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Abstract: In this paper, a robust current control of the hybrid renewable energy system (HRES), based
on the PV-Wind system, is proposed. The HRES is connected to a multiport converter to synchronize
the multi-source system with one DC-Bus. Due to their ability to integrate many renewable energy
sources (RES) individually or simultaneously, multiport converters (MPC) are an innovative method
suitable for renewable energy applications. Recently, many DC-DC converter designs and topologies
have emerged to ensure the highest possible efficiency of hybrid RESs. The multiport converter is
a typical coupling system with several modes of operation. Thus, the design of its controller become
complicated. To stabilize the DC-Bus voltage, a battery has been added to the system. In this HRES
configuration, all sources are connected in parallel via the multiport DC converter. We used the
multiport DC converter to minimize the intermittent character of solar and wind and control the
energy flow between the different power sources and the load, as well as to increase the performance
of the system. The nonlinear robust control structure is based on Lyapunov approach to overcome
the nonlinear model of the system to improve robustness and guarantees the asymptotic stability.
The proposed control law is implemented and tested on dSPACE-DS1104. The results show the
effectiveness and the feasibility of the proposed controller.

Keywords: wind energy conversion system; photovoltaic system; hybrid system; robust multiport
converter; MPPT; wind turbine; PMSG

1. Introduction

Due to the increasing demand for energy and according to the environmental, eco-
nomic and political problems related to the use of fossil energy resources, renewable energy
sources are becoming an unavoidable alternative for energy production [1]. Today, renew-
able energy sources have many advantages, including sustainability and low pollution.
Wind and photovoltaic technologies are two examples of renewable energy systems that
have the potential to replace conventional energy [2–5].

On the other hand, due to recent price drops of solar panels, it is currently estimated
that installed photovoltaic capacity is expected to be equivalent to 800 GW by 2030 [6].
Experts have predicted that by 2050, wind and PV will account for about 50% of all
electricity generated in the world [7,8]. Moreover, one of the main problems with these two
sources is their random and intermittent nature, which makes it difficult to control their
individual uses.

Therefore, the simplest solution is the hybridization of these two sources associ-
ated with a storage system. These systems have recently attracted the interest of many
researchers who are working in the fields of renewable energy sources [9,10]. Three topolo-
gies of hybrids systems have been proposed: common DC-BUS, common AC-BUS and
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combined common AC/DC-Bus [11]. In general, these topologies require the use of a num-
ber of power converters to adapt and facilitate the transition of energy generated from
renewable sources to the final use, which adds to the system’s total complexity.

Furthermore, as the numbers of converters increase, the efficiency of the system
decreases due to losses in each converter [12]. The efficient control of the converters with
a constant and optimal switching frequency makes it possible to minimize the heating of
power components [13].

The first converters integrated in renewable energy systems were equipped with
transformers to increase the generated voltages and bring them back to the same level as
the grid. These topologies are known as isolated converters [14,15]. The use of transformers
increases the cost and size of the installation, and the overall efficiency of such a converter
is reduced [16,17].

The emergence of non-isolated converters has significantly improved the efficiency
and reduced the size of the systems [18]. Generally, renewable energy systems require the
use of multiple converters, which decreases the reliability of the system and increases the
complexity of control. Now, many scientists are looking at the use of multiport converters
(MPC) as a solution to these problem [19–21].

In fact, these converters’ benefits include their centralized control, low cost, high
conversion ratio, continuous input current and compact architectures [22]. In the literature,
systematic approaches to the synthesis of MCs’ diverse topologies based on various input
sources have been also developed [23,24]. In order to allow power to flow between each
port, the multiport converter’s main objective is to connect several power sources with
inputs and outputs through a single power converter. The redundant and unnecessary
power conversion stages and excessive solid-state switching components that are frequently
seen in conventional topologies are eliminated by these multiport converters [25].

Numerous recent articles have been written about various features of new multiport
converter technology. The authors in [26] explained more than thirty topologies and
approved the use of wide-bandgap semiconductors in each. Multiport switching zero-
current converters are used in a new way for energy storage management, as described
in [27]. The article in [28] provides an overview of recent advances in multiport DC-DC
converters that utilize hybrid renewable power sources (HRES) for a variety of applications.
In the article in [29], many single-stage multiport topologies are illustrated. Thus, multiport
converters have improved the operation of these converters by integrating the system into
a compact structure [30], which reduces the cost and protection equipment and facilitates
the control scheme of the converter [31].

