ENERGETIKA. 2019. T.65. Nr.1. P. 1-13
© Lietuvos moksly akademija, 2019

DFIG wind turbine under unbalanced power system
conditions using adaptive fuzzy virtual inertia

controller

Mohamed Zellagui®?,
Heba Ahmed Hassan?,
Mohamed Nassim Kraimia*

! Department of Electrical Engineering,
Faculty of Technology,
University of Batna 2, Fesdis, Algeria

?Department of Electrical Engineering,
Ecole de Technologie Supérieure (ETS),
University of Québec,

Montréal, Canada

? Department of Electrical Power Engineering,
Faculty of Engineering,
Cairo University, Giza, Egypt

* Department of Electrical Engineering,
University of Sciences & Technology
Houari Boumediene (USTHB), Algiers, Algeria
Email: m.zellagui@univ-batna2.dz,
mohamed.zellagui.1@ens.etsmtl.ca,
hebahassan@ieee.org,
nkraimia@usthb.dz

The Doubly-Fed Induction Generator (DFIG) based Wind
Turbines Generator (WTG) with traditional Maximum
Power Point Tracking (MPPT) control provides no inertia
response under system frequency events. Recently, the DFIG
wind turbines have been equipped with the Virtual Iner-
tia Controller (VIC) to enhance the frequency stability of
the power system. However, the conventional VICs with
fixed gain have negative effects on the inter-area oscillations
of regional networks. To cope with this drawback, this paper
proposes a novel adaptive VIC to improve both the inter-area
oscillations and frequency stability. In the proposed scheme,
the gain of the VIC is dynamically adjusted using fuzzy lo-
gic. The effectiveness and control performance of the adap-
tive fuzzy VIC is evaluated under different frequency events
such as loss of generation and three-phase fault with load
shedding. The simulation studies are performed on a gener-
ic two-area network integrated with a DFIG wind farm, and
the comparative results are presented for these three cases:
DFIG without VIC, DFIG with fixed gain VIC, and DFIG
with adaptive fuzzy VIC. The results confirm the ability of
the proposed adaptive fuzzy VIC in improving both the inter-
area oscillations and frequency stability of the system.

Keywords: adaptive Virtual Inertia Controller (VIC), Do-
ubly-Fed Induction Generator (DFIG), frequency stabili-
ty, inter-area oscillations, Maximum Power Point Tracking
(MPPT), Wind Turbine Generator (WTG)

INTRODUCTION

converters result in the reduction of the to-
tal system inertia which may have an effect on

Frequency has always been an important index
in power system operation, and an appropriate
strategy should be adopted to maintain the ne-
cessary frequency control [1]. The highly fluctu-
ating WTG and the presence of power electronic

the frequency stability of the system. Therefore,
it is becoming mandatory for the WTG to assist
in the frequency regulation to improve the sta-
bility of power systems [2]. However, the DFIG
with traditional MPPT control provides no
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inertial response during the system frequency
events such as load shedding, loss of generation,
and etc. [3].

The inertial response directly affects the ini-
tial rate of frequency deviation so that power
systems with lower inertia are more prone to
frequency instability [4]. Therefore, with incre-
asing the penetration of the DFIG-based WTG,
there are major concerns about the power sys-
tem frequency stability [5]. A novel inertial
emulation scheme proportion to the rate of
change of frequency was presented [6]. Authors
proposed a simplified model that accurately re-
presents the behaviour of wind farms and its role
in frequency control [7]. The nonlinear control
tool, namely the input-to-state stability appro-
ach, was applied [8]. A variable droop gain sche-
me for a wind farm was proposed for frequency
regulation [9]. An applied adaptive control with
a torsional frequency updating mechanism was
presented to counteract torsional damping dete-
rioration and it was validated by simulations and
real-time experiments [10].

Recently, the potential of a variable speed
WTG for improving the system frequency stabi-
lity has been addressed by a variety of VICs [11].
A first-order high-pass filter was used to acti-
vate the VIC only in the presence of significant
frequency deviation [12]. On the other hand,
research studies concluded that the reduced
inertia of power systems due to the increased

penetration of the DFIG improves the damping
of power system oscillations [13]. In [14], au-
thors used WTG and storage systems to improve
the frequency control characteristics. Applied
VIC optimisation control for frequency stability
in the presence of different active power wind
farm was introduced [15]. Authors in [16] pro-
posed schemes to modulate the gains of inertia
controller dynamically for a wide range of wind
speeds. A novel integrated frequency governor,
applied to the WTG, was proposed to provide
fast active power support and scheduled power
allocation [17, 18]. A proposed coordinated
control of the DFIG for load frequency control
problem was presented [19].

