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Sparse matrix converter (SMC) is an indirect AC-to-AC power electronic converter that has a fictitious DC link between
rectification and inversion stages in which neither a capacitor nor an inductor, as the storage element, is utilized. Due to this
advantage, SMC is used in AC drives, marine thrust systems, aerospace industry, as well as in wind energy applications. On the
other hand, permanent magnet synchronous generator (PMSG) is competitive in wind turbine applications due to their
prominent features. In this work, a fuzzy fractional-order PID (FFOPID) controller is designed for a PMSG based wind energy
conversion system (WECS) which employs a three-phase three-level SMC. The FFOPID controller is chosen to combine the
salient features of the fractional-order calculus and fuzzy logic operations to enhance the dynamic response of classical PID
controller with fixed gains. The simulation results taken under different case studies are analyzed in detail, which demonstrate the
superiority of the designed FFOPID controller over classical PID control approach in tracking d- and g-axis current references of
the SMC at the output. With the designed control approach, the smooth control of the real and reactive power injections into the

grid from the WECS are ensured with acceptable transient response.

1. Introduction

Matrix converter (MC) is a power electronic AC-to-AC
converter without any DC storage element such as capacitor
or inductor. This adaptation reduces converter size, upsurges
converter reliability, as well as provides four-quadrant op-
eration [1-3]. Due to these salient features, MCs have been
used in many applications such as AC drives, marine pro-
pulsion systems, aerospace industry, and renewable energy
systems [4]. Recently, MCs have gained increased interest in
wind energy applications [5]. In [6], different control
strategies for MC topologies for wind energy applications are
reviewed and an ultra-modified space vector modulation
(SVM) scheme is proposed for a direct MC topology to
reduce the harmonic content of output waveforms of a wind
energy conversion system (WECS). A DFIG driven WECS,
where a direct MC is connected to the rotor is suggested in
[7]. In this study, the real as well as reactive power output of
the WECS are controlled using sliding mode control

approach. The simulation studies verify the usefulness of the
sliding mode control method. In [8], the investigation of an
oftshore WECS with a high frequency link that consists of a
permanent magnet synchronous generator (PMSG), a
converter, a high frequency transformer, and a diode bridge
rectifier is carried out. Various MC and back-to-back
converter topologies are studied to compare the efficiency of
each setup. On the other hand, sparse MC (SMC) is a
member of MC family, in which indirect power conversion
is realized using rectifier and inverter stages separated by a
fictious DC link without any DC storage element [9]. The
control complexity of the power semiconductor switches in
SMC is a challenging task, since switching synchronization
between rectifier and inverter stages is needed [4]. SMC has
also found application areas in WECS. A three-level SMC is
adopted to a grid-connected doubly fed induction generator
(DFIG) based WECS in [10]. The simulation results affirm
the suitability of the SMC to WECS applications in terms of
control performance. A SMC topology as a variable speed
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drive for a PMSG driven WECS is proposed in [11,12]. In
both of these studies, SMC switches are modulated using
SVM. An ultra-sparse MC topology is adopted for PMSG
based WECS in [13].