Due to fluctuations in the generated voltages, a control scheme is necessary to stabilize
the output voltage level. In this context, the proposed multiport converter supports
a battery port, with a bidirectional power flow [32]. The control scheme ensures the stability
of the DC-Bus voltage and the extraction of the maximum power from the renewable
sources [31,33–35].

In this paper, the structure of our system is presented in Figure 1. In this figure, there
are two energy sources, a battery, a multiport DC converter, a DC-AC converter and loads.

The main goal of this study is the design of a robust current control of multiport DC
converters. Additionally, we have applied maximum power point tracking strategies for
PV and wind sources to ensure the optimum operation of our system [36–39]. The design
control law is based on the Lyapunov approach. The control scheme is successfully tested
using the dSPACE1104 system.
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Figure 1. Schematic of the control strategy for Wind-PV system using MISO converter.

2. Hybrid Wind-PV System Modeling

In this work, we will focus on the study of the multipoint converter shown in Figure 1.
The mathematical modeling of the proposed system is presented as follows:

2.1. Wind Turbine System Modeling

This part of the wind system is made up of a horizontal axis turbine, a permanent
magnet generator and a diode rectifier (Figure 2). Its model is given as follows:
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Figure 2. The wind system.

2.1.1. Turbine Model

The turbine’s aerodynamic power is expressed by Equation (1).

PT =
1
2

.ρ.A.v3.Cp(λ,β), (1)
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where PT is the turbine aerodynamic power (W), ρ is the air density (kg/m3), A is the area
swept by the rotor blades (m2), v is the wind speed (m/s), Cp is power coefficient, β is the
pitch angle (rd) and λ is the Tip-Speed Ratio (TSR).

The TSR is the ratio of the linear speed of the blades to wind speed, and it is represented
by Equation (2).

λ =
ΩgR

v
, (2)

The gear box is used between the turbine and generator in order to amplify the rotation
speed. Its equation is given by Equation (3).

G =
Ωg

ΩT
=

TT

Tm
, (3)

In the literature, several equations are available to evaluate the Cp. In our case, we
assume that the angle β = 0 and the Cp is given by the following equation:

Cp = −0.7317λ3 + 0.2953λ2 + 0.8760λ, (4)

The mechanical equation is expressed as

dΩ
dt

= −1
J
(Tm − |Tem| − f.Ω), (5)

where Tem is the torque of the generator.
Figure 3 presents the interconnection between the scheme of Equations (1)–(5).
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2.1.2. PMSG Modeling

The wind turbine based on PMSG was chosen in this work due its high efficiency and
high torque development. The induced voltage magnitude and frequency of the PMSG
varies with wind speed and the generated power will be converted to DC power using
a rectifier in order to overcomes this issue [40]. The PMSG mathematical equations is given
in synchronous frame by Equation (6) as follows:

Vd = −RsId − Ld
dId
dt + LqωIq

Vq = −RsIq − Lq
dIq
dt − LdωId +φfω

Tem = − 3
2 pφfIq

, (6)

where Rs is the stator resistance, ω is the rotor electric speed (ω = pΩ), Id, Iq, Vd, Vq, Ld,
Lq are, respectively, the direct and the quadrature axes components of current, voltage and
stator inductance and φf is the flux of the permanent magnet.
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2.1.3. Wind MPPT Controller

In the literature, we found many MPPT techniques for wind turbine systems. In this
work, we used only the Tip-Speed Ratio control which is presented in Figure 4. The optimal
speed is calculated from the optimal Tip-Speed Ratio λopt and wind speed, as shown in
Equation (7).

Ωopt =
λoptG

R
.v, (7)

Appl. Sci. 2023, 13, x FOR PEER REVIEW  5  of  24 
 

d
d s d d q q

q
q s q q d d f

em f q

dI
V R I L L I

dt
dI

V R I L L I
dt

3
T p I

2

     

        



  


,  (6) 

where Rs is the stator resistance, ω is the rotor electric speed (ω = pΩ), Id, Iq, Vd, Vq, Ld, Lq 

are, respectively, the direct and the quadrature axes components of current, voltage and 

stator inductance and ϕf is the flux of the permanent magnet. 

2.1.3. Wind MPPT Controller 

In the literature, we found many MPPT techniques for wind turbine systems. In this 

work, we used only the Tip-Speed Ratio control which is presented in Figure 4. The opti-

mal speed is calculated from the optimal Tip-Speed Ratio λopt and wind speed, as shown 

in Equation (7). 

opt
opt

G
.v

R


  ,  (7) 

 

Figure 4. Principle of Tip-Speed Ratio control. 

