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ABSTRACT

The performance of grid-connected wind turbine systems that use a Doubly Fed Induction Generator
(DFIG) is explored in this work. In the suggested configuration, two conversion stages are present. In the
first step, Alternating Current (AC) voltage is changed into Direct Current (DC) voltage. At this point, the
conventional two-level converter is implemented. The second stage involves the conversion of DC to AC
using a five-level Modular Multilevel Converter (MMC). Voltage fluctuation is observed in the DC link. It
is anticipated that the Fuzzy Logic Control (FLC) approach will be able to adjust the DC link voltage at
the MMC of the second stage of conversion. For the purpose of the Pulse Width Modulation (PWM)
system, the current controller is accountable for regulating the current signals and the reference signals.
As a result, the PI Controller (PIC) is being evaluated for use in this function. Carrier-based Phase
Disposition (PD) PWM is employed for MMC switch control. The proposed controllers’ performance is
validated in Matlab/Simulink.

Keywords-DC link Voltage; DFIG; FLC; Modular Multilevel Converter (MMC); PI; Pulse Width Modulation
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I.  INTRODUCTION

Globally, governments are forced to search for alternative
renewable energy sources due to worries over pollution and
energy constraints. A wide variety of wind power systems have
been established during the last two decades, enhancing
conversion efficiency and lowering the cost of wind power
generation. Various types of DFIGs [1-8] have been published,
and many of them are being employed in practice. Wound rotor
generators with slip rings are conventional DFIGs. A standard
type switch is used in all topologies. Power electronic switches
[9] of several sorts can be utilized, however the Insulated Gate
Bipolar Transistor (IGBT) is the utmost often used, along with
2-level topologies and AC-voltages below 1kV. The voltage
control of the DC link [10-12] is the key issue in grid
connected voltage source converters [13]. The PI and FLCs
[14-19] are the methods used for balancing the DC voltage. In
this paper, FLC is projected to regulate the DC voltage in a

DFIG integrated to the grid. Generally standard two level
converters [20-21] are adopted in grid interfacing DFIG
applications. The multilevel inverter [22-24] is very attractive
in various applications due to the production of fewer
harmonics and a modular structure comparable to traditional
converters' [25-26]. MMCs [27-28] are receiving popularity
recently due to their modularity in structure and less harmonic
content in the output voltage and current. The Half Bridge
(HB) type of the sub module is adopted. The carrier based
Phase Disposition (PD) PWM is adopted for the control of
IGBTs. The DFIG [30-31] wind turbine based grid connected
system is considered in this paper. The rectifier and inverter are
required for the integration of a three phase grid. Hence, the
HB sub module based MMC 5-level inverter is studied in this
article. The DC voltage balance problem is investigated in the
MMC grid connected system. Hence, the artificial intelligence
based FLC is projected in this article and the comparative
results using PI and FLC are presented.
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Fig. 1. Block diagram of DFIG WECS.
II. METHODOLOGY Pas = Lslas + Linlar O
Wind energy can be converted into mechanical energy Pgs = Lslgs + Liplgr )
through the usage of wind turbines. Based on aerodynamic _
principles, the wind turbine output power is stated as follows: Par = Lrlar + Linlas ®
P, = lpn’RZUSCp (1) Oqr = Lplgy + Liplgs (10)
X Tom = > P22 (Qasiar — Pasiqr) (11)
Tt — ;pTL’R?’UEC‘p (2) em — , 14 Lg (qu dr Pas qr
When simulating a DFIG, the flux linkage is the basic For the mechanical part:
variable that is chosen to represent the d-q axis. The Park dor _Pep _
. : ; e (Te = Tin) 12)
model serves as the foundation for this representation, which is dat J
built on two axes full-order. There is a representation of three a6y _
. . . — = W, (13)
axes that is analogous to it, but only uses two axes. In this case, dt

the direct axis of the stator is denoted by ds and the quadrature
axis by gs. The direct axis of the rotor is denoted by dr, and the
quadrature axis of the rotor is denoted by gr. Here, the
synchronously rotating d-g reference frame is being utilized.
Within the confines of this framework, three-phase quantities
are converted into their corresponding two-phase equivalents.
The voltage equations are presented in (3)-(6) and the flux
linkages are listed in (7)-(10). Electromagnetic torque is
presented in (11):

. d .