In this study, a direct torque control mechanism is
designed based on SVM to control rotor speed with reduced
torque ripples. Numerous controllers are also suggested by
researchers to retain the control variables of PMSG based
WECS at the reference values against plant uncertainty and
external disturbances. Studies employing conventional AC-
to-AC converters having a real DC link with an energy
storage element are plentiful. Recently, a sliding mode
controller is designed for an offshore PMSG-WECS with
conventional AC-to-AC conversion scheme to reduce the
chattering issue [14]. The simulated cases illustrate that the
proposed control method improves the robustness and
stability of the system in the area of maximum power point
tracking (MPPT). An adaptive control arrangement, which
is based on the combination of PI control and adaptive
filtering algorithm, is proposed in [15] to improve the MPPT
and fault ride-through ability of grid-connected PMSG-
WECS in which a conventional AC-to-AC conversion
scheme is used. A Takagi-Sugeno fractional order (FO) fuzzy
logic control strategy is proposed for a PMSG-WECS with a
conventional AC-to-AC converter in [16]. Numerical sim-
ulations show the efficacy of the proposed control method. A
conventional AC-to-AC converter is suggested in [17] for a
PMSG fed WECS. In that study, a model predictive control
strategy based on a finite control set is suggested for the
converter regulation task. The numerical simulations
demonstrate that the DC link voltage between the converters
can heal under grid faults. A few control design studies has
been proposed for WECS employing SMC topology. A PI
controller is used to regulate the electromagnetic torque of
PMSG driven WECS in which SMC is utilized [11].In [18], a
carrier based PWM technique is adopted for a SMC based
PMSG-WECS, which is PI controlled. It is shown that the
proposed control system is successful in real power control
and oscillation damping for current/voltage waveforms of
SMC. In the above literature scan, it is evident that in control
design studies for PMSG-WECS, mostly the converter type
is conventional in which a real dc link with an energy storage
element exists between rectifier and inverter stages. On the
other hand, PID controller is effective and can be easily
implemented in many control areas. Moreover, there is a
possibility to embed fractional calculus into control systems
[19-21]. For example, FO based PID controller can give
better results for nonlinear complex systems if carefully
tuned when compared to classical PID control scheme
[22-24]. Classical PID controller contains proportional gain,
integral gain, and derivative gain. However, two additional
parameters, such as integer term and differentiator term,
exist in FOPID control structure. With the addition of these
parameters, it has been shown that the response of the
control system can be improved by using FOPID controllers
[25-28]. Recent studies have shown that fuzzy logic can also
be integrated to FO controllers to tune gains dynamically
[16,29-31]. The present work is devoted to the utilization of a
FOPID controller with a Mamdani type fuzzy logic scheme
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to improve the dynamic performance of the inverter stage
controller for a SMC in PMSG-WECS. In the proposed
control approach, the error and its derivative, obtained by
comparing the reference and the measured output, are
evaluated in the fuzzy interference system. By this way, the
scaling factors of the proportional, integral, and derivative
gains at each sampling period are updated accordingly. In
view of the above critics, the contributions of this study are
as follows:

(1) The number of SMC based studies for PMSG-WECS
is not plentiful, mostly, direct MC topologies or
conventional back-to-back converter topologies with
a real DC link having an energy storage element is
much more common in WECS. With this respect,
this study aims to design a controller for SMC based
PMSG-WECS.

(2) To the best of the authors’ knowledge, FOPID
controller with Mamdani fuzzy logic has been used
for the first time to control a SMC based PMSG-
WECS.

The paper organization is handled with seven sections.
After the introduction section, a brief overview of MC to-
pologies is given in Section 2. The mathematical models of
both PMSG and SMC are given in Section 3. Section 4
overviews FO calculus. The design details of fuzzy-FOPID
controller are released in Section 5. The results of the
simulated cases as well as the related discussions are pre-
sented in Section 6. Lastly, the overall conclusions obtained
from this work are commented in Section 7.

2. Matrix Converter Topologies

MC is a power electronic-based solution that is able to
perform AC-AC power conversion without any energy
storage device as well as input power factor control inde-
pendently of the load. Figure 1 shows the general switch
arrangement of a three-phase to three-phase MC. It consists
of nine bidirectional semiconductor switches that connects
the input and output stages. The desired magnitude and
frequency of the output voltage are attained by applying a
proper switching modulation scheme.

The MC topology was first mentioned by Venturini who
was also the first to introduce this name for this converter
type [32]. Later on, Venturini and Alesina introduced low
frequency modulation matrix, also known as direct transfer
function approach in which the output voltage is obtained by
multiplying the modulation matrix by the input voltage [33].
MC topology is categorized into two forms: direct and in-
direct MC topology. Figure 2 shows the classification of
three-phase AC-AC converters [34].

Conventional or direct MC (DMC) has a single stage
with nine bidirectional switches (controlled semiconductor
switch with antiparallel connected diode) distributed into
four quadrants. On the other hand, indirect MC (IMC)
topology has both rectifier and inverter stages. Between these
stages, there is a fictitious DC link without any storage el-
ement, such as capacitor or inductor. The IMC arrangement
minimizes the number of semiconductor switches being
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F1GURE 1: The general switch arrangement of MC.

utilized, developed by Kolar et al. [35]. Generally, IMC has
advantages over DMC, hence this topology has gained much
interest in recent years. Several topologies for IMC have been
developed, including SMC family which is one of the latest
arrangements proposed in the MC field. The SMC topology
has some subtypes, such as very sparse MC (VSMC),
ultrasparse MC (USMC), and inverting link MC (ILMC).

