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Abstract: This paper proposes a new multifunctional control technique for a grid-connected hybrid
distributed generation system composed of a photovoltaic system and a wind power system based
on a voltage source converter (VSC). Indeed, aside from the generation and the injection of energy
into the grid, the proposed system deals with power quality issues caused by harmonics generated by
non-linear loads in order to keep the source current uncontaminated. The VSC serves to first ensure
that the power generated from the hybrid renewable energy source is fed to the utility grid and acts
as a shunt active power filter in case an abnormal increase in the THD of the source current above the
standard permissible values is detected due to the non-linear load connection. The two sources of
the hybrid system are connected to a common DC bus to simplify the control and reduce the cost
of the system, and a maximum power point tracking controller is used for both sources. The major
advantage of this novel proposed multifunctional control technique is its ability to inject harvested
power into the grid while simultaneously ensuring the compensation of the harmonics and reactive
power. The proposed multifunctional control technique is validated through an extensive simulation
analysis using MATLAB/Simulink.

Keywords: harmonic elimination; power quality; renewable energy; hybrid system

1. Introduction

Recently, as a result of the environmental issues caused by the consumption of unclean
forms of energy and the economic trends of many countries, the exploitation of renewable
energy sources has been rapidly increasing. This is due to the fact that these sources have
several advantages, for example, they produce clean electrical energy with zero carbon
emissions, they do not require high maintenance costs, and, most importantly, the energy
can be harvested freely [1]. Therefore, this field is attracting a growing number of scientific
research studies [2,3]. In addition, renewable energy sources can be combined to achieve
more efficiency and profitable energy [4-6].

It is obvious that to benefit from the power produced by distributed generation (DG)
sources in grid-tied applications, power converters are used to ensure the connection
of the DG sources and control over the flow of the produced power into the grid [7-9].
However, it is well known that the grid suffers from the proliferation of harmonic con-
tamination caused by nonlinear loads such as transformers, power electronic equipment,
and arcing devices [10,11]. These harmonics have a significant impact on the quality of the

Energies 2023, 16, 6565. https:/ /doi.org/10.3390/en16186565

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16186565
https://doi.org/10.3390/en16186565
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6198-4347
https://orcid.org/0000-0002-7812-7429
https://orcid.org/0000-0003-2923-2094
https://doi.org/10.3390/en16186565
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16186565?type=check_update&version=2

Energies 2023, 16, 6565

20f22

power delivered to the loads, which are connected to the same point of common coupling
(PCC) [12,13].

Conventionally, in order to eliminate the effect of current harmonics and ensure
power factor correction, several traditional techniques have been used, such as passive
filters [14,15]. Despite their ease of implementation and low cost, they have numerous
drawbacks, such as their large size [16] and their vulnerability to resonance phenomena [17].

Instead, other solutions have been developed to overcome the shortcomings of tradi-
tional techniques, including active power filters (APFs), which can be classified according
to their structure into series, shunt, or hybrid topologies [18]. The shunt active power filter
(SAPF) topology is widely used due to its simple topology and efficient operation [19,20].

Generally, shunt active power filters are based on voltage source inverters that interface
a capacitor on the DC side, where they are connected to the point of common coupling
via output filters. Indeed, the main role of the SAPF is to inject compensating currents to
ensure the suppression of harmonics and the reactive components of the currents generated
by nonlinear and reactive loads [21].

In the literature, several researchers have proposed different control techniques dedi-
cated to grid-tied hybrid distributed generation systems for power injection and power
quality enhancement. In [22], a review of the topologies and control strategies of multi-
functional grid-connected inverters (MFGIs) was carried out. In [23], the authors offer
large solutions to power quality issues using different topologies and control techniques
for shunt active power filters integrated with renewable energy systems. In [24], a hybrid
energy system (HES) integrated with a shunt active power filter was proposed to eliminate
the current harmonics in a grid. In [25], the authors focused on the quality of the injected
current by proposing a reference signal generation algorithm. In [26], an effective control
strategy was proposed for a multifunctional grid-tied inverter (MFGTI) to enhance the
power quality in the microgrid. In [27,28], a comparative study was carried out between
an intelligent controller and a nonlinear controller for a three-phase inverter connected to
hybrid renewable energy source (HRES) systems.

