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Article Info ABSTRACT

Article history: This paper deals with the interconnected grid hybrid renewable energy system (HRES).
The wind energy conversion system (WECS), is built around a wind turbine coupled to a
doubly fed induction generator (DFIG). The stator of DFIG is directly related to the grid
and the rotor is connected to the grid through back-to-back power converters. The proposed
algorithm combines the nonlinear Backstepping approach and the field orientation applied to
control the DFIG. In a first step, this technique is applied to the side converter rotor (RSC),
to control the electromagnetic torque and reactive power, and secondly, it is applied to the
Keyword: grid side converter (GSC) to control the power exchanged with the grid and regulate the DC
bus voltage. The PV energy system is composed by the PV array and the DC-DC boost
converter which controlled by the MPPT method to extract the optimal power. Simulations
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1. INTRODUCTION

Hybrid systems renewable energies (HRES) are became popular in the typologies of renewable energy. A
HRES is composed of two or more renewable energy sources with appropriate energy conversion technology con-
nected together to feed power to the local load or grid [1]. We are interested in this paper to combine wind and PV
because they are the most promising technologies for supplying load in remote and rural regions. The most used
generator in wind turbine is the DFIG due to its advantages in variable wind speed such as the low sizing of the
back-to-back converter, and its stability on the hypo and hyper synchronous modes [2].

This paper presents a theoretical framework for a Backstepping control strategy of the doubly fed induction
generator and related power equipments. This technique is a relatively new control method for nonlinear systems. It
allows sequentially and systematically, to determine the system’s control law, by the choice of a Lyapunov function.
Its principle is to set up in a constructive manner the control law of the nonlinear system by considering some state
variables as virtual drives and develop intermediate control laws [3]. The DC-DC boost converter is controlled by
MPPT strategy to follows the maximum power point.

This paper is organized as follows: in Section 2, a brief description of the system studied is presented. In
section 3, the modeling of the turbine, the DFIG, and the photovoltaic system is presented respectively. In the section
4, the control strategy of the hybrid wind/PV system is depicted, in which we propose a backstepping control for the
RSC and GSC respectively. Then the MPPT PV subsystem is shown and the DC-bus voltage is exposed. The control
performances are illustrated through numerical simulations in section 6.
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2. PRESENTATION OF THE STUDIED SYSTEM

The basic configuration of the whole system is presented in figure (1). The studied system is formed by three
bladed rotors with a corresponding mechanical gearbox, a DFIG, two power converters (RSC and GSC), a DC bus
voltage, a PV generator, a DC-DC boost converter and a grid filter. The coupling of the two subsystems (wind and
PV) is made via a DC-bus. GSC works as a rectifier and RSC works as an inverter when the machine is driven below
synchronous speed. In this case the rotor of the DFIG receives the power from the grid. When the machine is driven
above the synchronous speed, GSC works as an inverter and RSC works as a rectifier, in this case the rotor of the
DFIG generates the power to the grid.
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Figure 1. Wind energy conversion system

3. MODELING OF THE HYBRID WIND/PV SYSTEM COMPONENTS
3.1. Turbine modeling

The expression of aerodynamic power of the turbine is given by:
1
P, = §.p.7r.R2.Cp()\,ﬁ).v3 (1)

p is the air density, R is the blade radius, ) is the speed ratio, 3 is the pitch angle ,v is the wind speed, and C), is the
power coefficient
The expression of the torque is obtained by dividing the power by the torque speed.

_ b 2 3
T, = 50, p.m.R°.Cp(N, ) (2)

Power coefficient is given as function of pitch angle and speed ratio, its expression in this work is expressed
by the the following equation [4]:

) m.(A+0.1)
A pB)=A.s - B
Cp(X ) = A.sin <14.34 —0.3.(8 - 2)> )
with: [A = 0.35 — 0.0167.(8 — 2) and B = 0.00184.(\ — 3)(8 — 2). The speed ratio A is given by:
RO
A= —1 “4)
v
Speeds and torques of the turbine and the generator are related respectively by:
Tt = GTg (5)
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Q=G (6)

