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Abstract: The wind power exchange system (WECS) covered in this paper consists of a voltage source
inverter (VSI), a DSSB regulator, and an uncontrolled rectifier. An AC grid or a heavy inductive or
resistive load (RL) can be supplied by this system. The DSSB is a recently developed DC-DC regulator
consisting of an improved single-ended primary inductance regulator (SEPIC) followed by a buck
regulator. It has a peak efficiency of 95-98% and a voltage gain of (D (1+ D) /(1 — D). where D is the
regulator transistor’s on-to-off switching ratio. The proposed regulator improves the voltage stability
and MPPT strategy (optimal or maximum power-point tracking). The combination of the DSSB and
the proposed regulator improves the efficiency of the system and increases the power output of
the wind turbine by reducing the harmonics of the system voltages and current. This method also
reduces the influence of air density as well as wind speed variations on the MPPT strategy. Classical
proportional-integral (PI) controllers are used in conjunction with a vector-controlled voltage source
inverter, which adheres to the suggested DSSB regulator, to control the PMSM speed and d-q axis
currents and to correct for current error. In addition to the vector-controlled voltage source inverter
(which follows the recommended DSSB regulator), classical proportional-integral controllers are
used to regulate the PMSM speed and d-q axis currents, and to correct current errors. In addition, a
model Predictive Controller (PPC) is used with the pitch angle control (PAC) of WECS. This is done
to show how well the proposed WECS (WECS with DSSB regulator) enhances voltage stability. A
software-based simulation (MATLAB/Simulink) evaluates the results for ideal and unoptimized
parameters of the WT and WECS under a variety of conditions. The results of the simulation show
an increase in MPPT precision and output power performance.

Keywords: wind turbine (WT); synchronous generator with permanently enduring magnets (PMSG);
double switch SEPIC-buck regulator (DSSB); hysteresis current-mode control; dg-current control;
wind power exchange system (WECS)

1. Introduction

The transformation of wind energy into mechanical energy is carried out by a wind
power exchange system (WECS), with the wind transferred into an electrical machine to
produce electricity. Due to several advantages, a permanent magnet synchronous generator,
commonly referred to as a PMSG, is traditionally preferred over other electrical machines
for use in conjunction with WECS systems. The synchronous generator is particularly well
suited for automotive applications due to its many advantages over a conventional electric
stimulation generator, including high effectiveness, substantial power density, stable and
adjustable output voltage, and good performance in terms of the dissipation of heat.
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However, the main problem of WECS is that the efficiency of power transmission in
these systems is not fixed and changes with the wind speed. The primary issue is that the
maximum power-point tracking (MPPT) method, in which information is extracted from
the wind turbine, is affected by variations in wind speed and air density [1].

In this paper, uncontrolled diode rectifiers, a space-vector pulse-width-modulated
voltage source inverter (VSI), and a double-switch SEPIC-buck regulator (DSSB) are all
used with the wind power exchange system (WECS). This proposed system is then used
to transfer the energy to a three-phase RL, or an AC grid connected to the VSI through
LCL Kalman filters. The primary goal of this paper is to use the suggested DSSB converter
with an MPPT-based hysteresis current-mode control to build better control methods for an
effective and dependable grid interface system for a gearless, direct-drive variable-speed
wind turbine. Moreover, this paper focuses on several aspects of the modeling and analysis
of grid-connected variable-speed wind turbines based on permanent magnet synchronous
generators with the suggested DSSB regulator to maximize power extraction from the wind.

The DSSB is a newly implemented SEPIC-buck regulator that features two switches:
one for the boosting (enhancing) regime and the other for the bucking (stepping down)
regime. This regulator can provide higher voltage gain than other conventional DC-DC
regulators (buck, SEPIC, boost, and buck/boost) and with better dynamic properties. The
recommended regulator is regulated using the well-known MPPT technique in conjunc-
tion with the hysteresis current-control method using a double-hysteresis current-mode
controller. The source and load currents of the recommended regulator are independently
controlled by these two-hysteresis current-mode controllers. They are also used to concur-
rently control the switching frequency and ripple in the currents of the DSSB [2].

DSSB performance with the proposed hysteresis current-mode controller and design
parameters is extensively studied in [1,2]. Peak efficiency of 95-98% is attained by the
recommended regulator with a gain in voltage of (D (1 + D) /(1 — D). The results obtained
further demonstrate the good performance of the regulator concerning its minimal rise
time, settling time, drift, gain margin, and phase margin, which are, respectively, 0.05 s,
0.2's,82 dB at 10* rad/s, and 45 degrees at 700 rad /s [1-3].

To effectively maximize the output power delivered to the grid, or the AC load, the
MPPT controller tracks the rectified voltage and current, regulates them, and reaches
the optimal or the maximum power-point tracking. In this paper, the DC link voltage
is adjusted while the DSSB input current is kept constant in the presence of fluctuating
wind speeds and transient AC load currents because of using the MPPT with the adaptive
hysteresis band current controller [3-6].

The maximum power that the turbine produces may be achieved by adjusting the
turbine pitch angle, tip speed ratio, and PMSG electromagnetic torque while using a wind
speed sensor to keep track of wind speed. The standard optimum speed of the PMSG
is calculated using the observed wind speed. The power and torque of the turbine are
calculated using this speed. The rated specifications of the wind turbine and PMSG are
used to compute the coefficient of optimum power [3-6].

Furthermore, field-oriented control, known as dg-axis current control, with three
classical PI controllers is used to control the dg-axis currents and voltage of the AC grid and
load via the voltage source inverter (VSI). Because of their simplicity, PI controllers are the
most often used controllers for implementing d-q axis current loops [3-6]. Ziegler-Nichols
and a process of trial and error (usually known as the trial-error method) are two of the
most popular tuning techniques that are used for determining PI control gains [4-9]. The
recommended tuning method is much easier to use and does not require complicated
control algorithms. The recommended method also necessitates very little knowledge of
the dynamics of the motor. In comparison to most other techniques, particularly machine
learning techniques, this control algorithm is very cost-effective because it makes use of
simple PI controllers.

According to our simulation results in Simulink/MATLAB 2021a, the proposed WECS
with the DSSB regulator and field-oriented VSI is shown to have the potential to enhance
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long-term voltage stability and speed, as well as the active and reactive powers delivered
from the PMSG. Hence, the characteristics of the recommended DSSB regulator are as follows:

1.

2.

When operating at the same duty cycle rate, the DSSB regulator provides greater
voltage gain than step-up SEPIC regulators and other conventional DC-DC regulators.
The comparison study conducted for this work indicates that DSSB is more practical
than conventional buck and SEPIC regulators, particularly for high-power renewable-
energy systems, electric vehicles, and solar panels.

The double-PI hysteresis control approach with the well-known MPPT technique is
an additional benefit, which is normally very straightforward for a DSSB regulator
structure. This configuration can significantly reduce the level of harmonics generated
at the input and output in comparison to the current boost regulators, SEPIC, and
bucking/boosting circuits. This leads to a wider output DC voltage range, greater
power capacity, greater current rating capacity, and improved efficiency. Consequently,
the regulator can reach its maximum power point, which is contingent only upon the
mutual multiplication of the input/output DSSB voltages and currents [1,2].

The key contributions of this paper are as follows:

According to the comparative and analytical study that is carried out in this paper,
DSSB is more practical and has better dynamic performance than other DC-DC
regulators, especially for high-power renewable-energy systems, electric vehicles, and
solar panels, than the conventional boost regulator.

The hysteresis current-mode control of the source and load currents of the DSSB
regulator is an additional benefit of this paper. This control technique is normally
very straightforward for any double-switch-based DC-DC regulator structure since it
includes a dual-hysteresis current methodology with two PI current regulators.

The perturb and observe approach (MPPT technique) used in conjunction with hys-
teresis current-mode control enhances the performance of the field-oriented VSI. This
effectively maximizes the output power supplied to the load and helps achieve the
maximum power point of the WECS system in different operating conditions.

A simulation study is conducted in the environments of Simulink/MATLAB and
Ansoft Simplorer to verify the efficacy of the suggested system.