3. System Components

3.1. PMSG Model. Permanent magnets are used in syn-
chronous machines due to the lack of field windings, slip
rings, excitation system, and gearbox. These missing sub-
systems and components give PMSG many advantages over
doubly fed induction generator (DFIG) such as, small size,
high-power density, high reliability, and robust operation.
PMSGs can be both utilized in offshore and onshore ap-
plications. PMSG requires less maintenance in offshore
WECS applications compared to DFIG [14,36]. The dg
voltage equations of PMSG can be written as follows: [37]

d 1 R L .
—ig = —V;——ig+— pw,i,,
ard T LT T P

(1)
d 1 R, L )
Vg~ 7ig + T pw, iy -

_i - prr
q q q
dt L, L, L,
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>

where d-axis and g-axis components of the voltage terms are
described as v; and v, L_d and L_g are the d-axis and g-axis
inductances of the PMSG, respectively, i_d and i_g are the
d-axis and g-axis current components, respectively, A is the

stator flux linkage, and w, is the angular velocity of rotor. On
the other hand, R is the stator winding resistance, p is the
pole count on the machine. The PMSG generates an elec-
tromagnetic torque that can be formulated as follows:

T, = 1.5p[ iy + (Lg — Ly Jiaiy (2)

where p is the number of pole pairs. The rotor speed w, is
expressed as follows:

d 1
— = — - - 3
o i (T,-Fw,-T,,), (3)

where ] is the rotor inertia and F is the rotor friction. Table 1
shows the PMSG parameters used in the design.

3.2. SMC Model. SMC topology is an indirect MC topology,
also known as “double stage topology”, which was developed
in the early 2000s [38]. SMC topology can be designed either
as single- or three-phase arrangement. Figure 3 depicts the
power circuit of a three-phase SMC. The rectifier stage
consists of a four-quadrant current source rectifier that
converts AC input voltage into DC form. In this stage, each
bidirectional switch is the combination of two power
semiconductor devices (IGBT, IGCT, or MOSFET) with an
antiparallel diode connection. These switches can be oper-
ated either in common-emitter or common collector con-
figuration. The inverter side is a two-level voltage source
inverter, which consists of power semiconductor devices
such as IGTB, IGCT, or MOSFET. The inverter is fed from a
fictitious DC link without any storage element such as ca-
pacitor or inductor. The output voltage of the inverter is
controlled in terms of magnitude, phase angle, and fre-
quency. In SMC, the phase angle of the input current can
also be controlled regardless of the load. With this property,
unity power factor operation can be established at the SMC
input. Equation (4) shows the connection matrix of the
rectifier stage S_rec, where S_x represents the state of each
power electronic switch available at the phase-x. When the
power semiconductor element is turned on, S becomes 1 (or
logic-1), on the other hand, when the power semiconductor
element is turned off, S becomes zero (or logic-0). The
notation SA’ denotes the reciprocal state of the respected
switch. In the time of switching for both cells, one switch is
always closed. The necessary conditions for the switches in
the rectifier stage are expressed in equation (5). The voltage
and current relations that represent the rectifier operation of
the indirect MC are expressed in equations (6) and (7),
respectively. In Figure 3, v, and v, represent the voltage of
the two points represented in Figure 3, respectively. The
phase input currents are represented as i_A, i_B, and i_c. At
the input side, the phase voltages are denoted as v,, v, and
v,. The DC current that flows from the rectifier stage to the
inverter stage of the three-phase SMC is denoted by i_dc, as
shown in Figure 3. Equation (8) shows the connection
matrix of the inverter stage of the indirect MC. The necessary
conditions for the power electronic switches in the inverter
stage of the three-phase SMC are presented in equation (9).
Equations (10) and (11) express the voltage and current



4 International Transactions on Electrical Energy Systems

AC-AC CONVERTER

With DC Link
Energy Storage

No DC Link Energy Storage

(Matrix Converter)

\

Dual Stage
Matrix
Converter

Voltage Current
sourced sourced

With

RB.IGBT With IGBT

Two RB-
IGBT
in parallel

Indirect Matrix Direct Matrix

RB-IGBT and IGBT

. Converter
in parallel

(DMC)

Converter
(IMC)

Sparse Very Sparse Ultra Sparse Inverting Link
(SMC) (VSMC) (USMC) (ILMC)
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TaBLE 1: The design parameters of the PMSG used in this work.