The dynamic of the power transferred to the grid depends mostly on the load current
profile, the DG systems, and the grid. Consequently, this permits a simultaneous adjustment
of the transferred power and the related current injected into the grid according to any
eventual variations that may occur within the aforementioned systems. To ensure such
dynamic behavior, a novel multifunctional control technique scheme is proposed that is
able to control the injected current under different grid conditions.

The aim of this work is to investigate a novel multifunctional control technique used in
hybrid distributed generation systems, which include photovoltaic and permanent magnet
synchronous generator (PMSG) wind turbine systems. This configuration is based on a
common DC bus instead of an AC bus to integrate these renewable energy sources for
the purpose of simplifying and reducing the cost of the system. In its normal mode, the
inverter ensures the transfer of the power generated by the hybrid system to the utility
grid. When an abnormal increase in the THD of the source current above the permissible
value is detected, which mainly occurs to the connection of a nonlinear load to the grid,
causing a significant propagation of harmonic components, the developed system further
acts as a shunt active power filter to ensure the compensation of these generated harmonics,
in addition to improving the power factor by compensating the reactive component of
the current.

This paper is structured as follows: Section 1 provides a detailed description of
the proposed configuration. Section 2 discusses the proposed control system, wherein
the current control for both cases and the reference current identification strategies are
demonstrated well. Section 3 presents the simulation results, which prove the performance
effectiveness of the proposed configuration by comparing a backstepping controller to a
classic hysteresis controller, and finally, this paper ends with general conclusions.
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2. System Description

Figure 1 illustrates the overall structure of the hybrid distributed generation system
based on the proposed multifunctional control technique, which includes two renewable
energy sources, a photovoltaic system and wind energy conversion system (WECS), con-
nected to the grid. The WECS consists of a three-blade wind turbine based on a permanent
magnet synchronous generator (PMSG) connected to a full-bridge diode rectifier, which
is connected to a DC/DC boost converter to control the extracted electric power and its
transfer to the DC bus. The PV generator is connected to the common DC bus in parallel
with the WECS through a second DC/DC boost converter. The DC bus is connected to the
grid by means of a voltage source inverter (VSI) through a first-order coupling filter.
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Figure 1. The overall scheme of the proposed system.

In the first operating mode, the proposed system ensures that the power generated
by the hybrid distributed source is fed into the utility grid. While in the second mode,
the designed system works as an active power filter to reduce the harmonic current and
compensate for the reactive power when an abnormal rise in the THD of the source current
is found. This unanticipated power quality degradation could be caused by the sudden
connection of nonlinear loads or reactive loads to the grid.

Regarding the control unit of the DC side, the two sources are controlled via boost
converters to track the maximum power point using an MPPT technique based on an incre-
mental conductance (InC) strategy for both photovoltaic and wind energy systems. In addi-
tion, a PI controller is used to keep the voltage stable across the DC-link despite the abrupt
environmental conditions. the synchronous reference frame (SRF) theory is adopted in the
second operating mode under weak grid conditions to identify harmonic components.

Finally, the proposed non-linear backstepping approach that controls the injected
current is compared with a hysteresis controller in both operating modes.
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2.1. The Stand-Alone System Modeling
2.1.1. PV System Modeling

The basic equivalent circuit of the PV cell consists of a single diode model, as shown
in Figure 2.

Iph Rs lpv
> ANN—>—@

Y Id Ip

Figure 2. Equivalent circuit of the PV cell.

The expression representing the output current of a photovoltaic (PV) cell is formulated
as follows [29]:

Ipp =Ty —1,— 1, 1)

where [ phs I3, and I, are the photocurrent, diode current, and leakage current in parallel
resistance, respectively. The photocurrent and the diode current can be expressed as
follows [29]:

G
Iph = (Gref> '(Iph,ref + ,usc'AT) ()

where G is the irradiance (W/m?), G,, ¢ and Iy . are the references of the irradiance
and photocurrent at STC, AT is the difference in temperature, and ps is the short-circuit
coefficient temperature (A /K).

Vo + Rs.1
=1 [exp<w> - 1} 3
«INg.

Iy is the reverse saturation or the leakage current of the diode. The leakage current in
parallel resistance is given by
Vo + R lpo

I
p
Ry

4)
where Vpy is the PV output voltage, R; is the series resistance, and R, is the parallel
resistance. Finally, the output current of the PV cell can be obtained as follows:

G Vo + Ro-Ipo Vo + Rs.Io
Lp==—]-1 AT ) — _ -1 -
po < Gref ) ( Ph,ref + Hse ) 0 |:exp ( A.NS.Vt ) :l Rp (5)

where Ng is the number of series PV cells, A is the ideality factor, and V is the thermal
voltage.

