S calculation
controller (_ ‘7 based on Eq.(9)

FIGURE 4. Structure of DFIG system with feedback control.

Considering (9), that defines the components of the stator
voltage in steady state, one can calculate references for the
stator flux components as follows

. U (o

Vsd = Ryisg — 01 Wy — W = o (Rslsd - V;ezf) (18)
3 1

g = Riisg + 0 > W] = (i ~ Rig) - (19)

Reference flux calculation block actually implements (18)
and (19).

The controller of the rotor currents will be designed using
an observer-based cascaded structure. The inner loop will
control the rotor currents, and the outer control loop will
serve as the estimator of the rotor current set point. This set
point of the rotor currents depends on the load and demanded
stator voltage. For both loops, the proposed control struc-
ture contains two components: (i) a disturbance observer
which estimates and compensates the total disturbance in the
controlled plant, (ii) a nominal plant controller, where the
nominal plant denotes the controlled plant with compensated
disturbance. The first component cancels the influence of the
disturbance, while the second controls the obtained nominal
plant; therefore, the total control input will be sum of the
outputs of these components.

Inserting (12) to (10) yields:

di; Ry, + L dis + j( W, (20)
— =V, — 1 —_— w] — W
e r rlr m 4t Jw1 r)¥r
vz;’ixr
diy p
L = v, — yist, 21
dt VeV @h

The disturbance term v¥*" can be estimated using first
order disturbance observer [38] with cutoff frequency g,

VIS = (v, = Lygeiy) Qe—Lrgeir < ¥ = Qv (22)
where Q. = g./(s + g) is a first-order low-pass filter.
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Let us now assume that control input v, is composed as
_ nom ~dist
v, =v."" v (23)

where v is the control input for the nominal plant with

compensated disturbance me . The dynamics of the nominal
plant becomes
dir 1 nom di
— = V""" _ (1 = Q,) v 24
&L I =00)v, (24
In the discussed dynamics, VfiS[ is a low-frequency signal
due to the selected dg frame of reference. Therefore, the
term (1 — Q) is very close to zero in the frequency range
of interest, and dynamics (24) becomes
di; 1 om
— = —V 25
d L, " 25)
The error between the reference and actual rotor current
and its dynamics are given by

e=iY —j, (26)

e=i —i, =i"Y — —y'om (27)

where i’ is the reference current and i, denotes actual value
of the rotor current in the dg frame. The nominal control input

viom — [, (i;ef K, - e) . (28)

where matrix K, has as diagonal entries the controller gains,
ie., K, = diag(K,q, Ky), yields the error dynamics

e+ K, -e=0. (29)

Dynamics (29) shows that error is exponentially converg-
ing to zero for the control input defined by (23).

The outer control loop will be designed in order to obtain
rotor current reference needed for achieving stable voltage
and frequency generated at the stator of the DFIG. Previously

. . . 4
designed, inner control loop controller enforces i, — 1,f s

soweuse i, = iﬁef for the outer control loop design.
If we rearrange (17) we have

dw .
n =L, (i;ef - i‘j’“) . (30)
o s Z,, 1, . L
where L,il‘f“’ = L“R_Slr — ITS\IIS — jo1¥,Ts and Ty = ITz

From (30), the disturbance term i‘,ﬁ“ can be estimated

using the first-order disturbance observer [38] with cutoff
frequency gy as follows

dis b4 Ts8s Ts8s
sdist sref S $58 58§
L =11 — + W, ) Qs — v 31
' (r 12 LH s) ’ L,IL * ( )

which in fact implements i‘rﬁ” = Qsifm where Q; = g5/
(s + g5) is a low-pass filter.

It is important to notice that disturbance term i
also includes load impedance, which means that proposed
DOB will compensate variations of the load impedance.
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FIGURE 5. Proposed cascaded control system structure with nominal controllers and disturbance observers in each control loop.