2. Modeling, Analysis, and Control of the DSSB Regulator

The system structure of the WECS-based PMSG with a variable-speed wind turbine

(VSWT) is depicted in Figure 1. It uses a diode rectifier, a DSSB regulator, and a voltage
source inverter (VSI) to supply a three-phase AC load in the form of an AC RL or AC grid
through LCL Kalman filters.
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Figure 1. PMSG-based VSWT with a rectifier and boost DC-DC regulator, Voltage Source Inverter
(VSI), and PMSM load.
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The generator responds to variations in wind speed by altering the amplitude and
frequency of its output. The power electronic interface and the controllers provide a
controlled voltage and output frequency to power the load. Variable output AC voltage
is converted to DC voltage by a diode rectifier; the DC voltage output of the rectifier is
then adjusted by a DSSB DC-DC regulator to a level suitable for the inverter operation. To
optimize the power extracted from the wind turbine and regulate the output of the switch-
mode rectifier, the reference cycle of the DSSB can be adjusted at any wind speed [7-9].

The wind energy system and PMSM are interfaced with the vector-controlled IGBT
inverter (grid-side regulator). The output voltage and frequency of a stand-alone system
are managed by the grid-side inverter.

The DSSB Regulator

The DSSB regulator shown in Figure 2 is explained in detail in [1,2]. The power
electronic switches (MOS1 and MOS2) are used for the boosting and bucking regimes,
respectively, in this configuration.

L1 o1 VOS2 L3
A I * [I>J| lﬂ il
. L2 Pulse2 |
Ov . -] i : :
=/ Vs 1 en ZSDmZ Co R
Pulse1 '_Mos1 c
m
B T

Figure 2. Possible connection of DSSB regulator.

Four capacitive filters (Cs, Cim, C1, and C,), three smoothing chokes (L1, Ly, and Lg),
and three diodes (D1, D, and D) work together with the two switches of the DSSB
regulator to step up and down the DSSB output voltage with very little harmonic content
and high power efficiency. In this scenario, the recommended regulator’s load is regarded
as a DC resistive load.

The fact that the regulator switches are driven by two pulses with the same operating
period, T, illustrates the nature of its working principle. The on-time of each switch is DT
and (1 — D)T, respectively. The switches may show a time shift in phase and not be turned
on simultaneously, depending on the switching modulation used to achieve the desired
voltage at the output. A detailed explanation of the precise behavior and a mathematical
analysis of the recommended DSSB regulator are found in [1,2].

The DSSB output DC voltage magnitude and other capacitive voltages are related to
the DSSB input DC voltage, V;, in the following manner, according to the findings in [1,2]:

Vem = ﬁvs
VCs: _DVCm - %Vs

Ve = E%(l D) v
+
Vo = (1-D) Vs

Additionally, when D = —1 + /2, the output voltage and supply voltage are
equal. Consequently,

V, D(1+D)

V= a-D) =1=D=-1+2 )
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The volt-ampere simulation waveforms in the bucking and enhancing regimes, re-
spectively, are shown in Figures 3 and 4. These waveforms were detected using the
DSSB simulation parameters listed in Table 1. According to Equation (2), DSSB is run

in the stepping-down regime for 0 < D < (—1 + \/E) and in the enhancing regime for

(—1+ﬁ) <D<1.
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Figure 3. Results of the DSSB MATLAB simulation for D < (ﬁ - 1): (a) waveforms for the DC
voltage and current in the input and output of the DSSB under equilibrium conditions. (b) Steady-
state waveforms of DSSB currents and voltages. (c) DC input and output powers with a regulator
efficiency of 99%.

Table 1. QDBC simulation parameters.

Parameter Symbol Real Value
Input voltage Vs 50V
Input choke Ly 50 mH
Shunt choke Ls 50 mH
Output choke L 50 mH
Smoothing capacitor Cs 1 mF
Shunt capacitor Cm 470 uF
Shunt capacitor G 470 uF
Output capacitor Co 1 mF
Load resistance R 10 O

Switching frequency f 10 kHz
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Figure 4. Results of the DSSB MATLAB simulation for D > <\/§ — 1): (a,b) Waveforms for the
steady-state current and voltage in the DSSB for both the input and output DC voltages and currents.
(c) DC active powers of input and output with a 99% regulator efficiency.

3. Creation of the Equivalent Circuit and Equations for the PMSG Model

Synchronous machines, like most electric machines, can function as both motors and
generators. A synchronous machine rotates at a set speed when it is in a quasi-stationary
state. In contrast to asynchronous machines, a synchronous machine’s rotor and revolving
air gap field rotate at the same speed, or at a “synchronous speed”.

A synchronous generator with permanently enduring magnets consists of two compo-
nents: the rotor and the stator. A three-phase synchronous machine stator’s distributed
winding is comparable to that of a three-phase induction machine. In contrast to a DC
machine, the armature winding comprises stator winding that is connected to the AC
supply system. Its purpose is to manage elevated voltages and currents.

The rotor carries a permanently enduring magnet or a direct-current-field winding
to create a consistent magnetic field within the stator circuit. Figure 5 shows the basic
configuration of a synchronous machine [4].

The three windings of the armature circuit are displaced 120° relative to each other

and produce three-phase voltages, vs;, vy, and vs, that present sinusoidal waveforms at
the input terminals [4-8].
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Figure 5. Sketch of a three-phase salient-pole synchronous machine: original system (left), and
two-phase replacement (right).

Essentially, the working principle of the synchronous generator relies on the
following equation:
n=120f/p 3

where f is the supply frequency and p is the pole pair of the machine.

Mathematical Model of PMSG

The entire system can be simulated using the PMSG mathematical model. This model
is necessary for determining the PMSG’s control mechanisms. This model seeks to provide
theoretical and analytical solutions to control problems [3-8].

A generator, a rotor shaft, a blade-pitching mechanism with a spinner, and a hub with
blades make up the drive train of the variable-speed WECS recommended in this paper. In
the wind turbine (WT), the rotor provides aerodynamic torque, while the PMSG provides
electromechanical torque. Equation (4) provides the torque values [9-11]:

Ty =2
r_B_an @
e~ w, P w
The typical PMSG mechanical equation is given in Equation (5):
dw
J di‘r =Tn—Bwy— T, ®)

where w; is the electrical angular frequency of the PMSG, P is its pole number, | is its inertia
moment, B is its friction coefficient, and T}, is the mechanical torque of the PMSG.

It is relatively simple to determine the double-phase coordinate reference dq frame
based on the ABC real triple-phase frame. When things are running smoothly, the dq frame
has direct-current (DC) quantities, whereas the ABC frame has alternating-current (AC)
quantities. For control and simulation purposes, the phase coordinate reference dg-frame
is therefore frequently used instead of the ABC real triple-phase frame at the reference
rotation speed. With the use of mathematical facilitation, linear equations can be obtained.
Furthermore, the decoupled control of reactive power and active power in three-phase
systems is made simpler by these equations [8].

In the most-used PMSG model, the hysteresis losses, skin effect, magnetic saturation,
dampening winding, rotor saliency, and stator core losses are disregarded. The equations
for PMSG voltage are expressed as follows [10-12]:

. di

Ogs = —Rs igs — Lg S + wr Py
. 1,

Ugs = —Rs Igs — Lq d_zs + wr Pys

(6)
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The stator voltage, current, and flux of the PMSG are represented by the dqg-axis
parameters vy, Vgs, ids, igs, Wds, and gs in the dq reference framework. The stator winding
resistance is represented by Rs, while the radian speed of the generator is represented by w;.

If the dq axes revolve at the synchronous speed, the stator flux can be computed using
the following formula if the d-axis coincides with the rotor flux [4,10-12]:

Yas = Ly igs — (Pf 7
Pgs = Lqg lgs 7

The parameter ¢y represents the constant linkage flux value produced by the rotor’s
permanently enduring magnet and shared by the stator windings. The active and reactive
powers of the PMSG can be expressed as follows [10-13]:

Pgen = % [Vqs Isq + Vds Ids} = % Vis Las (8)
= %[Vqs Ids - Vds Iqs] = %Vds Iqs

L4 and L are the dg-axis stator inductances in Equations (6) and (7). Figure 6 shows
the dg-model circuit of the PMSG in the synchronous reference frame. Furthermore, the
electromagnetic torque is obtained using the subsequent equation in the dqg-reference
framework [14,15]:

3 . ' 3 ) .
T, = 5 N, (lPds igs — Ygs 1qs) =5 N, (Am igs — (Ld - Lq) Ids lqs) 9)

where N, is the number of pairs of PMSG poles. Given that the PMSG is a non-salient pole
machine, and that L; = L,, The electromagnetic torque (te) and the rotor speed (wy) of the
PMSG are calculated as follows [2]:

(10)

where T, is the mechanical torque applied to the generator shaft by the turbine, and J is
the generator’s rotational inertia. Figure 7 displays a simplified schematic diagram of the
simulated WECS system, which includes functional blocks of the VSWT and PMSG and is
connected to the three-phase grid through a three-phase diode rectifier, a DSSB regulator, a
three-phase VSI, and a T-model of the three-phase LCL Kalman filter (transmission line).
Power electronic components referred to as MOSFETs are used in this configuration for
the generator-side regulator (DSSB) and for the front-loading inverter (VSI) [14,15]. The
VSI MOSFETs are modulated using the dg-axis current field-oriented control technique
in this paper, while the DSSB regulator MOSFETs are gate-pulsed using the hysteresis
current-mode modulation strategy.

w,L
P La ¢
+—«(—/\/\/\/\/—/\NV\—G'DL +

Vas

Figure 6. dq model of PMSG equivalent circuit in the synchronous reference frame.