The photovoltaic (PV) array in this study comprises two parallel strings. Each string
consists of a series connection of nine PV modules. Figure 3 presents the P-V and I-V
characteristics of the photovoltaic (PV) system investigated in this research, considering
various climatic circumstances. It is evident that in order to achieve the maximum power
point (MPP), it is necessary to adjust the photovoltaic (PV) terminal voltage to Vmpp,
which represents the voltage at the maximum power point [30]. This paper presents a
photovoltaic (PV) system consisting of a specific PV module, namely, the Sun Power SPR-
305-WHT. Therefore, it is obvious from Figure 3a,b that show the I-V and P-V characteristics
respectively, the maximum power extracted under standard test conditions (STCs) is about
5.5 kW.
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Figure 3. P-V (b) and I-V (a) characteristics of the PV array used.

2.1.2. Wind Energy Conversion System Modeling

In the field of wind energy conversion systems, various topologies are available for
implementation, contingent upon the specific type of generator employed [31,32]. In the
current study, the selection of a wind turbine utilizing a permanent magnet synchronous
generator (PMSG) and a switching mode rectifier, which is coupled with a DC/DC boost
converter, is justified based on its primary intrinsic attributes [31]:

- The self-excitation of the PMSG;

- The output voltage of the boost converter can be adjusted to fit the requirements of
the inverter;

- The control simplicity;

- Thereduced cost.

Wind Turbine Modeling

According to [33], the mechanical power acquired by a wind turbine can be accurately
described using the following mathematical expression:

1
Py = EPAVw3Cp(/\/ B) (6)

where p is the air density, A is the swept area covered by the blades, V;, is the wind speed,
Cp is the power coefficient. A is the tip speed ratio. § is the pitch angle, and C,(A, B) is a
nonlinear function related to tip speed ratio (1) and the blade pitch angle (8) which can be
described as follows [33]:

1 21
Cp(A, B) = 0.5176p (116 x 3 —04p— 5>e A 4 0.0068A )
1
1 1 ~0.035 @®)
A (A+0088) 1+p8
Rw,,
A= 9
. )

where R is the radius of the turbine and w, is the rotor speed. The mechanical torque is

defined as follows: 1 3
s0AV,°C A/
Wiy Wi

It is evident from Equation (7) that with a constant pitch angle j, there is an optimum
rotor speed that corresponds to achieving maximum power for each wind speed. Figure 4
shows the characteristics of a wind turbine developed at 3 = 0° for different wind speeds.
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Turbine Power Characteristics (Pitch angle g = 0 deg)
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Figure 4. Wind turbine power characteristics.

Figure 4 illustrates the ideal correlation between the turbine’s output power and speed.
The provided diagram depicts the process of optimizing the extraction of power from
varying wind speeds to attain the optimum power potential. The power generator within
the wind turbine operates through the utilization of a permanent magnet synchronous
generator (PMSG). It is worth noting that the power coefficient (CP) of the turbine rotor
reaches its maximum value when the blade pitch angle (B) is set to zero. The wind turbine
initially generates mechanical torque per unit, which is then converted into effective torque
by multiplying it with the base torque. The aforementioned torque is ultimately exerted
on the shaft of the permanent magnet synchronous generator (PMSG). The highest level
of power generated, attained when the wind speed is at its base value of 12 m per second,
aligns with the nominal speed of the generator set at 1 per unit [34].

PMSG Modeling
The stator voltage of the PMSG can be written in a d-q reference frame as follows [35]:
) di )
V; = Rgiy + de—f — Lyiqw, (11)
i .

where ¢ is the permanent magnet’s leakage flux (Wb), R is the stator phase resistance ((2),
iy and i, are the d-q axes stator currents, and (L; = L) are the d-q axes inductances in H;
they are equal due to the fact that the PMSG considered herein has a salient rotor with w,
is the electrical speed, which is expressed as

We = PWm (13)

where p is the number of pole pairs and pw,, is the mechanical speed.
The mechanical equation of the WECS can be represented as follows [36]:

dw
Ttm = Tpu—Te — fwn (14)

3 .
T, = Epzq(p (15)

Since there is no gear box between the turbine and the generator, | is the total inertia of
the system (turbine and generator), f is the viscous friction coefficient, Tj, is the mechanical
torque, and T, is the electromagnetic torque.
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3. The Proposed Control Scheme

This section presents design details of the proposed control approach, which operates
in the two aforementioned operating modes.