The dynamics of the mechanical speed of the DFIG is obtained by applying the fundamental equation of
dynamics:
ds)
J—=Tg— fQ—Tep, 7
7 9-—Ff (7
Where: T,,, is the electromagnetic torque, J is the total inertia, and f is the friction coefficient.
Figure (2) shows the block diagram of the turbine obtained by the above equations.
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Figure 2. Block diagram of the turbine

Figure 3. Block diagram of wind turbine MPPT

3.2. Wind turbine Maximum power extraction

In this section, a MPPT technique without sensing the wind speed is presented. The strategy proposed
assumes that the wind speed varies a little in permanent regime. Under this consideration the mechanical equation is
described by [5]:

dQp,

—— =0="Thec =Tta — Tem — Q 8
S =0 i f ()

Electromagnetic torque expression becomes:

* 1 3 _
T = 50 Comasp S0 — 19 ©

in this work the pitch angle § is maintained constant. Equation (4) allows to estimate the wind speed as
follows:

ROy
v= - (10)
Substituting Equation (10) in (9) The electromagnetic torque reference becomes:
T = #C mazpTRPQ? — fQ (11)
N TEE) I
The block diagram of the MPPT without sensing the wind speed is shown in figure (3).
3.3. DFIG modeling
Stator and rotor voltages of the DFIG in d-q frame reference is written as follows [6]:
Via = Rl + 2 0.,
Vg = Raloy + d‘gzq + Wipsa
(12)

d@rd
Vrd == RrIrd + dt — WrPrq

dor
qu = RrIrq + (gtq + Wr@rd
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Stator and rotor flux are expressed by:
0sd = LsIsa + LmIra
0sq = Lslsq+ LIy
ord = Lylra + Linlsq
Prg = Lrlrg + LimIsq

13)

Stator, rotor, and mechanical speed are linked by the following equation:
wy = wg — ps2 (14)
Stator and rotor expressions of the active and reactive powers are given by:

Py = Vg + VigLg
Qs = Vaglua + Vel
P =Viglrq + Viglyg
Pr = Viglya + Vialrg

15)

The electromagnetic torque is given by:

@sqlrd - @sdjrq) (16)

We consider the assumption that the stator resistance is neglected. This assumption is verified for the medium
and high power machines used in wind turbines [7]. Under stator field orientation control, stator voltage becomes:

Vie =0
! (17)
Vqs:‘/szws(psd

The expressions of the active and reactive power equations become:

L
P, =-V, fmqu
‘ ) (18)
Qo= Vs 4 Vs
s = — S§— r _—
Ls d wslLs
The electromagnetic torque becomes:
pLmV's
Tern = ——7—1I, 19
oL, e 19)
Hence, rotor currents as function of the rotor voltages is given by:
dl, 1
dtd =— (Via = Rrlva + oLrw, 1)
oLr (20)

dl,, 1 L Ve
el E(Vrd —Rrl,—oLrw.I.q—g I

)

3.4. Photovoltaic system modeling

The phenomenenon named photovoltaic effect consists mainly transforming the solar light in electric energy
by means of the semi conductor devices named photovoltaic cells. Figure (4) shows the equivalent circuit diagram of
a single solar cell. Here I, is the photo current source with a reverse connected diode. R, and Ry, are series and
shunt resistances respectively.
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Figure 4. Electric model of a photovoltaic cell

The output current from the photovoltaic array is:
Ipv = iph — Id (21)

The direct current diode is writing as follows:

I =1, [exp <%‘ﬂ> - 1] 22)

Where I is the reverse saturation current of the diode, q is the electron charge, V; is the voltage across the diode, K is
Boltzmann constant 1.38 10719 /K and T is the junction temperature in Kelvin (k). Substituting (22) in (21) gives:

qVa
Iy = Ipp — I {exp (KT) - 1} 23)
The voltage across diode writes as:
Voo — Ly Rs
Substituting (24) in (23) gives:
Q(V -1 U R )
Ipy = Ly — I l:eXp (W -1 (25)

Where, V},, is the PV cell voltage and N is the diode ideality factor.

4. HYBRID WIND/PV SYSTEM CONTROL STRATEGY

Each of the two energy sources (Wind and PV) is controlled so as to deliver energy at optimum efficiency.
The adaptive Backstepping control is employed to achieve maximum power tracking for a DFIG driven by a wind
turbine and PV to deliver this MPPT to regulate the output voltage.