This paper presents a novel adaptive VIC
to improve both the inter-area oscillations and
frequency stability. In the proposed scheme,
the gain of the VICis dynamically adjusted using
fuzzy logic under different frequency conditi-
ons such as loss of generation and three-phase
fault with load shedding on a generic two-area
power system integrated with a DFIG wind
farm.

DFIG WIND TURBINE WITH VIC

Model of DFIG wind turbine

The general structure of a DFIG wind turbine
together with its controllers is shown in Fig. 1.
It consists of a turbine, drive-train, generator,
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power electronic converters and control blocks.
The turbine receives the kinetic energy of wind
and delivers it in the form of rotating mechanical
torque. Subsequently, the extracted mechanical
torque is transmitted to the generator through
a drive-train system. The generator is a wound
rotor induction generator that both the stator
and rotor are jointed to the grid.

In power system stability studies, very fast
electric transients of the stator are usually dis-
regarded and the system is modelled in the form
of a voltage source behind transient impedance
[14-19]. The model of mechanical and electrical
systems is given as follows:

The mechanical system:

2H1@2Tm_kvhetw_csh%’ (1)
dt ‘ Yodt
1 do,
— T = —©
(Deb dt t r> (2)
do, do,,
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V- (5)
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As illustrated in Fig. 1, in DFIGs, the rotor
is jointed to the network through two back-
to-back power electronic converters. They are
usually modelled in the form of PWM voltage
source converters for injecting a controlled sinu-
soidal AC three phase voltage to the rotor win-
dings. The converters should be able to work in
both rectifier and inverter modes to provide bi-
directional path for power flow between the ro-
tor and network.

The Grid-Side Converter (GSC) is controlled
to keep constant DC-link voltage and regulate
the reactive power exchange between the con-
verter and power grid. On the other hand,
the Rotor-Side Converter (RSC) provides deco-
upled control of active and reactive powers of
the generator [20].

The active power is conventionally contro-
lled based on MPPT strategy, where the wind
turbine can work at variable rotor speeds for
extracting the maximum wind power, according
to Fig. 2. In this strategy, if the wind speed exce-
eds a maximum allowable value, the pitch angle
controller limits the output power. Furthermore,
the reactive power can be independently contro-
lled to support difterent grid requirements. Ho-
wever, due to a limited capacity of the converters
and to provide a unity power factor, the referen-
ce of reactive power is usually set to zero [18].

Model of Virtual Inertia Controller

The DFIG with traditional MPPT control pro-
vides no inertial response to the network frequ-
ency events. Figure 3 shows a typical VIC for
a DFIG wind turbine. It is a derivative controller

Turbine output power, pu

Fig. 2. MPPT curve of DFIG wind turbine
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Fig. 3. DFIG active power control integrated with VIC

that provides a transient inertial response for
the DFIG active power through the stored kine-
tic energy of the rotor.

The performance of the VIC is specified
by the virtual inertia gain (H ). Moreover,
a first-order high-pass filter is usually used to
activate the controller only when there are si-
gnificant frequency deviations. In this way,
the DFIG’s rotor motion equation can be expres-
sed as follows [14-18]:

})m - l)e = 2er & =
w wt dt (6)
_oy do. do, o, do
“do,  di " dr
where H _takes the following form:
do, _ Ao,
Hvir = Hwt d(,{)s = Hwt A_(Db - Hwtn . (7)

According to Equation (7), the virtual iner-
tia directly depends on n = Aw /Aw_ where Aw,
and Aw_ are the angular speed variations of
the wind turbine and power system, respecti-
vely. As explained before, the DFIG has a wide
range of speed regulation fromw, . tow .
On the other hand, the traditional synchronous
generators usually work quite close to the syn-
chronous speed w_to keep the system frequency
stability.

Therefore, considering that Aw is much
larger than Aw, and then n > 1, the increa-
sed penetration of DFIG wind farms provides
a significant potential for network frequency
regulation.