3.1. Operatinh Mode 1: Power Injection Operating Mode
3.1.1. The d-q Reference Current Identification

This strategy is based on a synchronous rotating reference frame (d-q control), which
is divided into outer and inner loop controls. The outer voltage loop is used to stabilize or
manage the DC-link voltage (Vdc) by comparing the measured value of the DC-link voltage
with the reference value via a PI regulator. The inner loop uses the Park transformation,
in which the source currents are transformed into d-q components and then compared
with their d-q reference components. The d-axis current reference component presents the
output of the outer loop, and the g-axis reference current component is chosen to be equal
to zero to ensure the operating mode at the unity power factor [37,38].

3.1.2. Hysteresis Current Control

The hysteresis current controller is one of the most frequently used controllers in AC
power systems since it is easy to implement without knowing the system parameters. This
technique operates via a comparison of the actual grid currents and their references iref
with fixed bands. The output of the VSI is switched to low when the generated error is
greater than the upper band, and it is switched to high when the error is less than the lower
band [39], as shown in Figure 5.

Error signal Hysteresis band

Figure 5. Hysteresis control strategy.

v

Therefore, to achieve the desired output waveform, the hysteresis band (HB) must be
chosen well. The control scheme of this strategy is illustrated in Figure 5.

3.1.3. Backstepping Current Control

To achieve higher levels of stability and performance for the studied grid-tied hybrid
system, which is considered a nonlinear system, backstepping control (BSC) approaches are
applied due to their advantages over the other nonlinear control methods in terms of sys-
tematic and iterative design processes [40,41]. Indeed, the backstepping technique is based
on the stabilization of virtual command inputs for first-order subsystems through Lyapunov
functions in order to ensure that the system converges to the equilibrium point [42].

Model of the grid voltages in the d-q frame are represented as follows:

, d(i .
Vig—Vig — Ryiigg — Ls.2Ust) 4 wg.(Lyd,) )
. d(is .
Viq=Vig — Rs.isg — Ls. (;tq) —wq.(L.i_)

s''sq
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where R; and L, present the resistance and the inductance of the filter output filter, respec-
tively, and wy is the angular pulsation of the grid.
The following equation illustrates the dynamics of the currents injected into the grid:

d(isa) _ Via _ Rs ; ; Ved
= Rk g~

) _ Via _ Rs ; Vg

i = L—’s Lss-lsd + wq.isq qu (17)
d(’sq)_ﬁ_&i Wi — V.

dat - — L Ls 59 §tsd T T

where V3 and Vs, are the inputs and iy and is; are the outputs.

The backstepping control was designed based on the following steps.

In the first step, the current errors between the actual current and the reference currents
following the d-q frame are defined as follows:

eq =1 —1
d ‘ Sdref s.d (18)
€q = lsg ref — lsg

In order to operate with a unit power factor, the reactive has to be set to zero, which
means that the reference current along the g-axis is equal to zero (is;_r.s = 0). On the other
side, the reference current iy, ;s obtained through the output of the PI controller of the DC
bus voltage. It is obvious that the main aim is to keep these two errors convergent to zero.

In the second step, the derivatives of the current errors are obtained as follows:

eq = isd,ef —igq

o - (19)
€q = lsq ref — lsq
Based on Equation (17), Equation (19) can be rewritten as follows:
: ;o d (i Via _ Rs ; ; Vs
€d = Isd,p — (d‘td) = 74 = g + wgdsg — 72
. . : ; (20)
. _d(isg) _ Vg R L Vy
€ = lsqref — —dr T Ty  Ltsq — Wgelsd = T

In the third step, a candidate of the Lyapunov function is chosen, and its derivative is

calculated as follows: )
Vi=5(eq” +eg%) 21)
Vi = eg.eq+eg.eq

The main objective is to ensure that the two errors converge to zero and the system’s
stability is maintained. Indeed, based on the Lyapunov theorem, these conditions can be
met if the derivative of the proposed Lyapunov function is strictly negative, meaning that
V1 <0, VZ < 0. In this context, the derivatives of the aforementioned error functions are
presented as follows:

cq = —Kgeg

eg = —Kyey @)