Various control methodologies, including PMW, field-oriented control, hysteresis
current-mode control, model predictive-based control, and others, are available for control-
ling switch-based regulators [14-16]. However, the stationary natural field-oriented control
scheme has demonstrated good performance under non-ideal voltage conditions [14]. An
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AC small signal control approach that can effectively and dependably handle uncertainties
and unidentified disturbances in a DSSB regulator was presented in [16].

PWM Generator1

A Vabecp
labep
B ar
c U
Permanent Magnet Thre:;:hase =
Synchronous GENERATOR1
Wiind Turbine PWM Generator2
System Vabc
A a labc PWM DC}- TN
B MNA—TIT- b a
Cc ch— b
l c |
O o <
4> ‘)
LCL Filter =
% _[ _[ Three-phase
T T T AC Grid
| SN S |
T
=+ Ground

PWM Generator3

PWM DC}- IM/

Figure 7. Simplified schematic diagram of the simulated WECS system with an AC grid.

4. Modeling of Variable-Speed Wind Turbine (VSWT)

The wind is a mass of air producing kinetic energy from motion. Naturally, mechanical
energy can be produced from this kinetic energy by a VSWT fitted with rotor blades. A
PMSG is then used to transform this mechanical energy into electrical energy.

The kinetic energy of wind with a certain mass m and velocity v, through area A can

be found using [14-18]

Kg = % mo, (11)

where m is the mass of air in kilograms (kg) and v, is the wind speed expressed in meters
per second (m/s). Given that power is the definition of energy per each spent time unit,
the power of a mass of air traveling through an area A at a velocity of v, for a given time T
can be calculated as follows [14-18]:

1 1
= 3 e T =5 7 % (12)

Po = 2 time
Given that the mass flow rate (m/T) is determined by multiplying the airspeed (vy),
cross-sectional area (A), and air density (p), Equation (12) can be written as follows:

Pw:%pAvs’U (13)

where A (m?) is the sectional region that the wind travels through, p is the air density
(kg/m?), and P, is the power generated by the wind (W). The VSWT converts the wind
power generated from air motion into mechanical power via its rotor blades. The rotor’s
sweeping area, air density, and wind speed all affect how much energy the wind transfers
to the rotor [14-18]. Thus,

1
Pr =2 p Avy, Cy(A, B) (14)

The turbine rotor power coefficient, or Betz Limit, is denoted by C;, and it depends on
the pitch angle (8) and tip speed ratio (A). A non-dimensional measure of how well a wind
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turbine captures energy from a wind stream is the performance (ratio) coefficient C,. Even
when power losses are considered, a wind turbine can only capture 59% of the wind power,
as demonstrated by German engineer Betz. The typical (Cp, A) characteristics of a wind
turbine are displayed in Figure 8 [18-20].

0.6

™~ Betz limit = 0.59 TSR=constant
0.5

MW7 =222 277,

t
2 U T
o
e I|// / -\%‘
@ )
g os = ]
pul : / Generated power ‘\</||.
£ 02 U
o 1
i~ N
0.1 !
1
Cut in speed 1
o :,/ IID . . ICut out speeld ~J
o} 1 2 3 4 5 6 7 8 9 10

Tip Speed Ratio

Figure 8. Power ratio (coefficient) versus tip speed.

The performance index of a WT known as the tip speed ratio (TSR) can be found using
the following formula:

TsR=pr=9nR _  _wnR (15)
Vw A

where R is the radius (in meters) of the turbine, and wy, is the turbine rotor’s mechanical
speed (rpm). Following reordering, the turbine power can be expressed as follows:

3
Pr=gpA () Coplh, B) (16)
Equation (16) demonstrates that when the wind turbine operates at the optimal per-
formance coefficient, indicated by Cypy, it can generate its maximum power. Maintaining
the rotor speed at the optimal tip speed ratio, Aopt, will guarantee the maximum power
extraction from the wind through power-point tracking. The turbine rotor speed needs to
be changed whenever the wind speed changes [19-22].
A graph of the dependence of the turbine’s mechanical power Pr on the tip speed
ratio A and power performance C, is shown in Figure 9.

[12mis

- omis
0.5 3mis| [6mis| ;‘5 —

18m/s

Performance coefficient, %Cp

,,,,,,,,,,4:;00/7/ " 10000
o S

2000 Turbine power, PT [W]

Figure 9. The turbine’s mechanical driving power in relation to tip speed ratio and power output at
different wind speeds.

Equation (16) can be used to express the optimum mechanical power of the turbine
as follows:

Wiopt R

1 3 3
Pmopt =3pA ( /\U;t ) Capt = Kopt (wmopt)

Kopt = 30 A (75)" Copt an

Aopt
Wmopt = Tp Vw = KoUy
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The performance coefficient, which is applied to all wind turbine designs, has an
optimal or maximum value of 59.26% [16-22]. However, modern wind turbines function
at a somewhat reduced practical non-ideal performance coefficient. For an economically
viable wind turbine, a C, value of 0.35 to 0.40 is a reasonable design target. This is still
lessened by an intermittency factor (capacity factor) that considers the times when there is
wind flow [18-22].

As a result, to extract the maximum amount of power, the rotor blade must rotate at a
frequency proportional to the speed of the approaching wind. Equation (17) shows that the
optimal Ay can be used to characterize this rotor rotational frequency, which decreases as
the rotor radius increases [18-22]. Thus,

_ Wmopt _ 277-[ B
Mo = 22 R = = (A) (18)

where 1 is the number of rotor blades of the wind turbine. To maximize wind power extrac-
tion, a wind turbine with fewer rotor blades needs to rotate at a faster speed. Empirical
observations indicate that for a rotor with n blades, the swept area A is roughly equivalent
to 50% of the rotor radius. Therefore, we establish the following [19-24]:

% =05 = Ayt = 47” (19)

When n = 2, the optimal A, is 6.28; when a rotor has three blades, it is 4.19; and
when a rotor has four blades, it drops to 3.14. With the correct airfoil design, the ideal Aopt
values could be 25-30% higher. Thus, the incredibly effective rotor blade airfoils increase
the rotational speed of the blade, which increases the power production. This suggests that
a three-bladed rotor’s ideal A,,+ would be between 5.24 and 5.45.

The optimal output torque of a wind turbine delivered to the PMSG rotor shaft can be
expressed as

2
Topt = Pmopt/ Wmopt = Kopt (Wmopt) (20)

Equation (20) illustrates how to determine the optimal torque based on the optimal
power. The generator operates according to Equation (17) when its operating speed is lower
than its rated speed. If the generator’s operating speed is higher than the assessed speed,
wind turbine’s harvesting must be restricted by pitch adjustment or getting the machine to
a standstill point [19-24].

The output power of a VSWT fluctuates with its rotation rate for a given wind speed.
The ideal power curve, shown in Figure 10, shows the maximum power-point tracking
power obtained from the changing wind speed. The controller should be designed to
monitor changes in wind speed to ensure that the wind turbine generates the maximum
amount of power at any velocity inside its operating range [19-24].

Turbine Power Characteristics (Pitch angle beta = 0 deg)
T T T
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Figure 10. Turbine-generated mechanical power as a function of rotor speed for varying wind speeds.
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PMSG-Based Wind Turbine

5. Double-Hysteresis Current Control of DSSB Regulator

As previously mentioned, a three-phase full-wave diode bridge rectifier is used to
extract the supply voltage needed for the recommended DSSB regulator from the PMSG.
From low- to high-power applications, this rectifier topology is most likely the most widely
used. A diagram of the recommended regulator DSSB supplied from a three-phase AC
source via a triple-phase diode rectifier and regulated using a double-hysteresis current-
mode controller is shown in Figure 11.