COORDINATED DESIGN OF VIC AND
INTER-AREA OSCILLATION DAMPING

Relationship between system inertia response
and inter-area oscillations

In this section, the dynamic equations of a ty-
pical regional power network are developed to
analyse the relationship between the system
inertia and inter-area oscillations. A two-area
power network, as shown in Fig. 4, is considered,
where G, and G, are the equivalent generators in
the feeding side and receiving side, respectively.

G T G

D DHY

1

Fig. 4. Single line diagram of a two-area network

The swing equations of each generator are gi-
ven by [21, 22]:

do,
Mg = Fn B Do), ®)
do.
—L=w (o 1) 9)
” o (@ —1)

where I = 1, 2 denotes the generator number.
In Equation (8), the electric output power of
G, and G, can be calculated as follows [21]:

P, =E’G, + EE(G,cosd,,+ B sind ), (10)

1711
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P62 =E2G,, + EE(G,cos8 , - B sind ), (11)
where § ,= 8 -9, is the power angle between
the two networks, G, and G,, are the equivalent
internal conductance of G, and G, respectively,
and G, and B , are the transfer conductance and
susceptance between G, and G,, respectively.
Considering the mechanical power is constant
and substituting by Equation (10) into Equation
(8), the state equations of the system for a small
perturbation around the operating point are ob-
tained as follows [14-19], [23]:

21,9590 _ kA5, - D Ao, (12)

20, dg;% — _K,AS,, - D,Aw,, (13)

dAS

T”:wo (Ao ,-Aw,), (14)
where:

K, =EE(-G sind ,+ B cosd ), (15)

K, =EE(-G sind , - B cos ). (16)

Based on Equations (10)-(14), the system dy-
namics depend on the inertia parameters. To eva-
luate the impacts of these parameters on the sta-
bility of inter-area oscillations, a reduced-order
model based on the integral manifold theory can
be used to integrate and eliminate unneeded di-
ferential equations. Accordingly, a reduced-order
model of the system is derived as follows [22, 23]:

(1-a,)o,

~D,/2H,

AS,,

JZA
Aw,,

pA®,,

| T
-K,/2H,

b (17)

where A, and Aw,, are the states of the redu-
ced-order model system, and respectively speci-
ty the rotor angle deviations and angular speed
deviations between the two areas. p is the deri-
vative operator. From Equation (17), the system
characteristic equation is obtained as follows:

pr+ aoy+2 p+
1% 2H,

(18)
)
+ 2—1?11[a1D1+(1—a2)K1]= 0.

Subsequently, the system eigenvalues are gi-
ven by:

p,=atpi (19)
where the real part of the system eigenvalues is
calculated as follows:

0= aw, +2o | (20)
2 24,

In general, the real parts of eigenvalues play
a major role in the damping of system oscillati-
ons, such that if they become more negative,
the damping will increase. According to Equ-
ation (20), in a regional power network, the ei-
genvalues real part (a) is inversely related to
the inertia gain of the feeding side (H,). Con-
sequently, it can be concluded that supporting
more virtual inertia from a DFIG wind farm
may increase the inter-area oscillations.

Adaptive VIC for improving power system
oscillations

Although supporting more inertia by a DFIG
can improve the frequency stability; however,
the damping of inter-area oscillations will like-
ly reduce. Therefore, a novel adaptive VIC for
DFIG wind turbines is proposed to simultaneo-
usly handle both the inter-area oscillations and
frequency stability.

The inter-area oscillations in a regional ne-
twork can be specified by the angular speed
deviations between the areas. For exam-
ple, for the two-area system shown in Fig. 4,
the inter-area oscillations are considered as
Aw , = Aw -Aw,. This is a global signal that can
be obtained using the wide-area measurements
[24]. In the oscillatory conditions, one period of
Aw , can be divided into four stages, as represen-
ted in Fig. 5.

In stages I and IIIL, the amplitude of Aw,, is
increasing and a larger inertia can restrict it.
On the other hand, in stages II and IV, the am-
plitude of Aw, is declining and a lower inertia
will accelerate the oscillation damping. Thus, an
adaptive VIC can help to damp the inter-area os-
cillations. Practically, the stages from I to IV can
be recognized through the signals of Aw, ,and its
derivative, as given in Table 1.
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Fig. 5. Oscillation stages of Aw,,

Table 1.Adaptive inertia control for inter-area oscillation damping

Stage Aw,, d(Aw,,)/dt H,,
I Negative Negative High

1l Negative Positive Low
1 Positive Positive High
v Positive Negative Low

Designing the adaptive VIC using fuzzy logic
method

Fuzzy logic is the most appropriate approach
to be used when implementing controllers with
inexact inputs and linguistic control patterns.
The fuzzy logic controllers do not require an ac-
curate mathematical model of the system, and
the design criteria are linguistic rules. The fuzzy
rules are universally determined based on hu-
man experience from the desirable control ac-
tions. They can also provide robust performance
under nonlinear circumstances [25, 26].

