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Abstract— In recent years, the advancement of power 

electronics made possible efficient distributed power generation 

using multiple renewable sources, such as solar and wind. 

Typically, those systems sold commercially have one individual 

inverter for each power source, which is responsible for a major 

part of the whole system budget. One integrated inverter for 

both power sources has the advantage of a simpler circuit 

structure and lower system cost. The objective of this paper is to 

study the response and each module of a DC coupled solar/wind 

hybrid power system: the PV panels; permanent magnet 

synchronous generator (PMSG) wind turbine with full wave 

diode rectifier; DC-DC Boost converters; full-bridge DC-AC 

grid tied inverter; line filter. The whole system is simulated 

using Matlab/Simulink Powersys library. The response was 

analyzed under different power input scenarios, based on the 

amount and quality of active power delivered to the grid. 

 
Index Terms— Hybrid power systems, MATLAB, Power 

system simulation, Solar power generation, Wind power 

generation. 

I.  INTRODUCTION 

 HE growing energy demand coupled with the reduction 

in the supply of conventional fossil fuels and the growing 

concern for environmental preservation, has driven research 

and development of alternative, cleaner, less polluting, 

renewable energy sources that produce little to no 

environmental impact. With the rapid growth of power 

electronics and government incentives to renewable energy 

generation [1], wind and photovoltaic (PV) power generation 

systems are becoming the most prominent growing 

technology, especially in Brazil [2]. The inherent changing 

nature of both wind and solar energy make them 

complementary energy sources.  Therefore, a hybrid 

PV/Wind power generation provides a more reliable power 

source, in terms of continuous power flow to the load. In 

order to continuously draw the maximum power out of the 

two sources, a battery bank or a grid connection is necessary. 

 For a distributed generation system, the grid 

synchronization is not only a prerequisite, but also serves as 

a “virtual battery”, providing of the possibility of selling back 

the excess energy generated in the form of reductions in 

future energy bills [1]. 

 Distributed generation has the advantage of generating 

energy close to consumption, reducing technical losses in the 

system compared to centralized generation, and in addition, 

small renewable distributed generation systems can be 

installed on residential roofs and spaces, dispensing the costs 

associated with the acquisition or lease of land related to large 
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centralized power generation  [3]. 

Regarding hybrid renewable energy systems (HRES), it is 

common to find in the literature the use of a dedicated inverter 

for each different power source [4]-[5]. An alternative 

approach is to use the multi-input inverter for combining PV 

and Wind energy sources in the DC bus, instead of linking 

different inverters into the AC grid bus [6]-[7], simplifying 

the hybrid PV/wind power system and thus reducing the 

costs. 

The objective of this paper is to study the modeling and 

simulation, inside the environment of Matlab/Simulink, of a 

residential scale hybrid PV/Wind distributed power system 

under different power input scenarios. The whole system 

consists of: 1) PV module, 2) permanent magnet synchronous 

generator (PMSG) wind turbine with full wave diode 

rectifier, 3) two interleaved boost converters with individual 

MPPT control, 4)DC link filter, 5) multi-input grid-tied 

inverter, 6) line filter. Further control methods and auxiliary 

protection circuits are also discussed. 

 

II.  OPERATION PRINCIPLES OF HYBRID WIND/PV POWER 

GENERATION SYSTEM 

The simplified schematic diagram of the multi-input 

hybrid system is shown in Fig. 1. It consists of two 

interleaved boost converters and a full-bridge DC/AC 

inverter.  

The input DC voltage sources VPV and VW are the output 

voltages of the PV array and the rectified wind turbine, 

respectively. With the usage of pulse-width modulation 

(PWM) control scheme with appropriate MPPT algorithms to 

the power switches Q1, Q2, Q3, Q4 it is possible to draw 

maximum power from both sources individually or 

simultaneously.  

The control of the DC bus voltage and input-output power 

flow is made by the DC link capacitor, acting as a power 

buffer, and the DC/AC inverter.  

The inverter will balance the power flow of the system, 

increasing or decreasing the injected AC current into the 

utility line based on the DC bus voltage.  

The synchronization with the utility line is made through 

a phase-lock loop (PLL), providing a sinusoidal reference 

signal for the sinusoidal PWM (SPWM) switching control of 

the inverter. Details of the operation principle of the system 

are introduced as follows. 
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Fig. 1.  Simplified schematic of the hybrid PV/Wind distributed power generation system. 
 