Vas = Rsigs + % — ] WsPqs 3)
. do .

Vgs = Rslgs + ?qs + jwsPas 4)
. d .

Var = Rylgr + % + j(ws — wm)(pqr )
_ . d‘Pq‘r .

Vqr - erqr + T —](0)5 - wm)(pdr (6)

The power equations are presented in (14)-(17):

Py = 2 (Vasias + Visiqs) (14)
Pr =2 (Varlar + Variqr) (15)
Qs = 2 (Vasias + Vasiqs) (16)
Qr =2 (Varlar + Variqr) amn

P, s obtained using (18) and (19), where A refers to the tip
speed ratio, R to the length of blades, and v to the wind

velocity.

A_Rwr
v

(18)

Pref = koptﬂ- (19)
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Because there is no circulation channel in a 3-phase system,
it is not required to consider zero sequence components in the
system. Equation (20) depicts the three-phase balanced
voltages:

Vga sin wt
Vab | = V,,, [sin(wt + 1200)] (20)
Vge sin(wt — 120°)

The DFIG connection is depicted in Figure 1. Control
structure of RSC [10] is illustrated in Figure 2. Actual power
(Paewar) 18 fed from the DFIG and compared with the reference
value. Equation (19) determines the power reference value. The
control for the RSC is made up of two control loops, which
together make up the secondary voltage control loop.
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Fig. 2.

Control block diagram of RSC.
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The primary responsibility of the GSC is to continue a
voltage that is continuous across the DC link. Figure 3 presents
the controller block illustration that describes the control
mechanism of the GSC. The current allusion signal (I, ref) is
produced by adopting the FLC method. FLC is responsible for
producing the allusion d-axis grid current. The d-¢g axis grid
voltage is produced by the inner current controller, which does
this by mixing the d-axis allusion grid current with the actual d-
axis grid current. After that, the voltage components of the 3-
phase abc grid are transferred to the gate firing generator,
which is responsible for generating the MMC firing pulses. The
HB based sub module is used as depicted in Figure 4. The Sub-
Modules (SMs) are connected in series to produce the
multilevel output voltage in a step-by-step fashion. By linking
an N number of SM in series, the N+1 level can be achieved.

Each SM has a capacitor, and the voltage is divided by the
number of sub-modules N. If switch S; is turned ON and the S,
is turned OFF, then the SM voltages is V), and reverse
operation results in a SM voltage of zero. Table I shows the
various stages of SM along with the relevant output voltage.

gKK

? on O
S2 4% I
| \Y)

.

Fig. 4. HB sub module.
TABLE L. SUB-MODULE SWITCHING STATES AND ITS
OUTPUT VOLTAGE [20]
Mode Si S, Output Voltage |
1 IGBT ON IGBT OFF Vo
2 IGBT OFF IGBT ON 0

The equation for the PI controller output u(¢) in the time
domain is:

u(t) = Kye(t) + K; [ e(t)dt 1)

A triangular type Membership Function (MF) is considered
in this work. The FIS system of the FLC comprises two input
functions and 49-rules are obtained. The 7x7 rules based MFs
are noted in Table II. The Mamdani type of FIS system is
adopted in this work:

NFR = NMFN! (22)

The quantity of the MFs is denoted by NMF, the quantity of
inputs by NI, and the number of fuzzy rules by NFR.

TABLE IL MF RULES

Error

NL NM NS Z PS PM PL

NL NL NL NL NL | NM | NS Z

NM NL NL NL NM NS Z PS

Change | NS NL NL NM NS Y4 PS PM

of error V4 NL NM NS V4 PS PM PL

PS NM NS Z PS PM PL PL
PM NS Y4 PS PM PL PL PL
PL NL NM NS Z PS PM PL

P L = Positive Large, N L=Negative Large, P M=Positive Moderate, N M=Negative Moderate, N
S=Negative Small, P S=Positive Small, and Z=Zero.
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The proposed configuration is simulated using PI and FLC.
The comparative performance parameters including reactive
power, active power, THD, and DC link voltage balance are
addressed in this paper. Table III contains the simulation
parameters. A grid voltage of 400 V is considered. The DC ink
reference voltage is set at 650 V by (23):

2+/2 xVgridrms
V3xm

where m is the modulation index.