In this section, an adaptive VIC is designed for
DFIG wind turbines using the fuzzy logic method.
The proposed fuzzy VIC can help to damp the inter-
area oscillations in regional power networks pre-
viously presented. Figure 6 represents the block
diagram of the DFIG’s active power controller
integrated with the proposed fuzzy VIC. In this
scheme, the virtual inertia gain (H ) is adaptively
regulated with respect to the angular speed devia-
tions between two areas (Aw,,) and its change rate
(dAw, /dt).

Every fuzzy controller consists of three parts
called as fuzzification, fuzzy inference mecha-
nism, and defuzzification [25-27]. Fuzzification
is the procedure of converting the crisp input
variables into the corresponding fuzzy values.
The Membership Functions (MFs) determine
the degree of belonging of the input variables to
one of the fuzzy sets. Here, two MFs (i.e. Nega-
tive and Positive) are employed to fuzzify each
of the two input variables, according to Fig. 7a
and b, respectively. In the next step, the fuzzy in-
ference system deduces the fuzzy output based
on the available fuzzy rules. The implication of
fuzzy rules requires a sufficient knowledge and
experience about the practical system.

They are expressed by a set of linguistic sta-
tements linking a limited number of conditions
with a limited number of consequences. In this
study, the appropriate control actions are obtai-
ned using the fact that the high inertia is needed

MPPT Control
w, RSC
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- —————=-r

| T .

| HP-Filter [
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Virtual Inertia Control /
la— AW
L _ 12
— dAwlz/ dt
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Fig. 6. Schematic of the proposed fuzzy adaptive VIC
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when the inter-area oscillations are increasing, and output MFs (M, N, H

min’

H_ ) are determi-
max

and the low inertia adjustments require when
the oscillations are approaching to the steady
state values.

Accordingly, two MFs are considered for
the fuzzy output as “High” or “Low”, which are
presented in Fig. 7c. The fuzzy inference system
used is the Mamdani type and the Max-Min me-
thod to deduce the fuzzy output [27]. In additi-
on, four fuzzy rules are applied as follows:

Rule (1): IF (Aw,, is “Negative”) AND (dAw ,/
dt is “Negative”) THEN (H _is “High”),

Rule (2): IF (Aw,, is “Negative”) AND (dAw ,/
dt is “Positive”) THEN (H _is “Low”),

Rule (3): IF (Aw , is “Positive”) AND (dAw ./
dt is “Positive”) THEN (H _is “High”),

Rule (4): IF (Aw , is “Positive”) AND (dAw ./
dt is “Negative”) THEN (H _is “Low”).

Finally, the centroid defuzzifer is used to
convert the fuzzy output into the corresponding
crisp output signal [27]. For optimal design of
the fuzzy controller, the parameters of the inputs

ned through Genetic Algorithm (GA) [28, 29].
To do so, the Integral Time-weighted Absolute
Error (ITAE) is considered as the performance
index [30] and it is defined as follows:

o0
ITAE = [|Aw,, (7)|dt. (21)
0

The ITAE integrates the absolute error mul-
tiplied by the time over time. The ITAE has
the best selectivity considering that the oscillati-
ons settle much more quickly than the other tu-
ning methods such as the Integral Squared Error
(ISE) and Integral Absolute Error (IAE) [30].

CASE STUDY AND SIMULATION STUDIES

In this section, the dynamic performance of
the proposed fuzzy adaptive VIC is evaluated using
simulation studies. The test system is a generic two-
area power network, as presented in Fig. 8 [12, 21].