Is
Is [A]-

~+in1

out+ *‘
RL Load

Vabc Vs -
labc .
a—A a |
b—BAW~T-b .,....J
c—iC c n2

Three-Phase Diode Rectifier with dq-voltage control

Series RLC Branch DSSB with Hysteresis Controller

Figure 11. Schematic diagram of the hysteresis current-mode-regulated DSSB regulator along with
the PMSG wind turbine and three-phase diode bridge rectifier.

5.1. Control of the DSSB Input Voltage

In conjunction with an additional voltage control loop, the primary objectives of the
hysteresis current-mode controller of the DSSB are to control the DC link voltage, Vs = V.1,
and the output rectifier current, I;, which are the input variables of the DSSB regulator. The
second objective is to control both the DSSB output current, I, and the DC link voltage,
Vo = Vje2, at the DSSB output at the input of the VSI. This allows for the regulation of both
the active DC powers generated at the DSSB regulator’s input and output [2,22,23].

Therefore, the magnitudes of the PMSG output voltage and current are transformed
into dg-coordinates, and the PLL block mentioned in [22-24] provides the PMSG voltage
phase and frequency data. In the control stage, these variables are used as measured
magnitudes along with the Vi = V4 voltage.

Consequently, to control the output DC link voltage, Vs, the PMSG direct current
(d-axis current) uses the output of this external voltage control loop as a reference. The
current in question is, in fact, in phase with the PMSG voltage, accounting for the active
power fed into the system. Consequently, if the power demand at the rectifier’s output
suddenly rises, the DC link voltage, V;, will drop, and the voltage control will need to raise
the reference for the d-axis current, i}, to supply the DSSB with more active power, and
raise the DC link voltage level back to its nominal value.

Furthermore, the reference for the g-axis current component, i, is determined by the
desired power factor at the rectifier’s input. In case a unity factor of power is needed, the
PMSG’s reactive power can be zero by setting this reference to zero [22-24].

To determine the transfer function for the DC link voltage at the output of the rectifier
circuit, the active power of the system is examined. The following equation illustrates a
power transfer that occurs if the losses in the MSC are ignored:

3
Pgen = E Vds Ids = (PS =V IS) +C Vdcl (dvdcl /dt) (21)
where P; = V; I is the DC active power delivered to the DSSB regulator, and P =
C V4e1(dVye1)/dt is the power of the input capacitor of the DSSB regulator, accumulated
and delivered interchangeably. After disregarding the power of the DSSB input capacitor,
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since it is zero during normal operation, the source current’s reference value of the DSSB
regulator is given as

Pgen
I = 22
ST 1.5 Vg @2)

Moreover, the current flowing from the DSSB regulator’s source, I, is related to the
d-axis value of the PMSG output current, I, through the following transfer function:

o Is o VdS
Hii(s) = L=y (23)

Similarly, assuming the plant is schematized in Figures 6 and 11, the control current

loop for the stator phase current can be proposed and tuned. Based on Equation (6), one

may write

L 1 1

G. §) = — = = 2.4
i(s) V¥ Rs+sLg  Rs(1+514) @9

Figure 12 displays the two closed loops, an external voltage loop and an internal
current loop, of the voltage control block diagram that are typically used in DC link voltage
control loops. To allow tracking of a DC link voltage reference, V;,, the corresponding
compensators (k,(s) and k;;(s)) can also be identical and optimized as PI controllers. If the
control employs a zero-pole cancellation scheme [22-24], the transfer function of these PI
regulators will be as follows:

lds l]h
A . IC - )
i Jﬁf‘:"d_w G, o H, "’—%(}_]5._ i Vac:
/ ;
_ I

qs

Figure 12. Block diagram of DC link voltage loop control.

While the integral control gain, K;, is chosen using the trial-and-error method, the
proportional control gain is

3V
2 Vdcl

Kp =27 % By x C % (26)
where B, is the intended voltage control loop bandwidth. It is important to note that there
are numerous potential controllers and various control tuning techniques for each of them.

Additionally, k;;(s) can be a straightforward proportional-integral (PI) compensator to
allow tracking of the PMSG stator current Ids” d-axis references. Thus,

k ki
kils) = @)
where ky, = L/ 13 and k; = % are proportional and integral control gains, respectively [25].

For a quick current-control response, T4 needs to be small, but it should also be
large enough so that the closed-loop control system’s bandwidth, or 1/74, is significantly
smaller—for instance, ten times—than the DSSB’s switching frequency (expressed in rad/s).
A range of 0.5-5 ms is usually used to select 74, depending on the regulator switching
frequency and the needs of a particular application.
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After the DC link voltage at the output of the rectifier at the input of the DSSB
regulator, V.1 = Vs, is regulated and set as shown in Figure 12, it will be utilized as a
control parameter for the hysteresis current-mode control of the suggested DSSB regulator.

5.2. Control of the DSSB Input Choke Current

The promoted DSSB circuit and its ramp-hysteresis current-mode control block struc-
ture are depicted in Figure 13. A condensed structure of the recommended regulator’s
hysteresis current-mode controller is presented in Figure 14. When the desired source cur-
rent, ij = is", is compared to the actual source choke current, i; = i; = i5, a current error
occurs. After comparing the actuating current error to an expected hysteresis window limit
(bandwidth), the proper gate pulses for the DSSB regulator active switches are then created
with the necessary shifted switching. Both the frequency and the hysteresis window limit
(bandwidth) are fixed when using a double-hysteresis current-mode controller [24-26].

Vs
L Dual-Hysteresis Current Controller PMSG Power And Efficiency Calculation
Vs Q1 Vs " DSSB Efficiency [%]
S
—  hew $
s Q Ps [kW]
Is* £ a ]
is ° = ! —
> > 2 2 Is Po [kW]
Is | '? $
i
Pulse for switches,
Q1 and Q2
L -
K] 8 4 )
-
o
&
&

DC Supply Source (Vs)

DSSB Regulator Block

Figure 13. Diagram of the recommended DSSB along with the ramp-hysteresis current-mode con-

trol block.

a) For source current

Dead

Band

Band p——»

e PTIP=

b) For load current

an

off

Figure 14. The block structure of a const. frequency hysteresis current-mode controller with fixed
window limits.
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Regarding the source current hysteresis window limit (bandwidth) determination, the
appropriate choke voltage V7 is represented by the following equation in the off state of
the MOSI1 switch:

A(if—l’L) . hs Lq . . hs Ly
byp gy T IIT

Vi, =1 (28)

S_VCWI

The hysteresis window limit, , is utilized to control the DSSB input choke current.
The following formula yields the desired choke voltage V', when the main switch, MOSI,
is in the on state:

A(i] —i h hs L
VL*l:Ll (L L) :Lliszvsiton: 21 (29)
ton ton Vs
Thus, bringing together Equations (28) and (29) leads to
(Vs — Vem)
hs(t) = hpax s ———~ 30
S( ) max (2 ‘/s _ ch) ( )

Equation (30) represents the hysteresis window limit, /;(t), for the source current, iy
Concerning the hysteresis window limit, ,(t), for the load current, i,, one may write the
following expressions:

A(i* — iLg) ho L3 hy L
Vi, = Ly—1L3 =22 Vo -V, =ty = —2 2 31
L3 3 toff ton C1 0 on VCl — Vo ( )

where V/; is the inductive voltage of output load choke, L3, that is obtained during the on
state of the MOS2 switch [24-26]. The DSSB load choke current is represented by i13 ~ i,
while the reference load choke current is represented by i}, = i;. The desired choke voltage
V}5 will be ascertained when the switch is in the off state and is as follows:

ho L3
Vo

N
Uis—fa) _p by o

Vis =La— t
of f of f

(32)

Consequently, the subsequent equation for the hysteresis window limit of the load
current is calculated through the combination of Equations (31) and (32):

Ve =V, V.
ho(t) = hmMM = hmax <1 - 0> (33)
Va Ve

In both scenarios of Equations (30) and (33), the maximum hysteresis bandwidth,
hmax = J‘LZl' is closely linked to the supply voltage, Vs and negatively correlated with the
regulator’s switching frequency [26].

By monitoring the average value in a succession of inputs, the average-value block
in Figure 15 is utilized to calculate the overall average value of the output voltage, V,,
and capacitor voltages, Vc; and V., across a range of inputs over an extended period
of time [26].