According to the condition of Lyapunov, the two constants K; and K; must be positive.
From (20) and (22), the following equations are obtained:

Vi s 4 / Vs —
5 = %.zsd + wg.isg — 7% = —Kgey
Viq R . Vsq (23)
Ts - fs.lsq - Z/Ug.lsd — Ts = _quq
Consequently, the reference voltages will be
Vid?ref = Rg.igg — Ls.wg.isq — Ls.Ky.eq+ Vy (24)
Viq_ref = Rs.isq + Ls.Wg.isd - Ls.Kq.eq + ‘/sq
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Switching mode

identification

control

Power injection operating mode

3.2. Operating Mode 2: Power Quality Improvement Operating Mode
3.2.1. Reference Current Identification

In order to accurately mitigate the circulation of the current harmonics toward the
power source via the suggested SAPF architecture, it is imperative to accurately identify the
current harmonics. Indeed, numerous methodologies have been put forth in a multitude of
prior studies. In this particular research study, synchronous reference frame methodology
is employed owing to its uncomplicated design and accurate functionality [21-24]. The
underlying premise of this system relies on the conversion of load currents from the natural
frame (abc) to their corresponding dq components in the dq frame [43,44]. In this frame, the
g-axis is aligned with the a-axis at t = 0. The schematic representation of the synchronous
reference frame method is shown in Figure 6. In this strategy, the three-phase instantaneous
load currents are first transformed into a-f3 coordinates using the Clarke transformation.
Subsequently, these coordinates are further converted into the d-q frame using the Park
transformation, according to the following procedure:

i) _2[1 -} —5] fﬁﬂ -
[ilﬁ] 3[0 S lizbc )
ily]  [sin(6) —cos(0)] [ilx

[ilq] = [cos(@) sin(6) } L'IJ (26)

Power quality improvement operating mode

g .

T oo ] +
: H - ICa H

"(% Pt abeto M| opro P Trr > dato [S icabe §
P oL

Figure 6. Flowchart of the control system.

The synchronization angle 0 is obtained using a PLL unit, as shown in Figure 6.



Energies 2023, 16, 6565

10 of 22

Each of the obtained d-q load currents are further decomposed to a DC component
and an oscillatory component using a low-pass filter (LPF) with a cutting frequency of 50
Hz, as shown in Figure 6. Hence, the load current can be written as follows:

iCq| _

The output of the DC bus controller should be added; it represents the losses in the VSI
and should therefore be considered within the d components. Furthermore, to ensure the
reactive components of the current are compensated, the DC component within the g-axis
should be added. Finally, the compensating current generated by the VSI and injected into
the PCC following the a-p frame can be obtained as follows:

o] = [ty o)

ﬁd +ily

- 27)
il + il

ilg — g

- 28
ily + il 28

Using the inverse Park transformation, the desired reference current that should be
injected to the PCC can be obtained as follows:

: 1 3 w
icy| = |—5 % { ] (29)
ic _i _zﬁ icp

¢ 2 2

3.2.2. Hysteresis Current Control

As described in Section 3.1.1, the reference current generated by the SRF theory
depends upon the expression of the switching pulses generated [45], whose operating
functions are defined as follows:

The upper switch is ON and the lower switch is OFF when

I.— 1. < HB
The upper switch is OFF and the lower switch is ON when
I.—1.> HB

3.2.3. Backstepping Controller

The current control scheme based on a backstepping controller is shown in Figure 6; it
was inspired by the study described in [13]. The current errors and their derivatives in the
natural frame (abc) can be described as follows:

e = ifa — iCu
ey = ifb — iCb (30)
ez =if . —icc

Their derivatives are given by
¢ = if, —ic,
er =if, —icy (31)
e3 = if.—icc

The proposed Lyapunov function is

V=Vi+W+V; (32)



Energies 2023, 16, 6565 11 of 22

where )
Vl = je%
Vy = 5é3 (33)
V3 = %6%
The derivatives of the Lyapunov function’s components can be represented by

V1 = 618.1 = €1(%fa (vfa — Ugqg — Rfaifu) — Z'(;,‘a)

Vo = ey = ez(ﬁu (Ufb — Ugp — beifb> —icy) (34)

V3 =eses = 6’3(%),6 (Ufc — Use — Rfcifc) —icc)

Finally, the reference output voltages of the APF can be obtained as follows:

Viaref = Lia(ica — Keq) +vsa + Rpalfg

Vivres = Ly (icy — Kea) +vg, + Rppiy (35)

Vfcref = Lfc (lCC — K€3) +0Ugc + Rfcifc

4. Simulation Results

For the examination of the effectiveness of the multifunctional control technique pro-
posed in this paper, simulation tests of the system presented in Figure 1 were carried out
via MATLAB/SIMULINK for the aforementioned modes. To assess the robustness of the
proposed system, it was tested for the two aforementioned operating modes such that
during operating mode 1, the hybrid energy sources were exposed to various climatic con-
ditions such as variable wind and irradiation profiles, as shown in Figure 7. Furthermore,
in operating mode 2, a sudden degradation of the current quality of the main grid occurred
due to the connection of non-linear loads.

I T T I I
< 1000 - == e — ] - T T .
2 ! ! ! ' '
8 ! ! ! ! !
g ' ' S N AU SO
K] 500 | | | | |
= | | | | |
= , . !
5 | | i | |
2, @) | I | I |
1 1.2 1.4 16 1.8 2
T T I I
| ! | g
IR0 — e N R !
= | | | !
g ! ' ! ! !
L I . [ U I
E° | | | | |
(b) | | ! | |
o | | | | |
1 12 1.4 1.6 1.8 2

Time (s)
Figure 7. (a) Irradiance profile; (b) wind speed profile.

The selection of the values of the parameters of the proposed system were made based
on [24], and they are presented in Table 1.
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Table 1. Parameter values.

Parameters Value
Grid voltage (Vs) 400V
System frequency (f) 50 Hz
Supply inductance 20 uH
Supply resistance 030
DC link capacitor 5000 uF
Maximum wind power 6 kW
PMSG stator phase resistance (Rs) 0.425 Q)
Wind system PMSG armature inductance Ld = Lq 84 x 1073 H;
Leakage flux 0.433 Wb
No. of poles 5
Maximum PV power 55 kW
PV system No. of series cells Ns 9
No. of parallel cells Np 2

4.1. Operating Mode 1: Power Injection Mode

Figure 8 illustrates the power produced from the PV source and the wind source
for both of the current controllers used: the hysteresis controller and the backstepping
controller. In this operating mode, the incremental inductance MPPT algorithm is utilized
to control the boost converters for the two systems, boost converter I and boost converter
II, as shown in Figure 1. Indeed, the maximum extracted power values for both sources,
which were obtained based on the MPPT algorithm used under variable climatic conditions,
are shown in Figure 7a,b. Figure 8a illustrates the power produced from the PV source
at different irradiation values. It can be clearly seen that starting from 2 s, the irradiation
increased suddenly from 500 to 1000 W/ m?2 and then decreased to 750 W/m? at 2.5 s.
Figure 8b presents the wind power with varying wind speeds. The InC algorithm intro-
duced a quick response and tracked the maximum power point despite the instantaneous
change in irradiance and the wind speed’s drop and rise, with slight advantages in the case

of backstepping current control, as shown in the zoom boxes.

Hysteresis Backstepping ‘

i

Hysteresis Backstepping % -

Time (s)

Figure 8. (a) PV power; (b) wind power.
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755

One of the performance evaluation criteria for a renewable energy hybrid power
system is the DC link voltage. In this context, Figure 9a displays the dynamics of the
responses of the DC link voltage under different climate variations. It can be observed
clearly that the DC link voltage follows the constant reference value, especially in transient
steps along the period test. This test proves that despite the changes in the irradiance
or wind speed, the DC link voltage is successfully kept quasi-constant and follows its
reference value (750 V) with insignificant ripples.

Ve V)

745 ——-—

740

Hysteresis Backstepping ‘

N
)]
[
|

Active Power (W)

o
&)

Figure 9. (a) DC link voltage; (b) instantaneous active power.

There is no effect in terms of overshoot for either of the current controls, proving the
effectiveness of the adopted control. Figure 9b displays the instantaneous active power
produced by the utility grid, which was increased and decreased smoothly due to the
power injected by the PV-Wind system, with fewer oscillations observed in the case of the
backstepping current control.