I~ T T T T T T T T T T T T T T T T | -~~~ Tt T T 1
| Areal p _ 490w Area2 |
e > P,=713MW |
: | Q, =156 MV,, |
7 | 8 | 9 10 1 3 :
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! | | :
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) L ! ! L, |
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a Q,, =100 MV, 1Q,, =100 MV,, —— 4 :
| P,,.=400 MW | ! P, =700 MW
| DFe P,=700 MW | | - '
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I 2 a I
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_________________________________________ |

Fig. 8. The test system
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Area 1 contains two conventional synchronous ge-
nerators (G, and G,), one aggregated load (L,) and
one DFIG wind farm. Area 2 also includes two
conventional synchronous generators (G, and G,)
and one aggregated load (L,).

The nominal capacity of the generation units
and loads are shown in Fig. 8. As marked in the fi-
gure, Area 1 nominally sends about 400 MW to
Area 2 via the power tie-lines. The wind farm
was modelled as a single equivalent wind turbine
with a capacity of 400 MW (80 units of 5 MW)
and unity power factor. Although the wind farm
practically includes a large number of wind tur-
bines, considering each individual wind turbine
in the modelling process raises the complexity
and simulation time. To overcome this problem,
the aggregation method is used in this paper
[19]. In the following, the modal analysis results
and the time domain transient responses are pre-
sented as comparative studies between the three
following cases:

o Case 1: DFIG without VIC,

« Case 2: DFIG with fixed gain VIC,

« Case 3: DFIG with fuzzy adaptive VIC.

Modal analysis

The test system was simulated using MATLAB/
Simulink software package, and its linear state-
space model was extracted. Based on that, Ta-
ble 2 lists the electromechanical oscillatory
modes of the system. Modes 1 and 2, respecti-
vely, represent the local oscillatory modes of
the areas 1 and 2, while mode 3 is associated
with the inter-area oscillations. This paper in-
tends to focus on the inter-area oscillatory mode
of the system with frequency 0.4391 Hz and
damping ratio 3.15%. With this regard, Table 3
implies the normalized participation factor of
each synchronous generator in the inter-area
oscillatory mode. G, and G, are shown to have
the highest participation factor in the inter-area
oscillations.

Table 2. Electromechanical oscillatory modes

Table 3. Normalized participation factor in inter-area oscillations

Generator G G G G

1 2 3 4

0.66 0 1 0.09

Participation factor

Table 4 compares the inter-area oscillato-
ry modes of the test system when the DFIG
operates with different inertia control strate-
gy. It is observed that the DFIG equipped with
the fixed gain VIC decreases the damping ratio
from 3.15 to 2.54%, while the proposed adaptive
VIC increases it to 10.42%. However, in each of
the three cases, there is no considerable change
in the oscillation frequency.

Table 4. Inter-area oscillatory modes for different virtual inertia
control strategy

Eigenvalue Fre?#sncy Ir):t'::)p(";g
Case1 -0.0870+2.7591i 0.4391 3.15
Case2  -0.0693 +2.7168i 0.4324 2.54
Case3 -0.2742+2.6175i 0.4166 10.42

To compare the system transient behaviours
with the three cases 1, 2 and 3, the results of time
domain simulations are presented for different
frequency events such as sudden loss of genera-
tion and three-phase fault with load shedding.

Transient behaviours under loss of generation

In this first test case, a sudden loss of generation
by 250 MW of G, is considered to occur. Follo-
wing this event, the system frequency experien-
ces a temporary fall. The minimum frequency
directly affects the system frequency stability du-
ring the transient process. According to Fig. 9a,
the minimum frequency of the system increases
when the DFIG wind farm operates in cases 2
and 3. Therefore, both cases 2 and 3 can offer
better frequency stability compared to case 1.

Mode No. Eigenvalue Frequency (Hz) Damping ratio (%) Oscillation mode
1 -0.6217 + 6.5097i 1.0360 9.51 Local (#1)
2 -0.6539 +7.2618i 1.1557 8.97 Local (#2)
-0.0870 £ 2.7591i 0.4391 3.15 Inter-area
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Fig. 9. Transient behaviours under sudden loss of generation: (a) network frequency, (b) DFIG active power, (c) angular speed deviation

between G, and G,, (d) inter-area power oscillation

This is due to the inertial response of DFIG acti-
ve power, as shown in Fig. 9b. It is observed that
in cases 2 and 3, the DFIG active power changes
dynamically to support the system frequency,
while it stays almost constant in case 1.