. VA
Parameter name Parameter value Vp = [Srect] vg | (6)
Rating 1.5 MW Vo | v
Stator phase resistance 6 mQ ¢
Armature inductance 395uH ..
Flux linkage 1.51 Wb-turns 'A ol g
Number of poles pairs 48 ig | = [ Srect | B (7)
i L ~tdc
¢
relations representing the inverter operation of the indirect ,
MG, respectively. The matrix [Spg] expressed in equation S S,
(12) is the connection matrix of the indirect MC, which is [Suv]=1|S, S| (8)
resulted from the multiplication of the connection matrices S g
of the rectifier and inverter stages. The semiconductor pa- € e
rameters used in the designing of the rectifier and inverter (S 45 -1
stages are represented in Table 2. at “ v
S s S h Sb + Sb = 1, (9)
A OB SC
SRR N 4) 5.+ 5=1,
A OB SC
S Sp+S ]
&9; 485+ Sc =1, v
Y (5) v | = [va][ "], (10)
SA&9;+SB+SC = 1, v VO
.
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TaBLE 2: The parameters of IGBT and diode used in rectifier and
inverter stages.

Parameter name IGBT Diode
Turn on resistance 1mQ 1 mQ
Turn on inductance Ignored Ignored
Forward voltage drop 1.0V 0.8V
The resistance of snubber 100 KQ 500 Q
The capacitance of snubber Large 250 nF
. [ ia
1q T| .
[ .C ] = [Sinv] | (11)
—14c i
L *¢c
[ Sa S;“ Sy, Sz S
A OB OC
[SDE] = [Sinv] : [Srec] = Sb Sbl : [Sr s s/ ]
S S ’ A B C
¢ oes (12)
SAa SBu SCa
[SDE] =S Sm Scb |-
o SAC SBC SCc

The switching signals for the rectifier stage of the SMC
are generated using sinusoidal pulse width modulation
(SPWM) scheme, as shown in Figure 4. The switching signals
(81-89) of the IGBTs are generated by making a comparison
between a reference sinusoidal signal and a high frequency
triangular carrier waveform. In this work, the frequency of
the carrier waveform is chosen as 50 kHz for each phase. The
rectifier stage is controlled in an open-loop fashion in which
no feedback signals are used. Since, it is aimed to obtain the
maximum value of a fictitious DC voltage from the rectifier
stage. On the contrary, the SMC inverter stage is operated in
a closed-loop manner so as to regulate the real power and
reactive power injections at their reference values. These
power injections are measured at the output of the SMC
inverter stage of the three-phase SMC. The gain and the

amplitude of rectifier stage is designed as 0.5 and 1, re-
spectively. Table 3 shows the time values of the repeating
sequence to generate high frequency triangular carrier
waveform for the rectifier stage.

Figure 5 shows the switching signal generation for SMC
inverter stage using SPWM. The switching signals (5§10-S15)
of the IGBTs in the inverter stage are generated by making a
comparison between a reference sinusoidal signal and a high
frequency triangular carrier waveform. In this work, the
frequency of the carrier waveform is chosen as 25kHz for
each phase. The pulse width modulation signals are gen-
erated using the output of the FFOPID controller. The gain
and the amplitude of inverter stage is designed as 1 and 3,
respectively. The frequency of the carrier signal is set to
25kHz. Table 4 shows the time values of the repeating se-
quence to generate high frequency triangular carrier
waveform for the inverter stage.

3.3. WECS Model. Figure 6 represents the general model of
the SMC based WECS including power circuits and con-
trollers. The model contains several stages. The power gen-
eration stage consists of a wind turbine and a PMSG. This
stage includes two controllers. The pitch angle controller
achieves maximum utilization of wind energy, on the other
hand, the operational control scheme protects the generator
from very high wind speeds. Figure 7 shows the operational
control scheme of the WECS. The maximum amount of
energy that can be captured from the wind can be collected by
performing pitch angle control. In this control, the inclination
angle of the turbine blades is manipulated to capture the
maximum kinetic energy from the wind. At the same time,
the operational control scheme protects the generator when
the wind speed exceeds a predefined reference. It relies on an
algorithm that includes the maximum and minimum wind
speeds. When the shaft speed exceeds the specified value, the
switch is turned to zero to ensure the protection of the
generator. In the normal position, the switch is connected
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FIGURE 4: Switching signal generation for SMC rectifier stage.
TABLE 3: Repeating sequence data to generate triangular carrier waveform for rectifier stage.
Time (s) 0 0.25/50e3 0.5/50e3 0.75/50e3 1/50e3
Output 0 1 0 1