The data of the wind system panel are given in Table 1. 

Table 1. Wind system data. 

Description  Value 

Radius R    0.62 m 

Air density    1.25 kg/m3 

Gear ratio G  20 A 

Flux of permanent magnet    0.06 Web 

Stator inductances Ld = Lq  10 mH 

Stator resistance Rs  0.0675 Ω 

Pole numbers p  3 

Total inertia, J  0.00176 kg.m2 

Friction coefficient    0.38 × 10−4 (SI) 

Optimal Tip-Speed Ratio  0.78 

Maximal power coefficient Cpmax    0.515 

Figure 4. Principle of Tip-Speed Ratio control.

The data of the wind system panel are given in Table 1.

Table 1. Wind system data.

Description Value

Radius R 0.62 m
Air density 1.25 kg/m3

Gear ratio G 20 A
Flux of permanent magnet 0.06 Web
Stator inductances Ld = Lq 10 mH
Stator resistance Rs 0.0675 Ω
Pole numbers p 3
Total inertia, J 0.00176 kg.m2

Friction coefficient 0.38 × 10−4 (SI)
Optimal Tip-Speed Ratio 0.78
Maximal power coefficient Cpmax 0.515

2.2. PV System Modeling

The PV energy is generated from the solar irradiation using semiconductor materials
(Figure 5).

2.3. PV Panels Model

A large number of models for describing the behavior of the solar photovoltaic panels
can be found in the literature [41,42]. The most popular is the model with one diode shown
in Figure 6.
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Here, Isat: reverse saturation current, K: Boltzmann’s constant, T: temperature, e: elec-
tron charge, n: ideality factor, Rs: series resistor, Rsh: parallel resistor, Iph: photonic current,
Vpv: PV voltage and Ipv: PV current.

Considering a PV panel made up of Np parallel cell strings formed of Ns cells in series
and that Rsh is infinite, the PV model is given by Equation (8).

Ipv = NPIph −NPIsat exp

e(Vpv + (Ipv
Np
Ns

Rs))

nKT
− 1

, (8)

The data of the used panel are given in Table 2.

Table 2. PV Panel Data.

Description Value

Maximum power 105 W
Voltage at p max (Vmp) 24 V
Current at p max (Imp) 4.4 A
Open-circuit voltage (Voc) 32 V
Short-circuit current (Isc) 5 A
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The voltage–current (V-I) and voltage–power (V-P) characteristics according Equation (8)
are given in Figure 7.
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PV MPPT Controller

The MPPT method that we used in our work is the look-up table-based MPPT due to
its simplicity and our objective being the control of the multiport DC converter. Figure 8
represents the optimal PV current according to the irradiations.
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2.4. Battery Storge System

The battery is a very important device in the hybrid system because the system relies
on its energy balance. Additionally, the battery plays a key role in the stabilization of the
DC-bus voltage (Figure 9).



Appl. Sci. 2023, 13, 7047 8 of 23

Appl. Sci. 2023, 13, x FOR PEER REVIEW  8  of  24 
 

 

Figure 8. Look-up table of PV optimal current versus irradiations. 

2.4. Battery Storge System 

The battery is a very important device in the hybrid system because the system relies 

on its energy balance. Additionally, the battery plays a key role in the stabilization of the 

DC-bus voltage (Figure 9). 

 

Figure 9. Battery storage system. 

In this work, the CIEMAT model is used. The state of charge (SOC) is based on the 

total generated energy and the load energy consumption. The data of the used battery are 

given in Table 3. 

   

O
pt

im
al

 c
ur

re
nt

 o
f 

P
V

 I
2-

re
f(A

)

Figure 9. Battery storage system.

In this work, the CIEMAT model is used. The state of charge (SOC) is based on the
total generated energy and the load energy consumption. The data of the used battery are
given in Table 3.

Table 3. Data of the used lithium iron phosphate battery.

Description Value

Two batteries in series LifeP04
Voltage 12.8 V
Capacity 10 Ah

2.5. Multiport DC Converter Modeling

Figure 10 presents the multiport DC converter used in the Wind-PV hybrid system.
The proposed scheme comprises three branches. The first and the second branch are
unidirectional converters for wind and PV, the third branch is the bidirectional converter. It
is dedicated to the battery.
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This converter has three input ports and one output port (Figure 10).