Therefore, the controller does not require exact information
about the external load.
If the control input i:ef is

sref __ snom | dist
L7 =177 +1,

(32)

where i%" is the estimated disturbance current and i is
the control input of the nominal plant with the disturbance
compensated, system (30) becomes
dw,
dr
In the discussed dynamics, i%* is a low-frequency signal
due to the selected dg frame of reference. Therefore, the
term (1 — Qy) is very close to zero in the frequency range
of interest, and dynamics (33) becomes
dw,
dr

The error between reference and actual stator flux and its
dynamics are

T + W = L,i"" — L, (1 — Q)i

(33)

T— 4 Wy = L,i"" (34)

e, = WY — W, (35)
. . e L 1

b = W = Y Zhjrom —¥, (36)
S S

where W' is the reference flux vector and W, denotes actual
value of the stator flux components in dg reference frame. For
snom 1 - ref
R (\le TR rsteX) 37)
Ly
where Kj is the diagonal matrix of controller gains Ky =
diag(Kq, Kq), the error dynamics becomes

&+ K, -e,=0. (38)

The controller objective is to ensure stable voltage and
frequency of the generated stator voltage. Since this objective
is accomplished through direct control of the stator flux, it is
necessary to define the relationship between the stator voltage
and the stator flux in the steady state. This relationship is
defined in (18) and (19).
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The proposed control system structure is shown in Fig. 5
where all electrical quantities that are denoted with super-
script abc are in the three phase system, all other are in
dg rotating frame. One of the major advantages of the pro-
posed controller is the same structure of the inner and outer
loop, as well as the same systematic approach for the design
of disturbance observers in these loops.

Reference flux calculation block implements (18) and (19)
where v¢ = [v;Zf vgf,f]—r and W'Y = [\Ilsrsf \IlSer 17
Nominal flux controller is designed to control compensated
plant (34) where \IJSref is calculated value of demanded flux
that is related to the set point of the stator voltage v§ef and
actual value of the stator current ig, which depends on the
load connected to the stator of the generator. The output
of this controller is i’ that is actually control effort for
compensated plant given by (37).

The rotor current observer estimates disturbance term
denoted as i‘f”’. This part of the proposed control system
provides estimate of the disturbance iﬁ”” and it is obtained
from (31). As the final output of the outer control loop is
formed reference vector of rotor currents i:ef . This output
represents the set point for the inner control loop.

The inner control loop is designed to control rotor
currents i, and it is, as well as the outer (stator flux) control
loop, designed based on the disturbance observer. In this case,
the rotor voltage observer estimates rotor voltage disturbance
denoted in (20) as me . The estimation of this term is imple-
mented as (22) and estimated term is denoted as ff‘rﬁ” . The
nominal current controller is designed to control the compen-
sated plant (24) and its control output v°" is given by (28).
Finally, the input rotor voltage v, is obtained from (23).

It is very important to note the following. The proposed
cascaded control structure enables operation of DFIG in
grid-connected mode. This type of operation requires only
changes of quantities in the reference flux calculation. To be
specific, the stator voltage in this operation mode is deter-
mined by the grid, while the reference stator flux is calculated
based on reference and measured active and reactive power.
In that case, the outer loop again calculates the rotor current
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reference based on the desired and measured powers, while
the structure of the flux and current loops remains exactly
the same. Therefore, the proposed control structure gives a
possibility for application in the island mode, as well as in the
grid-connected mode. In grid-connected mode PLL should be
implemented based on measurements of the grid quantities
in order to achieve synchronization of the generator with the
grid.

IV. SIMULATION RESULTS

In order to facilitate the presentation of the results,
a single realistic numerical simulation is conducted
in MATLAB/Simulink programming environment. This sim-
ulation scenario is executed within 4 s time span and it
includes a variable rotor speed, a change of output voltage set
point, as well as a change of the generator load. The effective-
ness and quality of this controller will have been carried out
through comparison with the cascaded PI controller structure
illustrated in Fig. 6. Furthermore, a comparison of our control
approach was performed with the control structure presented
in [36], which involves PI controller extended by feedforward
part (PI4-FF) in each control loop.

v:g/
PI controller
(stator flux)

FIGURE 6. Implemented conventional cascaded PI control scheme.

The optimal parameters of the control structure (Fig. 6)
and structure presented in [36] were tuned using MATLAB/
Simulink ® function PID Tune. These obtained values for the
proportional and integral gains of the four PI controllers (2 in
each control loop for controlling d and g component of the
stator flux and rotor current) are listed in Table 3 and Table 4
of the appendix. The obtained gains values for the cascaded
PI as well as PI4+FF control schemes are respectively listed
In Table 3 and 4.