A.  PV Array 

The PV array module is constructed by many series or 

parallel connected PV cells. Each PV cell is formed by a pn 

junction semiconductor, which in the presence of light 

becomes an electric current source by the photovoltaic effect 

[8]-[9]. The equivalent circuit model of a PV cell is shown in 

Fig.2. Typical output power characteristic curves for the PV 

array under different insolation are shown in Fig.3. From the 

equivalent circuit, the (1) dictates the electric behavior of the 

PV array can be derived. 

 
Fig. 2. One diode electric circuit schematic of a solar cell. 

 

 
 

Fig. 3. Output power characteristic curves of PV array module under 
different insolation at 25ºC. 

 

             I=Np (Iph-I0 [exp (
q(V+RsI

NsAkT
) -1] -

(V+RsI)

NsRsh
)                    (1) 

 

Where I and V are the output current and voltage, Rs and 

Rsh are the series and parallel resistances [Ω]; Np and Ns are 

the numbers of modules connected in parallel and in series; A 

is the diode ideality factor; k is the Boltzmann’s constant 

[m2kg/s2 K]; T is the temperature [K]; Iph and I0 are the photon 

current and reverse saturation current [A] respectively; q is 

the electron charge [C]. 

Therefore, to operate the PV array continuously at 

maximum power point, appropriate control algorithms must 

be implemented into the system [9]. 

 

B.  Wind Turbine 

The wind turbine converts the wind energy into 

mechanical energy, which then runs a generator to generate 

electrical energy.  The mechanical power Pm generated by a 

wind turbine is expressed in (2), (3), (4) and (5) [10]. 

                    Pm=
1

2
ρπR²Vwind

3Cp(λ,β)                                     (2) 

 

  Cp(λ,β)=0.5176 (
116

λi
-0.4β-5) e

-
21
λi+0.0068λ                 (3) 

 

                                   λ=
ωmR

Vwind
                                                     (4) 

 

          
1

λi
=

1

λ+0.05β
-
0.035

β3+1
                                     (5) 

 

Where ρ is the air density [kg/m³], R is the radius [m] of 

the area swept by wind blades, and Vwind is the wind speed 

[m/s]. The turbine power coefficient (Cp) described in (3) is 

the power extraction efficiency of the wind turbine. It is a 

nonlinear function of both the tip speed ratio (λ) and the blade 

pitch angle (β). While the maximum theoretical value of Cp 

(Cpmax) is approximately 0.59, in practicality it lies between 

0.4 and 0.45 [11]. The tip speed ratio λ defined in (4) is the 

ratio of the linear speed of the blade tips to the rotational 

speed ωm (rad/s) of the wind turbine. The Cp-λ characteristics, 

for different values of the pitch angle β, are shown in Fig. 4. 

From equations (1)-(5) and from the graph on Fig. 4, it is 

possible to observe that the maximum value of Cp is achieved 

for β = 0 degree and for λ = 8.1, which is considered the 

nominal value (λnom). Pitch angle control can be applied when 

the output power exceeds the rated value or the maximum 

turbine rotor speed is reached [12]. 

The extracted mechanical power can also be expressed in 

the terms of rotational speed (ωm) and torque (τm) [N·m] (6) 

[13]. The characteristic power curve of a wind turbine is 

shown in Fig. 5. 

 

                                 Pm=τmωm                                                (6) 
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Fig. 4. Cp-λ characteristic curve for different values of pitch angle β. 

 

 
Fig. 5. Characteristic power curve of a wind turbine. 
 

Since there is no need for a gearbox, the mechanical torque 

transmitted to the generator (τg) is the same as the generator 

torque, therefore τm = τg and ωm = ωg. The complexity of the 

mathematical model of the drive train depends on the type of 

the study of the turbine. For example, when the problems 

such as torsional fatigue are studied, dynamics from all parts 

of the turbine have to be considered. For these purposes, two-

lumped mass or more sophisticated turbine models are 

required. However, when the study focuses on the interaction 

between the power generation and AC grids, the drive train 

can be treated as one-lumped mass model for the sake of time 

efficiency and acceptable precision [13]. The torque 

transmission equation for the one-mass drive train is shown 

on (7), where Jeq [kg·m²] is the rotational inertia of the 

generator and turbine combined, B is the damping coefficient 

[Nm/s] and τe is the electromechanical torque [Nm] produced 

by the generator. 