Figure 16 shows the regulation method used to produce the necessary cycle, D1, for
MOSI1 based on the mathematical study, while Figure 17 shows the approach used to
produce the necessary reference cycle, D2, for MOS2 [26].

The modulation technique for MOS1, which generates gate pulses after determining
the necessary cycle, D1, is depicted in Figure 18. After determining the reference cycle, D2,
Figure 19 illustrates the switching method for producing the gate pulses for the suggested
regulator switch MOS2. Consequently, these two PWM signal generators are used to
produce two distinct activating signals, one for MOS1 and the other for MOS2, separated
by a time shift.
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Figure 15. Mean-value block for computing the total average value of capacitor voltages using MATLAB.
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Figure 16. Control scheme to produce reference cycle for MOS1 switch.

To test the proposed double-hysteresis control algorithm under variable operating
conditions, the next step of the simulation will be to determine how well the regulator
performance performs in response to variations in wind speed, with a starting point of
12 m/s and a final increase to 16 m/s and 20 m/s, along with a constant source current.

Figure 20 shows the input and output currents, voltages, and input/output powers in
addition to the effectiveness of the DSSB regulator with the recommended double-hysteresis
current controller under a variable wind speed (12 m/s, 16 m/s, 20 m/s). Along with the
mechanical torque (1), electromagnetic torque (te), and wind turbine speed (wy), it also
shows the active power (Pgen) and reactive power (Qgen) of the PMSG.

> 1
vo LT
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11 r U D2
“ L 11 L =0 Loy . -
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{0}
State variable of vo 4;%1())
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Figure 17. Control scheme to produce reference cycle for MOS2 switch.
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Figure 18. MATLAB/Simulink-built constant frequency of established bandwidth of double-
hysteresis current-mode controller framework for MOS1.
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Figure 19. MATLAB/Simulink-built constant frequency of fixed bandwidth of double-hysteresis
current-mode controller framework for MOS2.

The load resistance, switching frequency, and source current of the regulator are all
fixed at 10 kHz, 40 A, and 10 kHz, respectively [26-30].

Along with its high efficiency, the regulator also exhibits improved performance in
terms of standardized ripple in voltage and current, as well as a quick response with short
rising and settling times.

The short rise time of 0.15 s and low harmonic content of the system, as illustrated in
Figure 20, best describe its capacity to react to abrupt variations in wind speed. Additionally,
this figure illustrates how systematic variations in the DSSB input and output powers yield
the same regulator efficiency values as when the source current and wind speed are constant.
The PMSG reactive power, Qgen, the transient in DSSB input /output powers, P; and P,, and
the PMSG active powert, Pg;,, are more noticeable. The wind turbine operates continuously
within the permitted power range. Furthermore, the fact that the regulator keeps the
source current constant even though the output voltage and output current vary between
420 V,500 V, and 580 V and 8.4 A, 10 A, and 11.4 A indicates that the conversion process
is operating as intended. This suggests that the recommended hysteresis current-mode
controllers are compatible with the regulator’s conversion mechanism [22,30].

Additionally, Figures 20c and 21 show the effective performance of the regulator’s
suggested control algorithm by analyzing the PMSG rotor speed and electromagnetic
torque waveforms, the turbine’s mechanical torque (Figure 20), and the PMSG dg-axis
currents and voltages (Figure 21) in response to step changes in wind speed. The PMSG
electromagnetic torque increases to the rated value as soon as the generator speed increases.
On the other hand, the generator accelerates, and the rotor speed rises due to the difference
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between the generator torque (t.) and the turbine drive torque (tm). Moreover, while the
PMSG rotor speed varies in steps from 134 rad/s to 188 rad/s to 240 m/s, the turbine
mechanical torque and PMSG electromagnetic torque remain constant when the wind
speed is changed from 12 m/s to 16 m/s and then to 20 m/s.

165 ¥ 4011
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8.4 / 220
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0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
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c) Time [s] Time [s]

Figure 20. Results of MATLAB simulation of DSSB-based hysteresis controller with constant source
current (40 A) and step changes in wind speed (12 m/s, 16 m/s, 20 m/s): (a) DSSB output/input
voltages and currents. (b) DSSB output/input powers with efficiency and PMSG output active and
reactive powers (Pgen & Qge,,). (c) Torques and rotor speed. Target frequency = 10 kHz.
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Figure 21. Results of MATLAB simulation of DSSB-based hysteresis controller with constant source
current (40 A) and variable wind speed (12 m/s, 16 m/s, 20 m/s): (a) dq-axis phase voltages (V4s,
Vgs) and dg-axis phase current (Igs, Iqs) of PMSG. (b) PMSG stator currents (Ias, I, Ics) and PMSG
dg-axis line voltages (Vqr, V4L)- (c) Snapshot of PMSG stator currents (Ias, Ips, Les) and PMSG dq-axis
line voltages (V4 VqL) at a wind speed of 12 m/s. Target switching frequency = 10 kHz.

6. Front-Loading Inverter Control at the Grid/Load Side

To connect the wind turbine generators to the grid, a front-loading inverter (grid-side
inverter), VS, is used. It is responsible for regulating the quantity of reactive and active
power that enters the system. There are multiple control strategies for the grid-side VSI.
All of them have the same objectives: regulation of the voltage at the DC-link, controlling
the quantity of reactive and active power fed into the grid, and synchronizing the grid to
ensure the system runs consistently [23-30].

6.1. VSI Field-Oriented Control-Based Decoupled Current Controller in dq Reference Frame

The field-oriented control arrangement for the front-loading VSI is depicted in Figure 22.
The control scheme consists of two loops. The reactive power and the DC link voltage
are managed by the exterior loop, while the grid current is managed by the interior loop.
By adjusting the amount of active and reactive power supplied to the grid, the exterior
loops control the system’s power flow [28-32]. All the grid-side inverter variables are DC
components in a steady state because of the employment of the field-oriented regulation
scheme within the synchronous reference frame. Using phase-balanced sinusoidal wave-
forms for the grid voltages vy, Vpg, and vgg, the grid voltage angle can be computed as
follows [26-32]:
. dig
Uag = Rgige + Lg % + Vgo
. di
Upg = Rg lpe 1 L % + Upo (34)
. dic
Veg = Ry ing + Lg G + Vco
where the line inductance and resistance are denoted by L, and Ry, respectively. At the
inverter output, the voltages are represented by vs0, Upo, Uco- The line currents are ig, ibgr
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and i. Since the line resistance Rq is so tiny, this analysis typically ignores it. Thus, one
may write the following for the phasor current and phasor voltage:

di
Uabcg = Lg + Tabeo (35)
dt
! | | +
DSSB Regulator
Vag | |
. + *
R-TE ; 2% ==
i d
Vac —lag wylLg q vy T T
— v,
—lqg w,ly abc PWM
Q; . _ Pulse
p— s :3;, lgg + 8 . Generator
= > dg + 1 vq
dg Vg ——
ag, Vbg
PLL
s - " 0y | @g
iee . lag
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Figure 22. Front-loading inverter in grid-connected mode with DSSB, a diode rectifier, and a DC

voltage source, E.

The dq frame alignment at t = 0 determines the transformation from abc to dq. The
position of the rotating frame is indicated by 0, = w,t concerning phase (a), where wg is
the dq frame rotation speed or the angular frequency of the grid. The following relations
are obtained when the phase a-axis and the rotating frame are aligned:

. . 1 2 __ 14Tt s 27T 3
@ - Udg +]vqg - (vtxg +]Uﬁg)€ ]wgt - g (vag+vbg.e ]% +ch€]%)€ ]wgt (36)

Using the dq transformation in the rotating reference frame, one may obtain the
following voltage equations [26-32]:

B digg .
Vdg = Vdo — Lg 7 +wg Lg igg 37)
digg .
Ugg = Oq0 +Lg i — Wy Ly lag
The dq transformation may also be used to obtain the active and reactive powers as follows:

o 3 . .

Py = 35 (vdg iag + 0gg igg) (38)
_ 3 . .

Qg = 5 (vdg lgg + Vgg lag

Maximizing the efficiency at the output is achieved by regulating i, = 0, which ensures
minimum reactive power for a given load (grid). The previously mentioned formulas show that
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active/reactive power can be controlled by adjusting the dg-axis currents, respectively [29-34].
One can obtain the dg-axis current references iy, and i o @S follows:

98
igg = ;QE
Vg
N (39)
ng = 311,1(3

where Qg is the reference value of the reactive power; it has a positive value for lagging
power-factor loads and a negative value for leading ones. It equals zero for unity power-
factor loads.