2.5.1. Port 1 and Port 2 Model

Port 1 and the port 2 are connected to two boost converter branches. They are used to
control the current of wind system and PV system, respectively. Using the Kirchhoff law,
we can rewrite average model as follows (Equation (9)):{

dI2
dt = V2

L2
− Vdc

L2
(1− α1)

dI1
dt = V1

L1
− Vdc

L1
(1− α2)

, (9)

where α1 and α2 represent the duty cycles.

2.5.2. Port 3 Model

Port 3 is connected to the battery. It represents a bidirectional converter. We can
identify two modes:

1. Boost mode (0 < α < 0.5): In this case, switch T3 is turned off and the control is
performed only by switch T4 (Figure 11).
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The average model of this mode is given by Equation (10).

.
I3 =

V3

L3
− Vdc

L3
(1− α3), (10)

where α3 represents the duty cycle. Equation (10) can be rewritten as follows:

.
I3 =

V3

L3
− Vdc

L3
+

Vdc
L3
α3, (11)

2. Buck mode (0.5 < α < 1): In this case, switch T4 is turned off and the control is
performed only by switch T3 (Figure 12).
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The average model of this mode is given by Equation (12).

.
I3 = −V3

L3
+

Vdc
L3
α3, (12)

The average model of the bidirectional branch is obtained by using the superposition
principle.

According to Equations (11) and (12), we can define the following equation

.
I3 =

V3

L3
δ1 −

Vdc
L3
δ2 +

Vdc
L3
α3, (13)

where

δ1 = −sgn(α3 −
1
2
) :
{

+1 if (0 < α3 < 0.5)
−1 if (0.5 < α3 < 1)

, (14)

and

δ2 =
1
2
(1 + δ1) :

{
+1 if (0 < α3 < 0.5)
0 if (0.5 < α3 < 1)

, (15)

The values of δ1 and δ2 in Equations (14) and (15) define the mode of the bidirectional
branch.

2.5.3. Output Model

Referring to Figure 10, the output currents and voltage can be written as follows:

Irew = Iwc + Ipvc
Idc = IC + ISC + Irew,
IC = C. dVdc

dt

(16)

where Isc is the storage current, Iwc is the output wind current, Ipvc is the output PV current
and Irew is the renewable current.

In steady state, the relationship of the storage current Isc and the battery current I3 is
given by Equation (17)

ISC = kscI3, (17)

where ksc = 1 for buck mode and ksc = (1 − α3) for boost mode.
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2.5.4. Stabilization of DC Voltage Output

Using Equation (16), we can design the voltage controller (Figure 13).
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3. Robust Current Control Design Based on Lyapunov Approach

To improve the preferences of the control, robust current control based on the Lya-
punov theory is applied [43]. The main objective is to achieve the optimum current control.

In steady state, the average model of the multiport DC converter can be written
in continuous conduction mode by Equation (18) resulting from the combination of
Equations (9) and (13). 

.
x1 = a1V1 − a1x4u1.
x2 = a2V2 − a2x4u2.
x3 = a3V3 − a31x4 + a32x4u3

, (18)

where u1 = (1− α1), u2 = (1− α2) and u3 = α3, a1 = δ1/L1, a2 = 1/L1, a3 = δ1/L3, a31 = δ2/L3,
a32 = 1/L3 and [x1 x2 x3 x4]T = [I1 I2 I3 Vdc]T.

We can be state the following result:

Proposition. Consider the state model (4). Then, the PV current, wind current and the output DC
voltage reach their optimal values provided that the following control laws are used (Equation (19)).


u1 = 1

a1x4
(a1V1 −

.
x∗1 + K1e1 + K11sgn(e1))

u2 = 1
a2x4

(a2V2 −
.
x∗2 + K2e2 + K22sgn(e2))

u3 = 1
a32x4

(a3V3 −
.
x∗3 + a31x4 + K3e3 + K33sgn(e3))

, (19)

where (K1, K11, K2, K22) > 0.