directly to the shaft, which connects to the turbine. The SMC
is available in the second stage in which the PMSG output is
connected to the rectifier stage of the SMC. The converter
stage has two control schemes for each stage of the SMC,
respectively. The SPWM scheme produces the required
switching signals for the bidirectional switches in the rectifier
stage. The inverter stage of the three-phase SMC is controlled
by a FFOPID controller. This controller is the main controller
of the system and more details will be given in the next
sections. An LCL filter is inserted between the output of the
three-phase SMC and the main power grid. This filter is used
to reduce the switching harmonics of the SMC, hence the
waveform distortion at the SMC output can be diminished
efficiently. The reasons of selecting an LCL filter over L filter
or LC filter can be justified by checking the literature. The
usage of small components such as inductor and capacitor
greatly reduces the filter size as well as the cost in real ap-
plications. Moreover, the high-frequency characteristics of
LCL filter is —60 dB/dec, which is better than its counterparts.
The LCL filter parameters used in this work are presented in
Table 5. The LCL filter parameters are determined by

considering the electrical parameters of the system. These
parameters are the frequency and the rms value of the
fundamental component of the line-to-line grid voltage, the
real power as well as current rating of the inverter stage of the
three-phase SMC, and the hypothetical DC link voltage of the
three-phase SMC. Moreover, the switching frequency of the
inverter stage of the three-phase SMC is another factor when
designing the LCL filter, taking into account the values of the
inductance of the transformer and the inductance of the
semiconductors of the SMC Inverter stage.

The designed WECS should provide the necessary
amount of real power generation and reactive power gen-
eration/absorption to the main electrical grid. Since, no
storage element is used between rectifier and inverter stages,
the converted power from the wind is first converted into
DC power in the fictitious DC link, and then converted back
into AC power which is injected into the grid. The designed
FFOPID controller simultaneously regulates the real and
reactive power injections into the grid. By this way, unity
power factor operation of the WECS can be ensured while
the injected active power is controlled independently.
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TABLE 4: Repeating sequence data to generate triangular carrier r 4
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Time (s) 0 0.25/50e3
Output 1 0 aD} =1, R(y) =0, (13)

4. Overview of Fractional Order Calculus

The lack of a simple geometric explanation and the solution
for FO differential equations have motivated to develop
calculus to solve complex problems. FO calculus is a branch
of mathematics science in which performing the differen-
tiation and integration operations under an arbitrary order
are possible [39]. This order by definition may be a real or
complex number. FO calculus relates to fractional dimen-
sion infinite memory and chaotic behavior. FO has found
many application areas such as astronomy, control prob-
lems, and industrialization problems [40,41]. FO is found to
be fulfilled of articulating marvels owning long-range
memory uncommon impacts that are challenging to handle
through classical integer-order calculus. With the increment
of inquire about in this field, expanding concentration has
been watched within the alteration of fragmentary calculus
as a fruitful modeling contraption for complicated frame-
works that gives impulse to development in dynamical
examination and direction. Fragmentary calculus shows up
to be conceivably contender to consolidate bigger models
through segregating agile subordinate on the clarification of
involvedness [42]. Incorporating FO calculus into control
strategies is shown to improve the control system perfor-
mance and robustness with less control effort [43,44]. FO
differentiator can be represented as a persistent differential
integral operator [45-47],

t
J (dr) ', R(p)<0.
-Ja

In equation (13), y is the differentiation order, and a is a

constant that can be identified by the initial conditions of the
given problem. A number of common definitions is available
for FO calculus. The Riemann-Liouville and Caputo defi-
nitions are represented as follows: [48]

1 d" ¢
aDlf (O = g | L0

7(1 ,
a f(t— 70! ' (14)

where n is the derivative order that describes the lowest and
highest limits of p, explained by this expressionn — 1<y <n.
The ordinary gamma function I' (y) used in equation (14)
can be detailed as follows:

F(y)=J

(o] 1
e “u' du,
0

R (y)>0. (15)
The Grunwald-Letnikov definitions used in this study
are represented as follows:
. [(t-a)/h]
- Tim k7
aD) f () = lim h ]ZO

(—l)j(];>f(t _i, (16)

where h is the time increment. The binomial coeflicient is
given as follows:
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TasLE 5: LCL filter parameters used in the design.