On the AC side of the inverter, the active power is equal to the DC power on the DC
side, if the losses in the inverter are ignored. As such,

3 ) .
Pg = 2 (vdg ldg) = Udc Ldc (40)

Depending on the inverter’s operating state, the reference value for the d-axis current
is produced by the PI controller for the direct current (dc) link voltage, i7,. The inverter’s
DC link voltage v, is controlled by the proposed regulator DSSB to a given value v based
on the required value at the output of the inverter, which is given as [31-36]

V, 242V,
v =2V2 -8 = 2v2 Vg (41)
m V3 m
In this case, Vj, represents the mean square value of either the load (grid) phase
voltage or the inverter output voltage, and V. stands for the mean square value of either

the load line voltage or the inverter line voltage. The symbol m is used for the modulation
index of the inverter (0 < m < 1).

6.2. Determination of the Decoupled Current PI Controllers

Equation (37) shows how the d-axis and g-axis current variables, and the derivative of
the dg-axis currents are related. Any adjustments made to the g-axis variables will affect
the d-axis current, and vice versa. Consequently, as illustrated in Figure 22, two decoupled
current PI controllers are utilized to resolve this issue. One can obtain the output of the
decoupled current controllers as follows [34,36]:

k; % . .
vao = —\kp + 5 ) (lag — lag ) + wg Lg igg + g (42)
AV . .
Vg0 = —\kp + 5 ) (lgg —lgg ) + W Ly igg + Vg
From Equation (42), for the dg-axis currents, one may obtain the following:
Elid 1 ki . .
@ = I (k,, + ?) (lf§g - ng) 3)

digg 1 K\ (=«
= ik + 5 ) ige — g

Equations (42) and (43) demonstrate the decoupling of the d-axis and g-axis currents,
where the PI controller design is now simpler and has better performance [35-37].

When the inverter is operating in stand-alone mode, its job is to control the frequency
and voltage of the inverter output because there is no grid. Within the revolving reference
frame, a field-oriented control structure with split-current controllers is employed. The
frequency of the inverter output voltage (load voltage) and current, w = 27f, is the value
that the controller sets for the angular speed of the rotating reference frame. The voltage
and current controllers are in the outer and inner loops, respectively. To bring the d-axis
voltage to its assessed value, the voltage regulator (PI) modifies the output voltage at
varying wind speeds and load transients. The dg-axis current components are managed by
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the current PI controllers in the inner control loop. To compensate for the cross-coupling
caused by the output filter inductance, the compensation terms are added to the decoupled
current controllers.

6.3. Effect of LCL Filter Cables between the Grid and the Inverter

The grid-connected-mode performance of the grid-side inverter controllers is dis-
played in Figure 22. If the grid is connected directly to the inverter without an LCL filter
in between, it may experience overcurrent and overvoltage in the grid phase and line
voltages. This could lead to undesirable harmonic reactive and active power components
in the system.

To enhance the stability of the voltage/current control and prevent resonance effects
and harmonic generation into the grid, an LCL filter with a passive resistive damping
element will be incorporated into the system. Thus, by using a highly inductive filter with
specific shunt capacitance values between the lines—where both reactants have a sufficient
damping effect—it is possible to reduce the current harmonics surrounding the switching
frequency, and the power fluctuation and efficiency. A T-model of a two-port circuit is used
in Figure 23 to represent the filter cables that are used to improve the performance of the
grid-side inverter. To take further advantage of this method’s benefits, there are four other
possible connections, as explained in [30-38].

O 9pI§ 19MIAN] %
O 2pISpud f

Figure 23. A per-phase T-model of a two-port cable connected between the grid and the VSI.

In Figure 22, the simulation is illustrated after removing the DSSB regulator and
considering the following parameters of the grid and the LCL filter components:

Depicting the result of the simulation, Figure 24a shows the phase voltage, V;, across
the LCL filter with the grid, and the line voltage, Vi, between two phases of the LCL filters
with the grid. It also shows the VSI phase current and phase voltages, V,; and I,, that are
injected into the grid via the LCL filters. Figure 24b displays the line voltage V,; between
two grid phases as well as the grid phase currents and voltages, Vs and Igg, with the VSI
DC supply voltage, V ;.. The simulation is performed using the parameters from Table 2.

Table 2. Parameters of the grid with LCL Kalman filter circuit between the grid and the inverter.

Parameter Real Value
DC link voltage 6000 V-12,000 V
Grid phase-to-phase voltage 6000 V
Grid internal inductance 16.58 mH
Grid internal resistance 0.8929 OO
Parameters of the LCL Kalman filter on the inverter side 1mHand 0.50Q
Parameters of the LCL Kalman filter on the grid side 1mHand 0.50
Filter capacitance 5mF
Filter resistance 050

Grid frequency 50 Hz

Inverter frequency 10 kHz
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Figure 24. Performance of the grid-side inverter that is connected to the grid through LCL Kalman
filters, and is subjected to a stepwise variation in the constant DC source of between 1200 and
2400 volts. The PMSG, DSSB regulator, and wind turbine are removed. (a) The phase voltage, V¢ = Vy,
across the LCL filter with the grid, and the line voltage, Vy , across two phases of the LCL filters
with the grid, in addition to the phase current flowing through these filters. (b) the line voltage (VL)
between two grid phases, as well as the grid phase currents and voltages (Vgabc and Igabc), with the
VSI DC supply voltage (Vqc)-

Figure 25a displays the active and reactive powers (Q. and P.) extracted by the shunt
resistive—capacitive element of the LCL Kalman filters, as well as the active and reactive
powers (Pg and Qg) supplied by the grid. Furthermore, Figure 25a displays the active
and reactive powers of the LCL Kalman filter series elements, Py and Qy as well as the
DC power supplied from the VSI DC source to the remaining portion of the system under
consideration, Py.

The observed values of the grid’s active and reactive powers are negative, indicating
that the remaining components of the system under consideration are receiving power
from the grid in both forms. The dq-axis voltages and currents of the grid are displayed in
Figure 25b. In comparison to the g-axis voltage and d-axis current, it is observed that the
d-axis voltage and g-axis current have smaller values. This illustrates how the active and
reactive power may be controlled under various DC-link VSI voltages by using the g-axis
voltage and the d-axis current, respectively.
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Figure 25. Performance and power capacity of the grid with the VSI after the wind turbine, PMSG,
and DSSB were removed, along with a stepwise variation in the DC source of between 1200 and
2400 volts: (a) Active and reactive powers on the inverter side (P¢ and Q,), the grid side (Pg, and Qg),
and the LCL filter side (P and Q) (b) dg-axes currents and voltages of the grid.

7. Simulation Results

In this paper, the perturbation and observation of the MPPT method for a PMSG
are investigated. The PMSG is driven by a wind turbine and supplies an AC load (RL,
or AC grid) via a hysteresis current-mode-regulated DSSB regulator, and a dg-current
vector-controlled triple-phase voltage source, VSL.

Decoupled dq-axis current controllers are used to implement the field-oriented control
of the front-loading VSI in Simulink/MATLAB. Sample times of 20 us are employed by the
inner and outer current-control loops, respectively.

The specification parameters listed in Table 3 are used for the DSSB regulator. The
specification parameters for the wind turbines and PMSG are shown in Table 4.
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Table 3. Design specifications of DSSB.

Parameter Symbol Real Value
Input choke Ly 100 mH
Shunt choke Ly 10 mH
Output choke Ls 670 uH
Smoothing capacitor Cs 470 pF
Shunt capacitor Cm 470 uF
Shunt capacitor Cq 470 uF
Output capacitor Co 5mF
Load resistance R 10O
Switching frequency f 10 kHz

Table 4. Wind turbine and PMSG parameters.

Wind Turbine Parameters

Assessed power 12.3 kW
Assessed wind speed 12m/s
Cut-in speed 4m/s
Cut-out speed 24m/s
Air density 1.225 kg/m?
Power factor 0.85
Turbine rotor radius 1.3 m
PMSG Parameters
Assessed power 1.1 MW
Assessed voltage 3.3KV
Number of pole pairs 3
Stator resistive element, Ry 0.0485 O)
d-component of synchronous inductance 0.395 x 10° H
g-component of synchronous inductance 0.395 x 103 H
Rotor flux, A 0.1194 Web
Rotor flux position when theta = 0 90° behind phase A axis
Power factor 0.85

7.1. WECS with PMSG, DSSB, and VSI Supplying RL (R = 20 3, L = 10 mH) through LCL
Filters

Using MATLAB-Simulink, an investigation of the chosen case study of the suggested
WECS system with DSSB, VSI, and a highly inductive AC load is carried out. The size of
the simulation step is set to 20 s. The observer and control sample time and controllers
are updated every 20 x 10°, with a typical PWM 10 kHz for a dq-current-control cycle
for the VSI. Other system parts are simulated using a hysteresis current-mode controller.
In real-time implementations, the wind speed estimate and the rotor speed management
updates may be much longer.