 

                             
dωg

dt
=
τe-τg-Bωg

Jeq
                                 (7) 

 

C.  Permanent Magnet Synchronous Generator 

With the advances in power electronics, the use of PMSGs 

are a crescent trend in large and small scale wind power 

generation systems. The PMSG can operate at variable 

rotational speeds without the use of a gearbox, does not need 

external excitation and has a high efficiency [14], making it 

suitable for residential scale hybrid distributed systems. 

The dynamic mathematical model used for the PMSG is 

based on the following assumptions: magnetic hysteresis and 

saturation effects are negligible; the stator winding is 

symmetrical; damping windings are not considered; the 

capacitance of all the windings can be neglected and the 

resistances are constant (this means that power losses are 

considered constant). The two-axis theory, also called Park 

theory, serves to describe the synchronous machine behavior. 

It features an orthogonal coordinate system with the axes d 

(direct axis) and q (quadrature axis) [15], in which the q-axis 

is 90° ahead of the d-axis with respect to the direction of 

rotation. The d-q model equations of the non-salient PMSG, 

assuming negligible core losses, is expressed in (8) [14] 15]. 

 

{
 
 

 
 

did
dt
=-
Ra
Ld
id+npωg

Lq

Ld
+
1

Ld
ud

diq

dt
=-
Ra
Lq
iq-npωg (

Lq

Ld
id+

1

Lq
λ0)+

1

Lq
uq

              (8) 

 

Where subscripts ‘d’ and ‘q’ refer to the physical quantities 

that have been transformed into the dq-synchronous rotating 

reference frame; Ra is the armature resistance [Ω]; np is the 

number of pole pairs; λ0 is the permanent magnetic flux [Wb]; 

Ld and Lq are the inductances of the generator [H] on d and q 

axis, respectively; ud and uq are, respectively, the d- and q-

axis components of the output voltage of the generator [V]. 

The electromagnetic torque equation is shown in (9). 

 

               τe=1.5np ((Ld-Lq)idiq+iqλ0)                       (9) 

 

D.  Interleaved Boost Converter 

An interleaved boost converter (IBC) cell consists of two 

or more parallel connected boost converters, which are 

modulated by an interleaving method, such that each switch 

operates at the same switching frequency with a phase shift 

of 180º [16]. One additional inductor, diodes and power 

switching device are needed per interleaving cell, thereby 

increasing the cost of the system; however, the power 

converter’s efficiency, size, electromagnetic emission and 

transient response are improved [16]-[17]. The interleaved 

boost converter is suitable for high power applications due to 

ripple cancellation in the input current and the output voltage, 

greatly reducing the switching losses, size and losses of the 

output filter. 

Since the IBC is derived from the single boost converter, 

the steady state characteristics are the same, being able to 

operate in two modes – discontinuous conduction mode 

(DCM) and continuous conduction mode (CCM). This paper 

focuses on the CCM operation, since it allows reductions in 

the input ripple and conduction losses [16], being better 

suited for PV and wind power conversion. The steady state 

equations are shown in (10)-(15). Further studies and analysis 

on the IBC conduction stages are made in [16]-[17]. 

The voltage boost ratio is given by: 

 

                                     
Vo
Vin
=

1

1-D
                                         (10) 

 

where D is the duty cycle of the PWM signal fed to the power 

switches, Vo and Vin are the output and input voltages, 
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respectively. The inductor current is obtained by the input-

output voltage ratio, given by: 

 

                                     IL=
Vo
Vin
Io                                             (11) 

 

where Io is the output current. The inductor current ripple 

peak to peak amplitude is given by: 

 

                                     ΔIL=
VinD

FswL
                                           (12) 

 

where Fsw is the switching frequency [Hz] and L is the 

inductance [H].  

 Connecting the two IBC cells in parallel will make both act 

like pulsating current sources [18]. The voltage transfer ratio 

is the same for multiple input IBC, such that: 

 

                                      Vout=
Vin1
1-D1

=
Vin2
1-D2

                             (13) 

 

where Vin1, Vin2, D1 and D2 are the input voltages and duty 

cycles of their respective IBC cells. 