Parameter name

Parameter value

SMC side inductor 0.6 mH
Grid side inductor 51 mH
Capacitor 22 uF
Y ! T(y+j
14 (y+ ) (17)

j) G-I DIy —j+ D)

When a fractional order differential equation is considered,
equation (16) can be effectively used to find a numerical
solution of the given problem [49].

5. Fuzzy FOPID Controller Design

The application of FO calculus to energetic systems began in
1960 [50]. Since at that point, the investigation on FO based
control approaches have been expanded to different research
areas in engineering science. For an illustration, a FO based
PID (FOPID) controller may be a combination of a classical
PID control scheme and a group of FOs. The dynamics of a
FOPID controller can be represented as a transfer function
as follows:

G.(s) = Kp+K;s '+ Kps. (18)
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In equation (18), the gains of classical PID controller are
denoted as K_P, K_I, and K_D, respectively. K_P is the
proportional gain, K_I is the integral gain, and K_D is the
derivative gain. The fractional term of the integrator section
of the PID controller is A, while the fractional term of the
derivative section of the PID controller is y. The output of
the FOPID controller expressed in time-domain can be
shown as follows:

Output(t) = Kpe(t) + K;D e (t) + KpD e(t).  (19)

It is clear that, within the FOPID controller, separated
from the normally considered three parameters such as K_P,
K_I, and K_D, two additional control parameters such as (A,
u) are also experienced. Thus, in the FOPID controller
design stage, a total of five parameters can be effectively
considered. By this way, five nonlinear equations with five
unknowns can be solved in a straight manner. In this work,
the FOPID controller design is carried out by using the
available FOMCON toolbox [51,52]. Fuzzy logic works using
linguistic notation, as it gives flexibility in expressions with
an easy language, helps to solve complex uncertain problems
in real problems. For example, a fuzzy logic supported
controller can be considered for the systems having non-
linearity and uncertainty between inputs and outputs. As in
case of a classical PID controller, since the gains are fixed, the
required performance may not be met in most times when
the controlled system is nonlinear and complex. Conse-
quently, modifying the gains of a FOPID controller dy-
namically can lead to improved control performance, even
though when there is a variation in load and/or external
disturbances. In view of this aspect, a Mamdani type fuzzy
logic concept is combined with the FOPID controller in this
work. This type of control approach is recently proposed in
many works [53-55]. The fuzzy-FOPID (FFOPID) con-
troller could be a bunch of fuzzy-based rules connected in
collection with PID control activity. In this control ap-
proach, the fuzzy-based rules are outlined to utilize the
system error and the error of the derivative to tune the
scaling factors of the PID controller parameters, such as
proportional, integral, and derivative terms. Utilizing these
scaling variables, the controller gains are upgraded at each
sampling period. Figure 8 depicts the block diagram of the
FFOPID controller used in this work. The dg-axis current
components measured at SMC output are used as reference
to control the dg-axis currents at SMC output, to regulate the
injected real and reactive power from WECS into the grid.

The FFOPID controller gains are calculated as follows:

Kp = Kp + AKp,
K, =K, +AK,, }, (20)
Kp =K, + AK,

where K_P, K_I, and K_D are the initial gains, and AK_P,
[AK]_I and AK_D are the dynamic scaling factors computed
by fuzzy based rules. In this work, a Mamdani type inter-
ference system is connected to the FFOPID controller with
two triangle membership functions for the input stage of the
controller. On the other hand, a total of three Gaussian

membership functions for the controller outputs are utilized.
Two separate FFOPID controllers are designed for each axis
component of the output current of the three-phase SMC
after coordinate transformation. Figure 9 shows the overall
closed-loop control scheme of the PMSG based WECS. The
settled parameters of the FFOPID controller are listed in
Table 6.

The rule base is the significant portion of the fuzzy
interference system design. Based on the current input, the
input and output linguistic variables are related by this rule
base. Tables 7-9 shows fuzzy linguistic rules for AK_P,
[AK]_I, and AK_D for each dg-axis FFOPID controller,
respectively. The membership functions used in this work
are designated with some linguistic variables. Namely, for
the input side, seven different linguistic variables are
planned. These are as follows: negative big (NB), negative
medium (NM), negative small (NS), zero (Z), positive small
(PS), positive medium (PM), and positive big (PM), re-
spectively. For the output side, two different linguistic
variables are planned such as (Small) and (Big), respectively.
Figures 10 and 11 presents the input fuzzy membership
functions, respectively. These functions are designed for
error and change-in-error signals obtained at the input,
respectively. On the other hand, the output fuzzy mem-
bership functions are denoted in Figure 12. The output
surfaces of the designed fuzzy inference system are illus-
trated graphically in Figures 13-15. These surfaces signify
the relationship between inputs and output as 3D surface
view and specify how the scaling factor could vary based on
the magnitude of input error and change-in-error. As seen,
the scaling factors are set bigger for the larger amplitude of
error and change-in-error, while these values are gradually
reduced for smaller error and change-in-error values. To
determine the crisp output, the center of gravity is used for
defuzzification.