The PI current controller parameters for the grid-side inverter are k, = 5 and k; = 5000.
The PLL phase-locked loop’s PI controller parameters for the load/grid-side inverter to
estimate the frequency of the AC load (grid) are k, = 10 and k; = 5000.

The primary goal of the hysteresis current-mode MPPT-regulated DSSB regulator
controller is to limit the maximum power absorbed for the wind turbine’s safe operation and
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to extract the optimal power under changing wind speeds. The WECS system, including
the turbine, PMSG, DSSB, and front-loading inverter, which are shown in Figure 1, is now
simulated with the load treated as an RL-load for the specified parameters mentioned in
Table 5.

Table 5. Simulation parameters of AC RL.

Parameter Symbol Real Value
Nominal phase-to-phase voltage Ver 680V
Active power Py 10 kW
Inductive reactive power Qg 100 VAR

The simulation is carried out for the boosting (enhancing) regime of the DSSB regulator,
which means that Vs < V,. The system waveforms under consideration are shown in
Figure 26a—c, where the wind speed varies in a stepwise manner from 10 m/s to 20 m/s
in 4 s. While Figure 26a shows the currents and voltages of the load, Figure 26b depicts a
shorter time interval for the inverter line and phase voltage with the load phase current
when the wind speed is 20 m/s. From Figure 26¢, it is seen that the load dqg-axis currents
and voltages follow their references quite well under variable wind speeds (10 m/s and
20 m/s). Ideal values and improved harmonic distortion can be seen in the dg-axis currents
and voltage ripples injected into the load via the VSI. It is also clear from Figure 26c how
the active power and the reactive power of the load are related to the load’s d-axis current
and g-axis current, respectively.

Figure 27a displays the active and reactive powers of the shunt impedance of the
LCL filter (Pc and Q.), the output powers of the VSI (Pyand Qy), the load reactive power
(Qg), and the active power (Py), as well as the generator output powers (Pgen, and Qgen).
It is evident how the generator can extract optimal power from the turbine with wind
speed variations. The corresponding WECS component is either supplying or absorbing
power, as indicated by the positive or negative active or reactive power. However, the
DSSB regulator’s DC power (Ps or P,) is always positive, regardless of whether it is sending
P, to the VSI or receiving Ps from the rectifier.

Moreover, the impact of the hysteresis current-mode controller as a response to the
step-changing wind speed profile on the performance of the proposed DSSB regulator is
depicted in Figure 27b. Additionally, the response of the WECS-rated speed and torque
along with the turbine mechanical torque to the wind speed variation is depicted in
Figure 27c.

Based on the hysteresis control, the source current, I, is set to 40 A. However, the
DSSB input/output voltages and current, Vs, V,, and I,, vary following the applied DSSB
conversion ratio and variations in the wind speed profile.

To monitor the performance of the WECS wind power system under a sudden electrical
fault, a wind speed of zero that may occur at the turbine side is considered. Thereby, wind
speed variation from 10 m/s to 0 m/s at 2 s, and then to 20 m/s right after 0.5 s, is taken
into consideration. As shown in Figure 28a, the PMSG output line voltage (V) drops
instantly to zero when the fault occurs. Meanwhile, because of this wind speed collapse
fault, the PMSG is unable to supply power to the DSSB and subsequently to the load.

Nonetheless, due to the influence of the DSSB energy storage elements with the
hysteresis current-mode control that keep the DSSB’s source current virtually constant at
40 A, the variation in the power supplied to the load is negligible. This indicates that the
load side’s active power is still kept at a level that is nearly identical to its previous value
before the fault. The power difference between the generator side and the load side is
stored in the shunt capacitor, causing the decrease in the DC link voltage (V) of the VSI to
be negligible.
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Figure 26. Waveforms of WECS variables as responses to the step change in the wind speed profile
(10 m/s and 20 m/s): (a) complete waveform: load’s phase currents (Iga, Iy, Igc), phase voltages (Vag,
Vigs Vi), line voltage (VgL), and active and reactive powers (Pg and Qg); (b) a condensed waveform
of the line and phase voltages of VSI together with the wind speed and load phase current; (c) load

dq-axis currents and dqg-axis voltages.



Energies 2024, 17, 4868 28 of 36

0.08 | 3 ‘ |
— g [KVAR] 2 — O [KVAR]
0.04 Pg [kW] ; 1 Pe (kW]
0.01 | 0 [
o -
0 20
-1 1
-1.8 15 | oW
3| B e =i
1l Eg "
-6.8 0
0 0.5 1 1.5 2 2.5 3 3.5 4 o 0.5 1 1.5 2 2.5 3 3.5 4
a) Time [s] Time [s]
200 1
e 30 A
150 |
20 8
100 1
50 ] 10 J-... s
0 Vs [V] 0 — o [A]
40 800 | |
30 1 600t
20 1 400 |
10 1 200 -
0 [——s1a] 0|
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3
b) Time [s] Time [s]
0 6.8
-1 .
-1.8 -
3
Qgen [KVAR] |
m— Pgen [KW] 3 f | == Ps [kW]
-6.8 | | 0
150 ' 8
6.8
99
50 8
=== DSSB Efficiency [%] 2.8 — P o [kW]
0
-50 0 ]
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
c) Time [s] Time [s]

Figure 27. Simulation of WECS variables: (a) Active and reactive power of all main WECS system
components (AC load, PMSG, DSSB, VSI). (b) DSSB output/input currents and voltages as the wind
speed changes from 10 m/s to 20 m/s. (c) DSSB output and input powers, Ps and P,, and efficiency
with PMSG'’s active and reactive powers.
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Figure 28. The WECS wind power system’s performance in the event of a zero-wind-speed fault: (a)
PMSG currents and voltages; (b) DSSB currents and voltages; (c) load-side currents and voltages
with wind speed; (d) a snapshot of the load-side currents and voltages with wind speed around the
fault point.

7.2. WECS with PMSG, DSSB, and VSI Supplying Triple-Phase AC Grid through LCL Filters

The WECS system in Figure 22 is now investigated with an AC grid, whose parameters
are listed in Table 6. The field-oriented regulated front-loading inverter (VSI) with a
hysteresis current-mode MPPT-regulated DSSB regulator is implemented to reach the
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maximum power extraction of the WECS system. The MATLAB/Sim Power Systems
wind turbine model is used in this work. Again, the PMSG and turbine data used for the
simulation are listed in Tables 3 and 4. The torque and speed control loops have sample
times of 20 pus and/or 50 ps, respectively. The wind turbine model takes the step-varying
wind speed as the input and produces torque as an output. The grid-side inverter’s PI
current controller settings are the same as previously stated.

Table 6. Grid specification parameters.

Parameter Real Value
Phase-to-phase grid voltage 680V
Grid frequency 50 Hz
Grid source inductance 16.58 mH
Grid source resistance 0.8929 O
Inverter frequency 10 kHz

In accordance with the grid-side inverter’s control method, the DSSB regulator hystere-
sis control regulates the DC link voltage, while the g-axis current loop controller regulates
the reactive power, and the d-axis current loop regulates the active power injection into the
grid. Within the permitted working range of the regulator and the inverter, the DC link
voltage is stabilized using the d-axis current loop of the grid-side inverter. Furthermore, as
can be seen in Figure 22, it is possible to use a PI controller to use the VSI DC link voltage,
V¢, as a reference signal for the d-axis current because the DC link voltage, active power,
and d-axis current of the grid-side inverter are directly correlated. The reference signal for
the d-axis current of the grid is thus derived by comparing the DC link voltage with its
reference signal produced by the DSSB regulator and via a PI controller.

Figure 29a—c show the performance of the front-loading inverter through the waveform
of its phase and line voltages at the point of common coupling (Vy, V), along with the grid
variables (phase currents and voltages, dq-axis currents and voltages, and powers). It is
demonstrated that the voltages and currents that are injected into the grid from the PMSG
through the DSSB regulator and the VSI vary according to the variations in wind speed
(10 m/s and 20 m/s) and the control strategies used for the suggested system.