 Controlling the duty cycle of both IBC cells individually, 

by the usage of MPPT algorithms ensures the continuous 

maximum power harvesting of all power sources. 

 

E.  AC/DC Single Phase Full Bridge Inverter 

The purpose of an inverter is to convert power from the 

DC bus to the AC bus, synchronize the power system with the 

utility grid and control the power flow of the system. The 

inverter generates single-phase AC voltage from the DC bus 

voltage, based on SPWM controlled switching, where the 

reference modulating signal (Vref) is obtained through a phase 

locked loop, for tracking and synchronization of the AC grid 

angular phase position (ωt), and a DC bus control strategy. 

The control strategy focuses on the control of the modulation 

index (m) of the SPWM control, which will be further 

discussed in Section III. To reduce the subharmonics [19], the 

switching frequency is chosen based on an integer multiple of 

the output fundamental frequency of 60Hz. Synchronous 

reference frame control, also called dq control, is used to 

transform the grid current and voltage waveforms into a 

reference frame that rotates synchronously with the grid 

voltage. By means of this, the control variables become DC 

values; thus, filtering and controlling can become more easily 

achieved [20]. The process of generation of the reference dq 

frames can be visualized in the Simulink model blocks in Fig. 

6. 

The modulation ratio is usually yielded by a uniformed 

amplitude triangle (carrier) signal with the amplitude Am, and 

a sinusoidal reference wave of amplitude A. The amplitude 

modulation ratio m for a single-phase inverter is defined as 

follows [19]: 

 

                                         m=
A

Am
                                            (14) 

 

The fundamental [Vrms] component of the inverter output 

waveform is given [19]-[21] as 

 

                                         Vinv=
mVDC

2√2
                                    (15) 

 

For grid synchronization at 220V AC, the inverter control 

has to maintain safety control of the modulation index and the 

DC bus voltage, with safety shutdown triggers for overcurrent 

and overvoltage. Further studies and analysis over the 

functioning and theory of AC/DC inverters are discussed in 

[19]-[21].  

 

 
Fig. 6. PLL and single-phase dq-transform Simulink blocks. 

 

III.  CONTROL TECHNIQUES 

The control of the whole system consists in the 

manipulation of the duty cycles of the PWM signals fed to the 

power switches of the converters. The MPPT strategies are 

processed individually for each power input and a DC voltage 

trend control technique is used to control the power flow of 

the system and ensure continuous maximum power delivery 

to the AC grid. Details of operation of each control strategy 

are discussed as follows. 

 

A.  Perturb and Observe Algorithm 

Perturb and observe (P&O) or hill climbing algorithms are 

the most commonly used tracking methods for the extraction 

of maximum power from PV source. The P&O basic 

algorithm was chosen because of its simplicity, ease of 

implementation and effectiveness [9], [22]. Initially, the PV 

voltage and current values are measured and applied to a 

mean algorithm for increasing smoothing and stability, then 

the mean power value is calculated. The duty cycle of the IBC 

connected to the PV array is perturbed (ΔD), the change of 

power (ΔPpv) is measured and the algorithm climbs towards 

the maximum power point of the PV array power curve. Fig. 

7 shows the Perturb and Observe MPPT flowchart. 
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Fig. 7. Perturb and observe MPPT flowchart. 

 

B.  Optimal Torque Wind MPPT 

By controlling the duty cycle of the PWM signal fed to the 

wind turbine IBC, it is possible to change the power drawn 

out by the wind turbine PMSG. By analyzing the power 

produced by the wind turbine at various wind and rotor 

speeds, as depicted in Fig. 4, it can be observed that an 

optimum power is achieved when the turbine operates at an 

optimal rotational speed (ωopt), which is associated to an 

optimal power coefficient Kopt. If the rotor is running at λnom, 

it will also run at Cpmax. Thus, by replacing λ = λnom and           

Cp = Cpmax into (2), the following expression is obtained [23]: 

 

             Pm_opt= 
1

2
ρπR5

Cpmax

λnom
3

ωm
3 =Koptωopt

3              (16) 

 

And by using the relation between power and torque in (6), 

the optimum torque can be described as follows: 

 

              τopt= 
1

2
ρπR5

Cpmax

λnom
3

ωm
2 =Koptωopt

2                  (17) 

 

where the optimum power coefficient Kopt is calculated from 

the analisys of each individual wind turbine characteristics. 