6. Simulation Results and Discussion

The closed-loop dynamic performance of the FFOPID
controller is verified under fixed wind speed of 9 m/s when
step changes are applied to dg-axis current references.
Moreover, a comparison with classical PID controller is
also made in this section. Figures 16 and 17 illustrates
three-phase output voltage and current waveforms of the
PMSG recorded at the input of the SMC, respectively.
Although the voltage waveforms do not contain any har-
monics, since no filter is used at the SMC input, the current
waveforms contain switching noise and harmonics due to
the rectifier switching. On the other hand, Figures 18 and
19 shows three-phase output voltage and current wave-
forms of the SMC after LCL filter, respectively. It is clearly
observed that the LCL filter reduces the switching noise as
well as harmonics in both waveforms. The voltage and
current waveforms of the fictitious DC link of the SMC are
presented in Figures 20 and 21, respectively. As seen, the
DC-link voltage obtained greater than 800V that has a
ripple factor of around 6.75%. To quantitatively express the
harmonic content of the voltage and current waveforms,
THD measurements are also carried out in the simulation



10 International Transactions on Electrical Energy Systems
Fuzzy Logic
Controller
d/dt
AKP AKI AKD
< X >
e (t) ) \\ f dq() \,
Id-reference + Fractional-Order N PWM
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FIGURE 8: Block diagram of the FFOPID controller.
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FIGURE 9: The overall closed-loop control scheme of the PMSG based WECS.
TaBLE 6: Fixed parameters of the FFOPID controller. vice versa. In the first case, the constant Id value
(Id=0.8 pu) is chosen with a step-change in Iq (+0.1 pu to
Kp Ky Kb Y K —0.2 pu) is applied, as shown in Figure 22. In the second
1.2 0.25 0.01 0.3 0.3

studies. THD measurements before the LCL filter indicate a
THD of 0.83% for the SMC output voltage, while a THD of
0.2% for the SMC output current. Measurement after the
LCL filter indicates better results. THD of SMC output
voltage is reduced to 0.08%, while the THD of the SMC
output current is reduced to 0.1% by using the LCL filter.
The FFOPID controller response and its comparison with
the classical PID controller response are represented in
Figures 21 and 22, respectively. In each comparison study,
when Id is kept constant Iq is applied a step-change and

case, the constant Iq value (Iq=0.0pu) is chosen with a
step-change in Id (+0.8 pu to +0.6 pu), as shown in Fig-
ure 23. The system that uses the classical PID controller
takes a long time to reach the desired response, as well as an
acceptable value of the overshot until the steady-state is
reached. But, when FFOPID controller is activated, the
system takes less time to reach the desired response when
compared with the classical PID controller. There is no
value to be mentioned for overshoot as well as access to the
steady-state value is even faster. These comparisons reveal
the fact that the Mamdani based fuzzy rules are able to
dynamically adjust the gains of the controllers in each
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TaBLE 7: Fuzzy linguistic rule and AK, output for dg-axis.
d,q Ae
AKp NB NM NS zZ PS PM PB
NB Big Big Big Big Big Big Big
NM Small Big Big Big Big Big Big
NS Small Small Big Big Big Small Small
e V4 Small Small Small Big Small Small Small
PS Small Small Big Big Big Small Small
PM Small Big Big Big Big Big Small
PB Big Big Big Big Big Big Big
TaBLE 8: Fuzzy linguistic rule and AK; output for dg-axis.
d,q Ae
AKp NB NM NS Z PS PM PB
NB Small Small Small Small Small Small Small
NM Big Big Small Small Small Big Big
NS Big Big Big Small Big Big Big
e zZ Big Big Big Big Big Big Big
PS Big Big Big Small Big Big Big
PM Big Big Small Small Small Big Big
PB Small Small Small Small Small Small Small
TaBLE 9: Fuzzy linguistic rule and AKj, output for dg-axis.
d,q Ae
AKp NB NM NS zZ PS PM PB
NB Small Small Small Small Small Small Small
NM Big Big Small Small Small Big Big
NS Big Big Big Small Big Big Big
e Z Big Big Big Big Big Big Big
PS Big Big Big Small Big Big Big
PM Big Big Small Small Small Big Big
PB Small Small Small Small Small Small Small
LN T M ‘NS z " ops “PM PR
& 08F T
3
”q.é 0.6 B
z
8 0.4 - _
&
&
A 02+ B
0
1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Error (Ae)