The primary control objective is to maintain stable ampli-
tude and frequency of the generated stator voltage. During
the simulation, the frequency set point is chosen to be 50 Hz.
Initial reference for the per-phase stator voltage amplitude is
set to 230 V and it changes to 210 V after 1 s. Fig. 7 depicts
the variable rotor shaft speed w, for which the simulation was
performed.

The proposed control system for DFIG also involves two
observers with the same structure. The first is used to estimate
v¥ist term, while the second one estimates i"*’ . The estimation
of the disturbance terms, are performed on the basis of applied
system reference, rotor shaft speed, and stator load, which are
time-varying quantities. The obtained estimation results are
shown in Figs. 8-11, from which can be concluded that good
estimations of the disturbance terms are achieved. It means
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FIGURE 7. The profile of mechanical angular speed of the rotor shaft.
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FIGURE 10. Actual v’fg“ and estimated O’ﬂ“ values of disturbance term.

that deviations of the estimated from the actual disturbance
terms are almost negligible.

The control performance of the inner loop controller is
represented in Figs.12-15. It is obvious form these results that
current controller in the inner loop is capable to efficiently
control the rotor currents. Also, the obtained results indicate
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a very fast dynamic response of the inner loop which justi-
fies utilization of the cascaded control structure. Therefore,
the error between actual and reference i,y and i,; shown in
Figs. 13 and 15 clearly indicates superior performance of the
proposed structure in comparison with both PI and PI4+FF
control structure. Better transition as well as lower error in
stationary state is especially notable in Figs. 13 and 15.

The time responses of the control rotor input voltages
are given in Fig. 16. It is worth to note that values of
these voltages are within rated nominal range, having smooth
and expected waveform. Performance of the overall cas-
caded control structure can be assessed by analyzing results
which are presented in Figs. 17-20. The proposed control
structure provides successful tracking for the stator flux
(both d and g components). This can be especially noted
from Figs. 18 and 20. It is obviously clear that tracking error
is significantly lower in comparison to the cascaded PI and
PI4+FF control structures. This is particularly evident in the
simulation scenario when the stator load changes according to
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the sinusoidal law, as well as in stationary and transition. One
can notice that Figs.17 and 18 are similar since reference of
Wy is very close to zero, which means the error will be close
to a negative value of W,.

In order to compare effectiveness and efficiency of the
proposed controller (PC) over the conventional cascaded PI
and PI+FF control schemes, the mean absolute error (MAE)
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TABLE 1. MAE comparison: proposed controller (PC) and cascaded PI
control structure.

TABLE 2. MAE comparison: proposed controller (PC) and cascaded PI+FF
control structure.

MAE PC PI+FF MAE decrease (%)
ipg (A) 1.0064-10~% 0.0024 95.81
irg (A) 2.5069-10~° | 7.3357-10~% 96.58

W.q (Wb) | 4.2409-10~% | 3.4402-10~% 98.77

Usq (Wb) | 2.9551-10~% | 9.9687-10~° 97.04
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FIGURE 21. Three phase stator voltage in stationary and transition phase
(from 1 s to 1.1 s reference for the stator voltage amplitude changes
from 230 V to 210 V).
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FIGURE 22. Three phase stator voltage when load changes (after 3 s the
load starts to change around 20 € sinusoidally with amplitude of 5 © and
y 15 %).

is calculated taking into account four quantities iyg, i,
Vg, Wyy. Table 1 presents the MAE values for the proposed
and cascaded PI control structure, while Table 2 gives a
comparison of the MAE values of proposed controller and
cascaded PI4+-FF. The MAE values are calculated within the
time span from 0-4 s for all quantities. From all mentioned
quantities the results represented in these tables indicate a
significant decrease of the MAE values when we apply the
proposed control approach.

The output stator voltages are shown in Fig. 21. The figure
confirms that three phase sinusoidal voltages are generated
at the output. Also one can note that the amplitude changes
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MAE PC PI MAE decrease (%) fr
irq (A) 1.0064-10— % 0.0240 99.58 ’
irq (A) 2.5069-10—5 0.0068 99.63

W.q (Wb) | 4.2409-10—F 0.002 99.79
U, (Wb) | 2.9551.10~% | 6.5036-10—% 99.55

smoothly and without notable overshoot from 230 Vto 210 V.
That response is according to the defined reference for the
voltage amplitude. Also it can be seen that time interval
from 0.955 s to 0.975 s contains one full period of the
U, stator voltage; thus, the output voltage frequency is equal
to desired 50 Hz.