Figure 10 illustrates the source current, which has a sine waveform whose magnitudes
vary according to the profile of the main climate parameters, such as the irradiance and
wind speed. Figure 11 presents the currents injected into the grid at the point of common
connection. It can be seen that these currents remain sinusoidal, with amplitudes that vary
according to climatic variations, and their frequency is adequate for the grid (50 Hz). More-
over, in the zoomed-in parts, it is apparent that the grid voltage and the injected currents
are in phase. Figure 12 illustrates the evaluation of the THD level of the injected current
due to hysteresis and backstepping current control. It is obvious that the backstepping
controller provides a better injected current THD, which demonstrates the quality of the
power fed to the grid.

(]
»

ll [
IR i

1 1.2 1.4 1.6 1.8 2
Time (s)
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(3]
o

xl (I nlmlml\ il
L

1.2 1.4 1.6 1.8 2
Time (s)

(b)

Figure 10. Source current. (a) Backstepping control; (b) hysteresis control.
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Figure 11. Injected current and voltage. (a) Backstepping control; (b) hysteresis control.
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Figure 12. The THD Of the injected current.

4.2. Operating Mode 2: Power Quality Improvement Mode

To test the ability of the proposed multifunctional control technique in operating mode
2 to overcome the main problem of power quality resulting from the power system’s source
current due to the connection of a nonlinear load, such as an uncontrolled three-phase diode
rectifier that is connected within a period of 0.8 s to 0.93 s, as shown in Figure 13a, Figure 13b
shows how the injected current changes its form from purely sinusoidal to compensating
currents to satisfy the new criteria and ensure the filtering process after a short transient
period. Figure 13c shows that the source current is decontaminated with slight peaks at the
instances of the nonlinear load connections. Figure 14 displays the load current, injected
current, and source current under hysteresis current control, wherein significant peaks are
introduced at switching instants compared to the backstepping controller.

%0 ' ! !

|

Figure 13. Cont.
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Figure 13. Backstepping current control: (a) load current; (b) injected current; (c) source current.
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Figure 14. Hysteresis current control: (a) load current; (b) injected current; (c) source current.



Energies 2023, 16, 6565

16 of 22

Figure 15a shows the dynamic behavior of the DC-link under both current control
strategies. It is obvious that small deviations occur at the moments at which the nonlinear
load is connected and disconnected. However, the backstepping controller has a low
peak and short transient recovery times compared to the hysteresis controller. Meanwhile,
the proposed control provides good reactive power compensation that oscillates around
zero, as shown in Figure 15b, where it can be observed that the backstepping has ensured
fewer ripples.

770 Hysteresis Backstepping %
L S T B O T e P b
S A i
o 750 |
> .
£ R e e L Y S R f——
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)
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T 1000 - —-—-—-—- = ——-—-—-— N . — — — -
a |
[0}
© |
-2000
0.7 0.75 0.8 0.85 0.9 0.95 1 1.05
Time (s)
Figure 15. (a) DC link voltage; (b) reactive power.

Figure 16 shows the source current’s THD. It can be noted that significant increases
in the THD occurred at 0.8 s and 0.93 s due to the connection and disconnection of the
nonlinear load. Overall, it can be seen that in the case of backstepping, the THD is less than
5%, which meets the IEEE 519 harmonics standards, unlike when the hysteresis controller
is used, wherein the source current is distorted and the THD is high.

! !
T N S S | __________ Hysteresis _|
. ' Backstepping
£ |
E op—-—-——-——-—-—-—-N—f-——-——-——- - —p—t--— = ' --------- —
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0 T — 5
0.7 0.9 1.05 1.1
Time (s)

Figure 16. The THD of the source current.

4.3. Dynamic Load Conditions

To ensure the quality performance of the proposed control technique, the studied multi-
source power system was tested under dynamic load conditions in which a sudden load
demand increase and decrease occurred. As can be observed clearly in Figures 17a and 18a,
a nonlinear load was connected at 0.8 s, which was confirmed by the deformation of the
load current compared to the initial sine waveform. Then, an increase in the load demand
of 35% occurred at 0.93 s, and the load demand was finally decreased to return to its initial
value under the connection of the nonlinear load. Figure 17b,c show the dynamic behavior
of the injected current and the power system’s source current in relation to to the behavior
of the load variations based on the application of the backstepping controller. Figure 18b,c
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show the same behavior dynamic of the injected current and the power source current. It
is clear that the injected current is adjusted to fulfill the new load change requirements in
order to continue to mitigate the harmonics generated by the nonlinear load and to keep
the power system’s source current healthy under the sine waveform, where its magnitude
changes in accordance with changes in the load, as shown in both figures, respectively. It
can be deduced from the obtained power system source currents in Figures 17c and 18c that
the backstepping controller ensured fewer ripples in the power system’s source current
compared to the hysteresis controller.