Figures 9c and d, respectively, represent
the oscillations between two sub-regional net-
works in terms of the angular speed deviation
between G, and G, (Aw,,) and the active power
passing through the tie-lines between the buses
7and 9 (P ). It is worth noting that G, and G,
are the generators with the highest participation
in the inter-area oscillation mode, as previously
indicated in Table 3. The figures reveal that both
the amplitude and time of oscillations are incre-
ased in case 2, while they are effectively suppres-
sed in case 3. This is achieved by the adaptive
control performance of the proposed VIC with
respect to the inter-area oscillations, as shown
in Fig. 9d. While in case 2, the DFIG supports
the fixed virtual inertial response during
the frequency event.

To provide a quantitative comparison be-
tween the three cases, Table 5 compares the min-
imum network frequency (f ), the maximum
absolute deviation of Aw,, (max|Aw |) and
its settling time (At). Table 5 indicates that
the minimum frequency in case 1 is 59.65 Hz,
while it increases to 59.77 and 59.76 in cases 2
and 3, respectively. On the other hand, the adap-
tive fuzzy VIC decreases the max|Aw | and At
by 29% and 54% relative to case 1, respective-
ly. However, the fixed gain VIC increases them
from 0.425 to 0.428 (rad/s) and 6.38 to 7.22 (s),
respectively.

Table 5. The quantitative comparison under loss of generation

f . (Hz) | |Aw,,|(rad/s) | At,(sec)
Case 1 59.65 0.425 6.38
Case 2 59.77 0.428 7.22
Case 3 59.76 0.301 2.92
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Transient behaviours under three-phase fault

with load shedding

In the second test case, a three-phase to ground
fault is considered to occur in the middle of one
of the tie-lines at ¢ = 2 sec and to be cleared after
100 m sec by opening the circuit breakers at
the two ends of the faulty line. Then, 200 MW
load shedding of L, will be immediately impo-
sed to avoid overloading of the healthy line. Un-
der these circumstances, breaking the tie-line
between two networks results in the inter-area
oscillations, and the load shedding increases
the system frequency.

Figures 10a—-d represent the transient behavio-
urs of the system in terms of the system frequ-
ency (f), the DFIG active power (P_DHG), the an-
gular speed deviation between G, and G, (Aw ),
and the active power of tie-lines between buses
7and 9 (P ), respectively. As shown in Fig. 10a,
both the fixed and adaptive VICs are successful to
restrict the maximum frequency and its change

rate. On the other hand, Fig. 10 c and d reveal that
the use of the proposed adaptive VIC can drama-
tically reduce the system inter-area oscillations,
while the fixed gain VIC increases them for both
of the amplitude and time of oscillations.

Table 6 provides the quantified comparative
results between the three cases studies. The maxi-
mum frequency decreases from 60.69 Hz in case
1 to 60.43 and 60.38 Hz in cases 2 and 3, respec-
tively. The maximum absolute deviation of Aw ,
in case 3 is decreased by about 22% relative to
case 1. In case 3, the settling time of inter-area
oscillations decreases by 43% relative to case 1,
while it increases by 10% in case 2.

Table 6. The quantitative comparison under three-phase fault
with load shedding

f . (Hz) | |Aw,,|(rad/s) | At (sec)
Case 1 60.69 0.60 8.53
Case 2 60.43 0.58 9.39
Case 3 60.38 0.47 4.80
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~ 004
an
= 60.2
60.0
508
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Time, s
(©) ‘ ‘
0.6 — Case 1
wene Case 2
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S
s
v 0
g\
-0.3
-0.6
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(d)

Time, s

4 6 8 10 12 14 16 18 20
Time, s

Fig. 10. Transient behaviours under three-phase fault with load shedding: (a) network frequency, (b) DFIG active power, (c) angular speed

deviation between G, and G,, (d) inter-area power oscillation
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CONCLUSIONS

This paper revealed that the increased penetra-
tion of DFIG wind farms, which are equipped
with a traditional fixed gain VIC, may increase
the inter-area oscillations of regional power ne-
tworks. In order to solve this problem, a novel
adaptive VIC was proposed in this paper, where
the virtual inertia gain (H ) was not kept fixed
but dynamically adjusted using fuzzy logic with
respect to inter-area oscillations.

The effectiveness of the proposed adaptive fu-
zzy VIC was verified through simulation studies
for the system under different operating conditi-
ons, such as loss of generation and three-phase
fault with load shedding. The obtained results
confirm that the DFIG equipped with the propo-
sed adaptive fuzzy VIC can provide a better per-
formance than the traditional fixed gain VIC in
terms of improving the damping of the inter-area
oscillations and frequency stability.