Using a proportional-integral controller to track the optimal 

torque, it is possible to control the optimum duty cycle of the 

IBC. Inside the Matlab/Simulink environment, it is simple to 

estimate Kopt and measure the output torque of the wind 

turbine, but for practical applications, several tests under 

different wind and rotational speeds should be made to 

achieve similar results. Fig. 8 illustrates the MPPT technique 

with Simulink blocks. A first-order low-pass filter was used 

for smoothing purposes. 

 
Fig. 8. Optimal torque wind turbine MPPT Simulink model. 

C.  DC Bus and DC/AC Inverter Control 

The DC bus voltage regulation is based on the DC bus 

voltage change-trend (ΔVDC) instead of the voltage value 

itself This way, the DC bus voltage can be regulated, the 

power quality of the injected AC current to the grid can all be 

improved, and the DC filter capacitor size can be reduced, 

compared with other DC regulation strategies [23].  

The purpose of the DC bus filter capacitor CDC is to buffer 

the energy differences between the input power sources and 

the output load. Therefore, the DC bus capacitor voltage 

change can be expressed by the integration of the difference 

of power over a period of time [23] as follows: 

 

                     
1

2
CDCΔVDC

2 =∫|Pin̅̅ ̅-Pout̅̅ ̅̅ ̅| dt                            (18)  

 

 When the capacitor voltage increases, it implies that the 

input power is larger than the output power. When the 

capacitor voltage decreases, it means that the output power is 

larger than the input power.  

 The objective of the strategy is to maintain the DC bus 

voltage between a hysteresis band, with high bound VDCmax 

and low bound VDClow. The boundaries of the hysteresis are 

chosen specifically so that the modulation index of the 

inverter stays close to unity, to reduce the harmonics contents 

related to low modulation indexes [26], [28]. If the DC bus 

voltage is inside the hysteresis band, the injected AC current 

remains unchanged. If the DC voltage bus is higher than 

VDCmax and the ΔVDC is positive, the injected AC current is 

increased. If the DC voltage bus is lower than VDClow and 

ΔVDC is negative, the injected AC current is decreased. The 

conceptual diagram of the strategy is shown on Fig. 9 [23]. 

 The adjustments on the injected AC current occurs only 

in a specific time segment, synchronized with the grid 

fundamental frequency. This way, the injected AC current 

becomes very stable and the power quality is improved. 

 The control of the injected AC current into the grid is 

based on a dq-reference current frame. All the adjustments 

are made on the d-frame, while the q-frame is set to zero, so 

only active power is delivered to the grid. 

 

 
Fig. 9. Conceptual diagram of the DC bus control strategy. 

 

Where the periods represent: 

T-: iac_ref (n) = iac_ref (n-1)+Δi; 

T=: iac_ref (n) = iac_ref (n-1); 

T+: iac_ref (n) = iac_ref (n-1)-Δi; 
 

 The AC reference dq-frame is then fed to a current 

regulator with PI and feedforward control, as well as the 

synchronized PLL voltage and current dq values, to calculate 

the reference voltage values and generate the sinusoidal wave 

reference for the SPWM modulator. The details of the current 
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regulator and SPWM reference wave generator can be seen 

on their respective Simulink models on Fig. 10 and Fig. 11. 

 
Fig. 10. Simulink model for the current regulator with feedforward. 

 
Fig. 11. Simulink model for the SPWM wave reference generator (Uref). 

 

IV.  SIMULATION AND RESULTS 

The Power Systems library from Simulink allows to 

discretize and simulate the electrical domain. To make that 

possible, the discrete time steps have to be defined 

beforehand. The Simulink model of the whole system is 

shown on Fig. 13. 

The simulation discrete step size and the switching 

frequency of the whole converter was chosen based on integer 

multiple of the fundamental grid frequency of 60Hz, this way 

minimizing simulation errors. The discrete time step of the 

power domain was set to 5.0505e-6 seconds 

(1/(3300*60Hz)), and the control time step, used for the 

sampling and algorithm processes, was set to 5.0505e-6 

seconds (10 times the power domain time step). To run the 

simulation during acceptable time and precision, a relatively 

low switching period was chosen (1980Hz), and for that large 

capacitors and inductors had to be used. For real applications, 

the switching frequency can be increased up to ten times this 

value, thus reducing the size of inductors and capacitors of 

the system. 