50 [y~ S

50— —-—-—- +-—-——-— b—- ———
0.7 0.8 0.9 1 1.1
50 o —-—-—- T - —— I
(b) | | '

0.7 0.8 0.9 1 1.1
Time (s)

Figure 17. Backstepping current control: (a) load current; (b) injected current; (c) source current.

Figure 18. Cont.
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Figure 18. Hysteresis current control: (a) load current; (b) injected current; (c) source current.

Furthermore, it can be noticed that when the load varies, there were limited fluctua-
tions in the voltage across the DC link for a very short time, and the reactive power was
maintained compensated, as shown in Figure 19a,b, respectively. It is worth mentioning
here that the backstepping controller allowed the researchers to ensure that there were
fewer ripples in the injected reactive power compared to the hysteresis controller. Addi-
tionally, the measured THD values for both controllers following the variations of the load
are shown in Figure 20. Based on this figure, it is obvious that the backstepping controller
demonstrates superior harmonic mitigation compared to the hysteresis controller; this can
be seen throughout the THD profiles shown in Figure 20, with a better percentage achieved
by the backstepping current control.
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Figure 19. (a) DC link voltage; (b) reactive power.
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Figure 20. The THD of the source current.

An overall comparison analysis of the two controllers is summarized in Table 2. The
proposed system provides good maximum power tracking for the wind and the PV source
using both current controllers, with an accuracy of >96%. For operating mode 1, the
backstepping controller demonstrated superior performance in terms of the quality of
the injected current, with a THD of less than 2%, and the stability of the instantaneous
active power, which encountered lower oscillations compared to the hysteresis controller.
Likewise, for the power quality improvement in operating mode 2, the backstepping con-
troller introduced higher harmonic mitigation that was proven within the measured THD
profile of the power system’s source current, which remained within the acceptable range
over the entire load variation profile. Unlike in the case in which the hysteresis controller
was used, the source current was more distorted (THDS > 5%) compared to the obtained
THD under the application of the backstepping controller, meaning that the hysteresis
controller demonstrated a lesser performance. Furthermore, for the compensation of the
reactive power issued from the load and to ensure the power factor of the power system’s
source was improved, the backstepping controller showed a higher compensation ratio
compared to the hysteresis controller. Based on the obtained results for both controllers and
both operating modes, it can evidently be said that the backstepping current controller is
more efficient in terms of THD reduction, reactive power compensation, and active power
stability in both the operating modes investigated, as represented in Table 1, which could
make it more suitable solution.

Table 2. Overall comparison.

MPPT Efficiency
PV system 99.45%
Wind system 98.03%
Mode 01: Power injection
Backstepping Hysteresis
THD of source current 1.44% 2.45%
Active power oscillations low high

Mode 02: Power improvement

Backstepping Hysteresis
THD of Nonlinear load 3.22% 12%
THD of Dynamic load 2.62% 7.24%
Reactive power compensation 97.14% 84.28%

5. Conclusions

This paper presents an extensive investigation into a novel multifunctional control
approach applied to a grid-tied hybrid distributed generation system composed of a PV
system and a PMSG wind system. The proposed system injects harvested power into
the grid and enhances the power quality by reducing the harmful effects of harmonics
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produced by non-linear loads connected to the distribution grid. The proposed control
scheme includes two modes. Firstly, the system ensures that the power generated from the
hybrid system is fed to the utility grid and maintains the unity power factor under unsteady
environmental conditions. Secondly, in the case of harmonic contamination appearing in
the grid, the proposed system switches to acting as a compensator to eliminate harmonics
and compensate for the reactive power. This novel multifunctional control strategy offers
several advantages, including the following:

- Enhancing the reliability and efficiency of the power supply by taking advantage of
renewable energy sources;

- Mitigating the harmonic current, which eventually decreases the source current’s
ripples and enhances the overall performance of the grid;

- Providing a smooth, dynamic transition between two modes, which guarantees a
consistent input current waveform throughout both modes of operation.

Throughout the presented simulation results, it can be seen that the proposed approach
has a superior performance compared to traditional techniques in terms of reducing the
THD, reactive power compensation, and the accuracy of tracking the MPP.
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