To further extend this research work, authors
are planning to study other large power systems
in the presence of hybrid renewable energy re-
sources. There are also plans to apply novel opti-
misation algorithms to calculate the parameters
of controllers in order to enhance the frequency
stability of power systems.

Received 15 February 2019
Accepted 29 March 2019

NOMENCLATURE

H, Hg - Turbine and generator inertia cons-
tants

w, w_- Turbine and generator angular speeds
C,p ksh, Gtw - Damping, stiffness and twist angle
of shaft

w ,, w_- Electrical base and synchronous speeds

T , T - Mechanical and electrical torques

i p i, —dand qaxis stator currents

v » v, —dand q axis rotor voltages

E/,E’-dand q axis voltages behind transient
reactance

R, R - Stator and rotor resistances

L,L,L - Stator, rotor and mutual inductances

L. - Stator transient inductance

T =L/R - Rotor time constant

P , P, - Mechanical and electrical powers

w, 0 - Rotor angular speed and position
£, —~ Minimum frequency

w, - Rated angular speed of power system
H, D - Inertia and damping coeflicients
H - Virtual inertia gain

P, Q - Active and reactive powers

d,, - Power angle between two networks
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DVIGUBO MAITINIMO INDUKCINIU
GENERATORIUMI PAREMTA VEJO

TURBINA NESUBALANSUOTOS APKROVOS
ENERGETIKOS SISTEMOJE NAUDOJANTI
ADAPTYVU NERAISKU VIRTUALUY INERCIJOS
VALDIKLI

Santrauka

Dvigubo maitinimo indukciniu generatoriumi pa-
remtas véjo turbinos generatorius su tradiciniu mak-
simalios galios tasko stebéjimo valdymu nesuteikia
inercijos atsako esant sistemos daznio pokyciams.
Pastaruoju metu dvigubo maitinimo indukciniu ge-
neratoriumi paremtose véjo turbinose buvo jrengti
virtualas inercijos valdikliai, kad padidinty energeti-
kos sistemos daznio stabiluma. Taciau tradiciniai vir-
tualas inercijos valdikliai, turintys fiksuotg stiprini-
mo koeficients, daro neigiamg poveikj regiony tinkly
tarpsisteminiams daznio svyravimams. Siekiant i$-
spresti §j trukuma, straipsnyje pateikiami nauji adap-
tyvis virtualtis inercijos valdikliai, kurie sumazinty
tarpsisteminius svyravimus ir pagerinty daznio stabi-

lumg. Sialomoje schemoje virtualiy inercijos valdikliy

stiprinimo koeficientas yra dinamiskai sureguliuoja-
mas naudojant miglotaja logika (angl. fuzzy logic).
Adaptyviy neraiskiy (angl. fuzzy) virtualiy inercijos
valdikliy efektyvumas ir valdymas vertinami pagal
skirtingus daznio poky¢iy jvykius, pavyzdziui, elek-
tros generacijos netekimg ir trumpojo jungimo trik-
dzius su apkrovos atjungimu. Modeliavimas atlieka-
mas su dvigubo maitinimo indukciniu generatoriumi
paremtomis véjo jégainémis, integruotomis j bendra
dviejy zony tinkla, o lyginamieji rezultatai pateikia-
mi trims atvejams: dvigubo maitinimo indukciniam
generatoriui be virtualiy inercijos valdikliy, dvigu-
bo maitinimo indukciniam generatoriui su fiksuoto
stiprinimo koeficiento virtualiu inercijos valdikliu
ir dvigubo maitinimo indukciniam generatoriui su
adaptyviu nerais$kiu virtualiu inercijos valdikliu.
Tyrimo rezultatai patvirtina siilomo adaptyvaus ne-
rai$kaus virtualaus inercijos valdiklio gebéjima ge-
rinti tiek tarpsisteminius svyravimus, tiek sistemos
daznio stabiluma.

Raktazodziai: adaptyvus virtualus inercijos val-
diklis, dvigubai maitinamas indukcinis generatorius,
daznio stabilumas, tarpsisteminiai svyravimai, mak-
simalios galios tasko stebéjimas, véjo turbinos gene-

ratorius