The grid operates as an energy source because both of its types of power are negative.
Since the reference value of the DSSB source current is applied at a constant 40 A, the
grid’s phase currents maintain a constant value of 100 A even in the presence of fluctuating
wind speeds.

Figure 30a,b show the input/output DC powers of the DSSB, voltages, and currents,
as well as the PMSG active and reactive powers that are injected into the grid through the
VSI. Consequently, Figure 30c compares the active and reactive powers of all components
of the proposed WECS. As Figure 30a illustrates, the hysteresis current-mode controller
performs well because there is hardly any difference between the measured value of the
source current, I, and its reference value, 40 A.

Furthermore, an equivalent amount of active power from the PMSG is converted to
DC power within the DSSB regulator and then sent via the VSI to the grid system, which
includes the LCL Kalman filters. As a result, the efficiency of the DSSB regulator is nearly
99%. Additionally, the PMSG reactive power is supplied into the grid system through the
VSI with the help of the DSSB energy storage components.

The relationships between reactive powers and g-axis currents and active powers and
d-axis currents are also evident. Furthermore, a negative or positive active or reactive
power indicates that the corresponding WECS component is supplying or absorbing power.
Nevertheless, whether the DSSB regulator is delivering P, to the VSI or receiving Ps from
the rectifier, its DC power (Ps or P,) is always positive.
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Figure 29. Responses of WECS variables (currents, line and phase voltages) to the step change in
the wind speed profile from 10 m/s to 20 m/s: (a) waveforms of grid’s phase currents (Iga, Ly, Igc),
phase voltages (Vig, Vg, V), line voltage (V1 ), and active and reactive powers (Pg and Qg); (b) a
snapshot-waveform of VSI phase and line voltages (Ve Vi) and grid’s phase current (Ig); (c) dg-axis
phase currents and voltages of the grid.

Figure 31a shows how the wind speed variation from 10 m/s to 20 m/s affects the
PMSG’s electromagnetic torque, the mechanical torque generated by the turbine system,
and the rotor angular speed. The system’s hysteresis current-mode control technique that
is implemented with the DSSB regulator keeps the PMSG torques constant, even when the
wind speed varies from 10 m/s to 20 m/s.

Additionally, Figure 31b illustrates the PMSG’s stator phase current (Igm) and line
voltage (V) with their dg-axis phase currents and voltages, with a shorter-term snapshot of
these variables given in Figure 31c. As shown within the yellow circle, in the d-axis current
waveform of the PMSG, we can observe a short-term bump during the initial transient
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variation in the wind speed at 2 s. However, this does not affect the power exchange range
since it happens for less than 0.02 s.

200 | —Vs [V]
170
75 4
0
40
30
20
10
0 | | s [A]
0 0.5 1.5 2 2.5 3 3.5 4
a) Time [s]
0 \ Pgen [kW]
m——Qgen [kVA
|
-1.8 i
-3
-6.8
150 f [=— DssB Efficiency [%)
99 | !
50 -
0
-50
0 0.5 1.5 2 2.5 3 3.5 4
b) Time [s]
5 Qg [kKVAR]
=—=Pg [kW]
0
-5
10 | S
-15
0
|
-2
L = Pgen [kKW]
4 = Qgen [KVAR]
6
0 2 3 4
c) Time [s]

— o [A]
19
10
0
350 {
290 bt
200 |
100
0 [ vom
0 05 15 2 25 3 35 4
Time [s]
6.8
3
0 [—Psiw
8_
6.75 T
z.gf
0 ‘ [==Po kW]
0 05 15 2 25 3 35 4
Time [s]
4 — 4|
— \
3
2
1
= Qc [KVAR]
0| Pe [kW]
5 [
0 f —Pf[kW]
m— Qf [KVAR]
-5 8
0 2 3 4
Time [s]

Figure 30. Simulation of WECS variables: (a) DSSB output/input currents and voltages as the wind
speed changes from 10 m/s to 20 m/s. (b) DSSB output and input powers, Ps and P,, and efficiency
with PMSG’s active and reactive powers. (¢) Active and reactive power of all main WECS system
components (grid, PMSG, DSSB, VSI).
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Figure 31. In response to a wind speed change from 10 m/s to 20 m/s, three types of PMSG variable
waveforms are shown here: (a) PMSG torques and rotor angular speed; (b) PMSG stator phase current
(Igen) and line voltage (VsL) with their dq-axis phase currents and voltages; and (c) a shorter-term

snapshot of (b).

Reactive and active powers from the PMSG, LCL Kalman filters, and grid flow through
the WECS system in opposite directions, and as they are used up by other system compo-
nents, they are deducted from one another. The LCL transmission lines” shunt impedance
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(RC) then absorbs the difference between these reactive and active power values as active
power (P;) and reactive power (Q.). Furthermore, it is demonstrated that at a wind speed of
20 m/s, the reactive and active powers change noticeably in a stepwise manner in response
to variations in wind speed. This aids in voltage drop compensation when the reactive
powers in the system cancel each other out as the wind speed rises and falls. The suggested
MPPT controller in combination with the hysteresis current-mode controller successfully
controls the PMSG power at the necessary low reactive power and high active power values
with the least amount of transient time. Consequently, the turbine’s maximum power-point
tracking power output is fed into the VSI as active power. The reactive power decreases in
the direction of zero as the wind speed approaches the cut-out speed. In this configuration,
the DSSB and VSI regulators function as a grid-side DC energy buffer for transients and
the power fluctuations produced by the wind turbine, in addition to controlling active and
reactive power [31-40].

Reactive power’s exact compensation control is not considered in this paper. Numer-
ous studies are looking into the parameters of the reactive power compensation mechanism
and a control approach that incorporates reactive power compensation. Additionally,
field-oriented control strategies based on advanced control theory still have a great deal of
research value [38—40].

8. Conclusions

This research paper discusses a control strategy for a triple-phase voltage source
inverter in a PMSG powered by a variable-speed wind system. It includes a thorough
analysis, simulation using SIMULINK/MATLAB, and the use of a hysteresis current-mode-
regulated DSSB regulator. While the control techniques discussed in this work are already
established and widely used in research and control applications, the unique contributions
of this study are as follows:

e A recently adopted hysteresis current-mode-controlled double-switch SEPIC-buck
regulator (DSSB) with a dual-lead PI controller is examined and explained. This is
achieved using mathematical analysis and simulation in SIMULINK/MATLAB.

e  The main objectives of this are to compensate for wind speed variation-induced voltage
instability and to track the maximum active power that can be injected into the series
transmission line (LCL filter shunt impedance) from the grid and the PMSG using the
hysteresis-regulated DSSB regulator.

e  This paper also presents a dq current-controlled voltage source inverter (VSI) with
two proposed PI controllers for current error elimination.

e  To ascertain whether the performance of the front-loading VSI controller and DSSB
regulator is satisfactory, the system performance is assessed under both normal and
variable operating conditions as it is used to supply an AC triple-phase grid and a
triple-phase RL. It is shown that the proposed WECS system with the DSSB regulator
and VSI has very good control dynamic quality because it responds very accurately to
step-change variations in the wind profile. MATLAB and Simplorer are used to verify
the simulation.

e Additionally, the high performance of the recommended DSSB regulator during the
turbine-side zero-wind-speed fault is demonstrated. During the zero-wind-speed
fault, the DSSB source current and its output voltage—the VSI’s DC link voltage—are
maintained within a safe range. Every indicator falls between the typical ranges.

e  Using the double-hysteresis current control in conjunction with the dq-current con-
trol of the voltage source inverter, the DSSB regulator tracks and regulates its input
variables, and the voltage and current generated by the rectifier. Thus, the suggested
DSSB regulator improves the monitoring of the maximum power point and efficiently
maximizes the output power supplied to the load.

These simulation results indicate that the proposed hysteresis current-mode control
has an excellent controlling effect on DSSB performance. The specific ways in which this
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is reflected are the MPPT technique, the reduction in DC link voltage fluctuation, and the
recovery time following the fault.

Moreover, the simulation results show that the estimated and simulated values for the
system parameters, such as DSSB voltage and current conversion, rotor and wind speeds,
power, and torque, agree fairly well. Furthermore, the chattering effect of wind speed has
no effect on the mechanical strain on the rotor shaft as the mechanical torque waveform of
the PMSG remains constant despite variations in wind speed. The results of the simulation
show that the control strategies with the DSSB regulator and VSI are sufficient, even with
the variability in the wind speed profile.
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