Proof of Proposition. Let the Lyapunov function related to the currentux dynamics be
defined by the following equation:

F =
1
2

e2
1 +

1
2

e2
2 +

1
2

e2
3 > 0, (20)

where 
e1 = (x1 − x∗1)
e2 = (x2 − x∗2)
e3 = (x3 − x∗3)

, (21)

The derivative of the Lyapunov function (20) becomes

.
F =

.
e1e1 +

.
e2e2 +

.
e3e3, (22)

When (19) is substituted for (21), we obtain

.
e1 = (

.
x1 −

.
x∗1) = −K1e1 −K11sgn(e1).

e2 = (
.
x2 −

.
x∗2) = −K2e2 −K22sgn(e2)

.
e3 = (

.
x3 −

.
x∗3) = −K3e3 −K33sgn(e3)

(23)
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Hence, (23) replaced in (22) gives

.
F = −K1e2

1 −K11e1sgn(e1)−K2e2
2 −K22e2sgn(e2)−K3e2

3 −K33e3sgn(e3) < 0, (24)

We note that (24) is negative ∀(e1, e2, e3, e4), thus the system is stable. �

Figure 14 presents the overall proposed scheme control.
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4. Experimental Implementation

To test the effectiveness of the proposed control scheme, an experimental study was
carried out in a laboratory setup based on dSPACE DS1104 hosted on a PC (Figure 15).
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Figure 15. View of the laboratory experimental setup.

The basic structure of the laboratory setup is depicted in Figure 16. The DC motor
was used to emulate the wind turbine emulator and a linear amplifier to emulate the PV
panel controlled through dSPCAE1104. The encoder was used to measure the motor speed
(encoder resolution was 1024 pulses per revolution). The sensors used for measurement of
currents and voltages were, respectively, LA-55NP and LV-25P. The interface was used to
provide galvanic isolation to all signals connected to the DS1104 PPC controller. Addition-
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ally, two lithium iron phosphate batteries (LifeP04) were used. All sources were connected
to SEMIKRON with IGBT power moduli SKM50GB123 and SKM50GAL123.
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Figure 16. Description of the laboratory setup.

The dSPCE1104 contains two DSPs, a Motorola MPC8240 processor (master) with a PPC
603e core and on-chip peripherals, 250 MHz, and a Texas Instruments TMS320F240 DSP
(slave), 20 MHz.

The panel interface of dSPACE1104 is presented in Figure 17. It contains eight Analog
Digital Converters (ADC) for input, eight Digital Analog Converters (DAC) for output, one
connector PWM (12 pins) and two incremental encoders (that we need).
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Figure 18 shows the adaptation interface of the 5 V PWM signal generated by the
system for the control of the IGBT power module driver with 15 V (case of wind or PV).
For the battery in Figure 19, we used two switches, an IGBT power module (half bridge:
“bidirectional branch) and two gates to activate the boost mode or buck mode (shown in
Figures 11 and 12).
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Figure 19. Interface adaptation of the 5 V PWM (for battery).

For activate boost mode and buck mode, a simple method has been proposed as
presented in Figure 20. If the current I3-ref is positive, the boost mode is activated, then
the battery is in the discharge phase. However, boost mode is activated if I3-ref is negative
(charge phase), and we note that I3-ref is set by the voltage controller.
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The implementation of the control law is presented in Figure 21 according to the proposed
control Equation (19). The controller output is connected to the DS1104SL_DSP_PWM3 port.
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Figure 21. Implementation of the robust control law on dSPACE1104.

4.1. Wind Turbine Emulator

The wind turbine was emulated by using a DC motor of 250 W rated power, controlled
through a chopper in external mode (analog 0–10 V) using a speed closed loop as shown in
Figure 22.
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4.2. Photovoltaic Panel Emulator

The PV was emulated using a linear amplifier (35 V–175 W) rated power, directly
controlled by the Digital Analog Converter (DAC) output of dSPACE1104 (analog 0–10 V)
and using a current and voltage closed loop as shown in Figure 23. To simplify the
implementation of the PV emulator, Equation (8) has been rewritten as (25). Then, the
control signal of the linear amplifier was normalized by dividing by Voc (open-circuit
voltage of the panel) and multiplying by 10 (max voltage of the DAC):

Vpv =
nKT

e
.
[

ln
(NPIph − Ipv

NPIsat

)
+ 1
]
− (Ipv

Np

Ns
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4.3. Profiles

Figure 24 shows the wind, solar irradiation and load applied profiles 1. The wind
speed changes from 7.5 m/s to 4 m/s at 8 s, the irradiation changes from 1000 W/m2

to 500 W/m2 at 3 s and finally the load changes from 150 Ω to 75 Ω at 13 s. In order to
approach the real operating conditions, second wind and irradiation profiles are applied as
shown in Figure 25.
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5. Experimental Results

Figures 26 and 27 present the current generated by PMSG according to the TSR-MPPT,
the current generated PV according to the look-up table MPPT and the battery current and
DC-Bus output voltage for the imposed profiles in Figures 24 and 25.
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Figures 28 and 29 present the speed of the wind turbine and the power coefficient
under wind, irradiation and load variations.
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Figures 30 and 31 present the power of the wind system, the power of the PV system,
the power of the battery and the state of charge (SOC) under the variation conditions given
in the profiles in Figures 24 and 25.
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6. Discussion