sample time, while the FO part can compete with the
nonlinearity of the WECS. Consequently, the FFOPID
controller is more effective than fixed parameter PID
controller when dynamic changes are applied to the ref-
erence current signals. A qualitative comparison of

Figure 10: Input (error) for dg-axis.

FFOPID controller and classical PID controller in terms of
rise time, overshoot, settling time, and steady-state time is
presented in Tables 10 and 11. The numerical results ob-
viously clarifies the superiority of the dynamic performance
of the FFOPID controller.
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FIGURE 11: Input (change-in-error) for dg-axis.
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FIGURE 15: Outputs AK, for dg-axis.
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0.08

13



14

Current (Ampere)

Voltage (Volt)

Current (Ampere)

International Transactions on Electrical Energy Systems

1 'rf ' r'/\’/\riﬁr'/r r rP
-40 | th\v , l ' '

0 0.01 0.02 0.03 0.04 Time()(.s(iond) 0.06 0.07 0.08 0.09 0.1

FIGURE 17: PMSG output current waveforms.
VA VAVAVAVAVAVATAVAVATAVAVAFA
200/ VIV Y VIV VIV Y VIV V
wlA A ALA A ATA A ATA R ALA R A
/AN A NAN (WA AN LAY AN LA AT AN LWL
I VIAVAAVAVAYAVIAVAVAVAVAVAWIRW
S ANAVARVERVERVIRVERVERVARVER'ERVIRYER VERVIRY.
ool \ AL AR AL AR AL AR AT RN KL A
pRCADATAWAFAY AWAFAW A WA DA AWAWAY
0 0.01 0.02 0.03 0.04 Time()(.:)iond) 0.06 0.07 0.08 0.09 0.1
FIGURE 18: SMC output voltage waveforms after LCL filter.
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FiGURE 19: SMC output current waveforms after LCL filter.
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FiGure 23: The FFOPID and PID response when Iq is constant and Id is changed.
TaBLE 10: The comparison in numbers between classical PID and FFOPID when Iq is changed and Id is constant.
Iq value Controller type Rise time Overshoot Settling time Steady-state time
401 Fuzzy fractional order PID controller 0.18 0.00 0.19 0.20
' Classical PID controller 0.20 0.00 0.25 0.32
—02 Fuzzy fractional order PID controller 3.00 0.00 3.50 3.55
) Classical PID controller 3.50 0.00 3.80 4.00
TaBLE 11: The comparison in numbers between classical PID and FFOPID when Id is changed and Iq is constant.
Iq value Controller type Rise time Overshoot Settling time Steady-state time
108 Fuzzy fractional order PID controller 0.30 0.00 0.40 0.48
’ Classical PID controller 0.42 0.62 1.50 1.60
106 Fuzzy fractional order PID controller 2.60 0.00 2.70 2.85
) 2.80 3.60 2.90 3.30

Classical PID controller

7. Conclusion

Since the truth that wind power is one of the foremost vital
renewable power sources in the world, wind energy con-
version systems are open to be created and ceaselessly
holding their notoriety. On the other hand, the erratic nature
of the wind and the nonlinearity of the system components
force researchers to design robust controllers for such re-
newable systems. Permanent magnet synchronous genera-
tors have many advantages over doubly fed induction
generators and their applications are continuously rising. In
this work, a fuzzy supported fractional order PID control
scheme is designed and presented to effectively control a
1.5 MW rated PMSG based wind energy conversion system.
This system also contains a high-power density sparse matrix
converter with reduced switching elements and without any
energy storage element at the DC link. The effectiveness of
the proposed control approach is evaluated by performing
some simulation studies. Fast dynamic performance of the
proposed control system especially during step changes in
the reference signals of the current axis components are
observed. It is revealed that although PID controller

performance is acceptable in steady-state conditions, the
proposed controller has better dynamics when rise time,
overshoot, settling time, as well as steady-state reaching time

values are checked.
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