Ve ref = (23)

The simulation is done for the proposed system in two
cases. In case 1, the PI controller is adopted and its response
waveforms are presented in Figure 5. In case 2, the FLC is
implemented and its results are illustrated in Figure 6. Grid
Voltage of 400 V and current of 73.05 A are obtained and their
waveforms are illustrated in Figure 5(a)-(b). The apparent
power, active power, reactive power values are 49632 VA,
42,879 W and -24,994 Var. Figure 5(f) provides an illustration
of the voltage across the dc link. Figure 5(g) depicts the grid
current Total Harmonic Distortion (THD). The grid current
THD using PI controller is 4.79%. When using the FLC
controller a grid voltage of 400 V and a current of 75 A are
obtained and their waveforms are shown in Figure 6(a)-(b).
The apparent power, active power, reactive power values are
49968 VA, 44185 W and -23335 Var. Figure 6(f) provides an
illustration of the voltage across the DC link. Figure 6(g)
depicts the grid current THD, which is 4.14% and outperforms
the PI controller.

The DC voltage comparison of the proposed MMC in
DFIG configuration using PI and FLC is depicted in Figure7. It
can be observed that the DC voltage does not have a balanced
relationship with the PI controller. The FLC controller has
ensured that the DC voltage is balanced, and it is tracking the
reference value of 650V. This improvement leads the
effectiveness of the controller performance.

TABLE III. SPECIFICATIONS
Description Value
Resistance, inductance (stator) 0.01965 p. u, 0.0397 p.u
Voltage 400 V
Resistance (rotor) 0.01909 p.u
Mutual inductance 1.354 p.u
Speed 1.2 pu
Friction factor, No. of pole-pairs 0.05479 p.u, 2
Inertia constant 0.09526
Capacitor 4700 uF
DC voltage 650 V
Filter inductance 5.35 mH
Grid Voltage, grid frequency 400 V, 50 Hz
Grid resistance and inductance 0.01 Q, 0.02 mH
Wind velocity 12 m/s
TABLEIV. SIMULATION RESULTS
Parameter PI controller FLC
Apparent power (VA) 49,632 49,968
Active power (W) 42,879 44,185
Reactive power (VAR) -24,994 -23,335
DC Voltage (V) 600 650
DC Voltage settling time (s) Not settled 0.4
Grid current THD (%) 4.79 4.14
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Fig. 5. Response waveforms with the PI controller: (a) Grid Voltage, (b)

grid current, (c) apparent power, (d) active power, (e) reactive power, (f) DC
link Voltage, (g) THD.
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Fig. 6. Response waveforms with the FLC controller: (a) Grid Voltage,

(b) grid current, (c) apparent power, (d) active power, (e) reactive power, (f)
DC link Voltage, (g) THD.
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Fig. 7. DC voltage comparison.

III. CONCLUSION

The mathematical modeling of the DFIG and the grid is
described in detail in this paper. There are two converters
involved in the modeling of the grid-connected DFIG. The
converters used at the rotor side the grid side are called RSC
and GSC, respectively. The RSC is effectively controlled by a
PI controller. The standard two-level converter is
systematically controlled. The 5-level MMC with HB SB is
modeled and controlled effectively with advanced PD PWM.
The proposed control scheme's effectiveness was evaluated. It
is clear from the data that the machine side parameters can
monitor their reference. The proposed controller achieves
optimum DC voltage regulation. The effectiveness of the
proposed controller is evaluated by comparing the performance
parameters, such as apparent power, active and reactive power,
THD, and DC voltage balance. The proposed FLC delivered
better performance than the PI controller. When using the PI
controller, the MMC input voltage is not settled, but when
using the FLC, it is in less than 0.4 s. The apparent and active
powers are increased when using the FLC. The reactive power
compensation is accomplished through the implementation of
the FLC. Grid current THD of 4.14% is achieved using FLC
which is better than PI's (4.79%). Summarizing, in terms of
effectiveness, the proposed design and controller clearly
outperform the PI controller.
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