Despite of the change in wind speed, irradiation and load, the results show that
PV current, PMSG current, battery current, DC-Bus voltage and the speed turbine reach
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their references rapidly, Figures 26 and 27. In spite of the wind speed change, the power
coefficient remained constant with maximal value (0.515). The turbine speed reached
its optimal value, so it takes the same profile as the wind speed, although it still tracks
its reference. The results confirm the good tracking of the proposed control and the
system operates in optimal conditions even under wind, irradiation and load variations
(Figures 28 and 29).

The DC-Bus voltage tracks its reference thanks to the battery because it stores the
excess energy and restores it if there is an energy deficit; see Figures 30 and 31. The battery
absorbs the excess power and ensures the power balance of the wind and PV hybrid system.
Even if the system operates at variable conditions (wind speed, irradiations, load), the
DC-Bus voltage remains stable, as shown in Figures 26 and 27. This result confirms the
robustness of the proposed control method. Figures 30 and 31 illustrate the power flow of
each system component (solar, wind, battery and load profile).

For t < 13 s, the load is mainly powered by the hybrid system (PV-Wind) and the
available power is greater than the power demand of the load. We notice that the battery
power is negative, which signified the charging of the battery. After 13 s, the available
hybrid power (PV-Wind) is less than the load power. The battery power becomes positive,
which means the battery discharges.

This effect can also be observed in the battery state of charge (SOC). The battery
guarantees the stability and energy balance of the system. Additionally, it can be seen
from the figure that the total SOC is proportional to the battery power as shown in the
figure. In case there is a surplus of energy, the system charges the battery with the energy
generated from photovoltaic energy and wind turbines, where the SOC value increases. In
the case of a lack of power for the loads, the battery performs a discharge, and the SOC
value decreases.

We can confirm that the control is robust and ensures the good tracking of all currents
to their reference under parameter variations; Figures 26 and 27. The results prove the
effectiveness of the proposed control.

7. Conclusions

In this work, a robust current control for hybrid PV-wind systems is proposed with
the objective of providing continuous power to a load.

The nonlinear robust control structure is based on Lyapunov theory to control a hybrid
PV-Wind system and the designed current controller surpasses the system nonlinear model
and improves robustness. The proposed control guarantees asymptotic stability.

Additionally, a multiport DC converter has been proposed as an effective solution
compared to conventional converter topology for integrating two renewable energy sources
with different voltage levels, such as solar and wind.

We have found that the topology proposed in this paper has proven to be efficient and
optimal from the control point of view because it allows us to stabilize the DC-Bus voltage
and optimizes the number of power components with a minimum of PWM controllers.
Additionally, it allows a balance of energy in the system and decreases the speed, voltage
and current oscillations.

The overall system has been validated on an experimental test bench and implemented
on the DSP1104. The results show that the proposed control improved the system’s stability,
as well as the feasibility and validity of the proposed scheme.
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Nomenclature
The following abbreviations are used in this manuscript:

HRES Hybrid renewable energy system
PV Photovotaic
RES Renewable energy system
DC Direct current
AC Alternating current
RES Renewable energy system
MP Multiport
MPC Multiport converters
PV Photovoltaic
WBG Wide bandgap
Cp Power coefficient
PMSG Permanent magnet synchronous generator
MPPT Maximum power point tracking
PWM Pulse width modulation
IGBT Insulated-gate bipolar transistor
T Transistor
D Diode
SOC State of charge
PT Turbine Aerodynamic power
A The area swept by the rotor blades
v Wind speed
β Pitch angle
λ Tip-Speed Ratio (TSR)
ω Rotor electric speed
Ω Mechanical speed
Rs Stator resistance of PMSG
Id Stator direct current of PMSG
Iq Stator quadrature current of PMSG
Vd Stator direct voltage of PMSG
Vq Stator quadrature voltage of PMSG
Ld Stator direct inductance of PMSG
Lq Stator quadrature inductance of PMSG
φf Flux of the permanent magnet.
Isat Reverse saturation current
K Boltzmann’s constant
T Temperature
e electron charge
n Ideality factor
Iph Photonic current
Vpv PV voltage
Ipv PV current
Np Parallel cells
Ns Series cells
Isc Storage current
Iwc Output wind current
Ipvc Output PV current
Irew Renewable current
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