The variable speed profile of the mechanical angular speed
of the rotor shaft, depicted in Fig.7 allows us to check
the influence of the variable wind speed on the stability of
the output frequency and voltage. As can be deduced from
Figs. 22 and 23, the controller keeps the frequency constant
regardless of the rotor speed change.

Moreover, these figures illustrate the time responses of
the three-phase stator voltages when DFIG is subjected to
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load variations. It can be concluded that the variation of the
load does not influence the amplitude and frequency of the
stator voltages.

In order to additionally evaluate the control performance of
the proposed controller, the time responses of the generated
stator voltage for all considered control structures, presented
in dg reference frame, are shown in Figs. 24 and 25. From
the obtained results it can be concluded that proposed con-
troller exhibits significantly better performance in tracking
reference input, especially during the transient and steady
state.

V. CONCLUSION AND FUTURE WORK
Stator voltage and frequency control for DFIG generator rep-
resents an important issue in wind power generation systems.

VOLUME 9, 2021

Our paper develops a novel control scheme for DFIG-based
wind turbines in the island mode operation. It utilizes a
cascaded structure with nominal plant controllers based on
demanded error dynamics and disturbance observer in each
control loop. The inner control loop is in charge of controlling
the rotor currents, according to the references provided by
the outer loop that controls the stator flux. The main task
of the overall control system is to maintain stable voltage
and frequency for the island mode operation of the DFIG
generator where stator voltage is not determined by the utility
grid. In general, this system is applicable in microgrid renew-
able energy generation systems. To evaluate the performance
of the proposed control approach, it is compared with some
concurrent control techniques, such as conventional cascaded
PI structure and PI4FF control scheme. The proposed system
exhibits significantly better performance during the transition
process and notably smaller stationary error. This is related to
the proposed DOB structure since the estimated disturbance
term contains the varying load. Therefore, mentioned control
systems are tested during a variable rotor speed as well as
for several operating points of the generated voltage and
variable load. Our system simultaneously ensures the stable
and smooth operation of DFIG. Furthermore, the presented
control system could be applied in the grid-connected mode
only by changing the reference flux calculation, while keep-
ing the entire structure the same, which provides it to be used
in all possible operating modes of DFIG.

Future work would be towards considering nonlinear and
unbalanced loads in the island mode operation. In addition,
we plan to investigate the application of the proposed control
structure both in grid-connected mode, as well as in the island
mode. In addition, the proposed control algorithms will be
verified by experiments as part of our future work.

APPENDIX

The data for the used three-phase wound rotor induction

machine are: power 4 kW; nominal rotor speed 1410 rpm; nom-
inal stator voltage A/Y 230/400 V A/Y; frequency 50 Hz;

nominal stator current 15.2/8.8 A; cosg =0.83; moment

of inertia of the shaft 0.14 kgmz; nominal torque 27 Nm,

nominal rotor voltage 100 V, nominal rotor current

25,5 A. Parameters of the machine’s equivalent circuit are:

R;=1025Q,R, =1.784 2, Ly =897 mH, L,, =8.97 mH,

L,=0.117H.

Parameters of the four PI controllers that were used for
comparison with the proposed controller are given in Table 3,
while the gains of the PI controllers used in control structure
with feedforward term are listed in Table 4.

TABLE 3. Pl parameters.

Proportional gain | Integral gain
i,-g controller 201.13 1001.34
irq controller 201.13 1001.34
W44 controller 10.38 4540.13
W4 controller 10.38 4540.13
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TABLE 4. Pl parameters for controller with feedforward term.

Parameters

Proportional gain | Integral gain
1-q controller 7.76 16214.81
irq controller 7.76 16214.81
W4 controller 144.91 26976.68
W4 controller 144.91 26976.68

of the proposed controller are given

in Table 5.

TABLE 5. Parameters of the proposed controller.

Parameter | Value
Krq 8000
Krq 8000

Je 1200
Kgq 2000
Ksq 2000

Js 1200
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