4.1. Backstepping control of RSC

The basic idea of the Backstepping design is the use of the so-called virtual control to systematically decom-
pose a complex nonlinear control design problem into simpler, smaller ones. Roughly speaking, Backstepping design
is divided into various design steps [8, 9]. In each step we essentially deal with an easier, single-input-single-output
design problem, and each step provides a reference for the next design step. The overall stability and performance are
achieved by a Lyapunov function for the whole system. The synthesis of this control can be achieved in two steps [10].

4.1.1. Step 1: calculation of the rotor currents

Let’s define e; the error between the actual reference toques, and ey the error between the stator reactive
power and its reference.

€1 = Te*m — Tem
{ (26)

62:Q:_Qs
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The derivative of errors are calculated as:

. ILmVy .
e =10, + 20
wsLg
27
€2 = Qs + L. Ivq
The first Lyapunov function is defined as:
1 1
Vi = §e§ + 56% (28)
Its derivative is:
V1 = 61é1 + €2é2 (29)

Substituting (27) into (29), we get:

i = T, ——— (Vg — R 1 — wiplpg — : Vea — R-I,. w1
1=a em+aLrsts< ‘ o —wrla =g =p= )| e | @+ TP (Via atwrlvg)
(30)
To track references values of the torque and reactive power, references rotor currents are calculated as follows:
L,V,
I¥ = Ailkier + T2, + Aoy(Vog — o Lypwp I g — g——2
q 1[k1er 2(Vig d— 9 L. )] G1)
I:d = Bl [k262 + Q: + BZ(V;‘d + JLrerrq)]
With: L.L L,pL,,V. L.L L.L
g T SwS g ’l"p mbYs g T S g T S
' pLaViR, T WL ' LnViR, T LV
where k1 and ko are positive constants. The derivative of the Lyapunov function is negative:
Vi=—kie? —kge2 <0 (32)

4.1.2. Step 2: calculation of the rotor voltages

In this step, the rotor currents errors, are defined by:

e3 = ]:q — I,,«q (33)
ey = I:d — Ird

Their derivatives are:

. . 1
€3 = Irq — TLTVTq + Cl

0 (34)
é4 - I:d - 40‘LT Vrpd + CQ
with:
1 L7YL‘/S
Cy = (Tilr (errq +oLrwrlrg+g L. )
1
02 = E (RTITd — JLTWT]”])
Final Lyapunov function is defined by the following equation:
1
Vo = §(e§+e§+e§+eﬁ) (35)
its derivative is:
Vo = e1€1 + eaéa + €3€3 + €484 (36)
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Figure 5. Block diagram of backstepping control of the RSC

By Substituting all errors expressions, we get the next expression of the lyapunov function:

. . . 1
Vo = —kie] — kaes — kaei — kael + ez(kses + Iy, — EVW + C1) + ealkaes + L'y — Evrd +C3) (37

Therefore, the rotor voltages are given by:

{ V* = oL, (kses + I* +Ch) (38)

Vd—O'L (k‘4€4+[d+02)

Where k3 and k, are positive constants.
So, the lyapunov function is negative as shown in the next equation:

Vo = —kye? — kie? — kse2 — kye2 < 0 (39)

Block diagram of the RSC control is presented in figure (5).

4.2. Backstepping Control of Grid side converter

The currents crossing the RL filter, are expressed in d-q frame reference by:

dlfa _ Via Ry
dt L; Lf
dlyg _ Vig Ry
dt Ly Lf

(40)

Considering the stator field orientation (V54 = 0). The powers provided by GSC are given by:

Py =V, I
{ f sq*fq (41)

Qr = —Visqlya

The control of powers is obtained by controlling the currents, this is why errors e; and e are the difference between
the desired and actual d-q currents:

ep = -1
1=ta)a —Ia )
e2 = (Iyq)a —Ifq
Their derivatives are: Vie Ry
= (jfd) —I— - + fflfd wslrq
(43)
. V Ry Vs
éz=(Iq)a+ fq o Lfffq+wsffd L;
The lyapunov function is chosen as:
1
V= 5(e% +e3) (44)
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Its derivative is:
V= e1€1 + €€y (45)