 

 

 

 

TABLE I 

SOLAR ARRAY MODULE PARAMETERS 

Parameter Value 

Rated Module Output Power, Pmod 260W 

Short Circuit Current, ISC 8.99A 

Open Circuit Voltage, VOC 37.8V 

Voltage at Maximum Power, VMP 30.7V 

Current at Maximim Power, IMP 8.48A 

Number of cells in series, NS 60 

Number of modules in series, NM 5 

Total Rated Output Power, PPV 1300W 
 

TABLE II 
WIND TURBINE PMSG PARAMETERS 

Parameter Value 

Rated Output Power, Pwind 1400 W 

Nominal Wind Speed, Vwind 10 m/s 

Rated Rotational Speed, ωwt 300 rpm 

Damping Coefficient, B 0 N·m/s 

Inertia coefficient, JEQ 4 kg·m² 

Stator phase resistance, Rs 0.005 Ω 

Stator d-axis Inductance, Ld 7.552 mH 

Stator q-axis Inductance, Lq 8.348 mH 

Magnets flux linkage consntant, λ0 0.34458Wb 

Number of pole pairs, p 8 

 
TABLE III 

POWER ELECTRONICS SYSTEM PARAMETERS 

Parameter Value 

Switching frequency of all converters, Fsw 1980Hz 

Line to line RMS grid voltage, Vgrid 220V 

DC Bus upper limit, VDCmax 380V 

DC Bus lower limit, VDCmin 330V 

Injected AC current control adjustment, Δiac 0.05 

IBC Inductors, L1 and L2 1 mH 

DC Bus capacitor, CDC 3 mF 

Grid line frequency, Fnom 60 Hz 

 

 

 

 
Fig. 12. Waveforms of the output voltage and current of the DC/AC inverter. 
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Fig. 13. Simulink model of the PV/Wind hybrid distributed generation power system 

 

 
 

 
 a) 

 
 

 
b) 

Fig. 14. Nominal output results; a) Active power generated and injected to 

the grid; b) Injected AC current into the grid and variation of DC bus voltage. 

 
 

 

 
 

 

 
 

 
a) 

 
b) 

Fig. 15. Results under stop of wind source; a) Active power generated and 

injected to the grid; b) Injected AC current into the grid and variation of DC 
bus voltage. 
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a) 

 

 
b) 

Fig. 16. Results under stop of solar insolation; a) Active power generated and 

injected to the grid; b) Injected AC current into the grid and variation of DC 

bus voltage. 
 

As can be seen on Fig. 15 to Fig. 17, the variations on the DC 

bus voltage only affect the output current when it gets out of 

the hysteresis limit, otherwise the current stays stable as can 

be seen on Fig. 12. Adjustments on the AC current are only 

made once per cycle, if necessary, until the DC voltage starts 

to decrease/increase towards the hysteresis band. The total 

harmonic distortion (THD) of 30 cycles of the stable current 

can be seen on the fast fourier transform (FFT) graphic on Fig 

18. If the current is stable, the THD also is, increasing only 

for a brief instant when the current is adjusted. 
 

 

 
a) 

 

 

b) 
Fig. 17. Results under sudden wind speed variations; a) Active power 

generated and injected to the grid; b) Injected AC current into the grid and 

variation of DC bus voltage. 
 

  

 
Fig. 18. Fast fourier transform of 30 cycles of injected current into the AC 

grid. 
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V.  CONCLUSION 

The obtained results of the system simulation are similar 

with results of both simulation and physical prototypes found 

in the literature. A buck-boost multi input inverter, developed 

using the same DC voltage bus strategy, showed very similar 

steady state behavior [23]-[24]. The stable output power of 

the PV array and the wind turbine at maximum power point 

showed similar results with other IBC based renewable 

energy systems [16]-[17]. This paper was able to validate the 

results found in the literature and provide a working model to 

test the system under different power input variables. 

The objective of this work was to study all the steps of an 

approach to integrate both wind and PV power into the same 

converter. The results were satisfying, meeting the power 

quality regulations of both IEEE [25] and Brazilian 

government standards [26]. The developed model also 

provides a powerful tool for real projects. Local weather data 

may be provided as input, and components parameters, such 

as losses and non-linearities, can also be simulated. Future 

work will consist in improvement of the model for real 

weather applications and prototype building for validation. 
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