Replacing the terms of errors, we get:

. . Via Ry : Viy Ry
V=er|(Ifa)a+ ﬂ T Ira— wsffq] + e2 [(ffq)d + L+

Vs
Tf fIfq +wSIfd q] 46)

Ly

Finnaly, the control voltages is given by:

. R;
Vfd = —Lf (Ifd)d + Ifd — wélfq + kieq
Lf 47)

Viq
Ifq —i—wslfd - =2 ]{?262]

qu = _Lf {(ij) L

Lf

Where k1 and ko are positive constants.
Block diagram of the RSC control is presented in figure (6).
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Figure 6. Backstepping control of the GSC Figure 7. Circuit Diagram of boost converter

4.3. Control of PV subsystem

In a DC-DC Boost converter, the average output voltage V,,,; is greater than the input voltage V;,, [11]. Boost
Converter mainly consists of one inductor and two switches (usually a transistor switch and a diode) as shown in figure

).

The output voltage of boost converter is given by:

Vin
1-D

Vout = (48)
While D is the duty cycle.

The commonly used control technique of the PV subsystem is the MPPT method that acting on the duty cycle
automatically of the boost converter to bring the PV at its optimum operating value whatever the weather instability
or sudden variations in loads that can occur at any time as presented in the figure.9. The classical MPPT technique is
the P&O algorithm which consists of creating a perturbation by decreasing or increasing the duty cycle of the boost
converter and then observing the direction of power change in the PV output. If the PV power increases, the direction
of perturbation is maintained. Otherwise, it is reversed to resume convergence towards the new maximum power
point.The flow chart of the P&O algorithm is shown in Figure (8).

4.4. DC bus voltage control

By neglecting the converter losses, In subsynchronous mode the flow of powers is written as [12]:
Pf:PC+Pr7Pp'U (49)

Where P, = Vi, is the power in the DC bus.

By adjusting the power Py , it is possible to control the power P, in the capacitor and therefore to regulate
the DC bus voltage (Figure 10).
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Figure 8. Flow chart of Perturb and observe algorithm
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Figure 9. MPPT control of PV Figure 10. Control loop of the DC bus voltage

5. SIMULATIONS RESULTS

Simulations are made using Matlab/Simulink. In the following, we present the results for variable speed
which is illustrated in figure (11a) representing subsynchronous and hypersynchronous modes, with irradiance 1000
W/m? and temperature 298 K.
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Figure 12. Simulation results for HRES for constant wind speed (12.5 m/s) and variable irradiance

Figure (11b) shows that the reference DC bus voltage of hybrid system. This justifies the efficiency and the
reliability of the DC bus control loop in tracking the predicted references. Figure (11c) shows that 25% of the power
injected to the grid passes by the power converter. As well the grid power Py is equal to the sum of the stator power
P, the rotor power P,, and the PV power P,,.

Figure (12) shows the simulation results for a constant wind speed and variable irradiance. As shown by
figure (12b), the DC bus voltage is well regulated. Figure (12c¢) illustrates the variations of the PV, wind and hybrid
powers during the seek of the new maximum power point. For a constant wind speed and variable irradiance the
system produces the maximum power (Ps + P, + P, = F,). The power supplied to the grid is the sum of wind and
photovoltaic sources.

6. CONCLUSION

This paper examines a wind/PV hybrid energy system. The first subsystem consists of a wind system based
DFIG, and the second consists of a photovoltaic generator PV.

Backstepping Control of wind and photovoltaic hybrid Renewable Energy System
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Figure 11. Simulation results for HRES for variable wind speed and constant irradiance

The wind energy system comprises two converters connected by a DC bus voltage allowing the exchange of
power flowing between the grid and the machine. We used the non linear backstepping technique to control the RSC
and GSC converters. The DC bus collects the energy generated by the two subsystems. The DC-DC boost converter
is integrated with a PV generator and used to transfer the produced power to the grid through GSC. A MPPT strategy
is used to extract the maximum power of the PV by adjusting the duty cycle of the boost converter.

Simulation results using Matlab/Simulink present the robustness against wind speed and irradiance variations.
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