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In this paper, we study the unbalance problem of the input Direct Current (DC) voltages 
of the five-level neutral point clamping (NPC) voltage source inverter (VSI) used in 
hybrid renewable energy system. The hybrid system is composed of doubly fFed 
induction generator (DFIG) driven by wind turbine, the rotor is connected to three five-
level NPC VSI feed by photovoltaic voltage source. We show particularly the problem 
of the instability of the DC voltages of the inverter and its consequence on the 
performances of the DFIG. Then, we propose a solution by using fuzzy logic technique 
in closed loop regulation. We add clamping bridge to stabilize the four DC input 
voltages of the five-level NPC. The results are full of promise to be used to stabilize the 
input DC voltages of the five-level NPC VSI in this kind of application. 

1. INTRODUCTION 

In the last decade, the wind energy maintains a growth of 30 % per year [1, 2]. 
In Algeria, the wind reaches intensities around 6 to 7 m/s in the regions of the 
South-West, this speed is enough to power generation of high power that can be used 
for domestic consumption. Moreover Algeria has bigger solar radiation, specifying 
that the average duration of period of sunshine exceeds the annual 2 600 hours to 
reach nearly 3 500 hours of sunshine in the dessert of Sahara.  

Hybrid system which consists of wind energy and solar photovoltaic (PV) is 
realized to obtain a parallel functioning of these two sources, and to ensure the 
training of the DFIG and to generate maximum power with best efficiency [1, 2]. 

In this paper, we aim to solve the problem of instability caused by the 
fluctuations at the input voltages resulting of using multilevel inverter with five-
level NPC structure. We propose the use of feedback loop to regulate the total 
average DC voltages of the inverter by using fuzzy logic control (FLC) and 
equalizing the DC capacitor voltages in all the levels by using a clamping bridge. 
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2. PRESENTATION OF HYBRID PHOTOVOLTAIC-WIND SYSTEM  

The schematic presentation in its simplest form of the hybrid energy conversion 
system proposed is given in Fig. 1. This system consists of following elements: a 
doubly fed induction generator (DFIG), a wind turbine, a photovoltaic generator 
and an inverter of five-level NPC VSI. 

 
Fig. 1 – Schematic illustration of the hybrid chain energy conversion. 

The wind turbine converts the kinetic energy of wind into mechanical energy, 
which is transformed in electrical form by the DFIG and transmitted to the 
network. The rotor of the DFIG is connected to an inverter of five-level NPC VSI ; 
the inverter is fed by the whole photovoltaic generator (PVG) and DC-DC converter. 
The choice of the multilevel converter is to synthesize a sinusoidal form of the 
voltage with less harmonic distortion. However, it presents a fluctuating potential 
of mid-point inducing instability of its input voltages, and then instability of its 
output voltages. Different PWM algorithms of the five-level NPC VSI are possible, 
the best one is the vector modulation strategy with four bipolar carriers [3, 4].  

3. MODELING OF THE HYBRID SYSTEM 

3.1. MODELING OF THE AEROTURBINE 

The aeroturbine is composed of three pales of length R on one tree, a turbine and 
a gearbox with a gain G [1, 2, 5]. The generator shaft is modeled by the following 
equation: 
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where: J is the total inertia of rotating parts (kg·m2); f – the viscous friction 
coefficient ; Cem – the electromagnetic torque of the generator (N·m); Cg is the 
mechanical torque in the output of multiplier; Caer is the aerodynamic torque of 
the turbine; G – the gain of the multiplier; Ωmec – generator speed; Ωtur – 
turbine speed. The aerodynamic power recovered at the rotor of the turbine Paer is: 

 ( ) 3
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2
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The power coefficient Cp, is the aerodynamic efficiency of the turbine. Its 
theoretical limit is given by the Betz limit. In our case the power coefficient Cp and 
the speed ratio λ are defined by the following equation [2]: 
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in which: 
1β

0.035
β0.008λ

1=λ 3 +
−

+i , where: C1 = 0,5176, C2 = 116, C3 = 0.4, C4 = 5, 

C5 = 21, C6 = 0.0068, and ß is the pitch angle, ν is the wind speed. 

3.2. MODELING OF THE DFIG 

The modeling of the DFIG in the frame of Park is given as follow [2, 5]: 

 ds s ds ds s qs

qs s qs qs s ds

d φ ω φ
d
d φ ω φ
d

V R i
t

V R i
t

⎧ = + −⎪⎪
⎨
⎪ = + +
⎪⎩

 
( )

( )
.

φωωφ
d
d

φωωφ
d
d

drrsqrqrrqr

qrrsdrdrrdr

⎪
⎪
⎩

⎪⎪
⎨

⎧

−++=

−−+=

t
iRV

t
iRV

 (6) 

Flux-currents relations are given by: 
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where: Rs is stator resistance, Rr – rotor resistance, Ls is stator inductance, M – 
mutual inductance, dsφ , qsφ are respectively direct and quadrature stator flux, rdφ , 

φqr are respectively direct and quadrature rotor flux, dsi , sqi are respectively direct 

and quadrature stator current, rdi , rqi are respectively direct and quadrature rotor 
current, p – number of pair poles, ωr , ωs – angular speed respectively of rotor and 
of stator. 

3.3. MODEL OF SOLAR PHOTOVOLTAIC 

Several models of photovoltaic cells exist [3, 6, 7, 8]. In this paper, we chose the 
model of two exponential as shown in Fig. 2 [3, 7]. 

 
Fig. 2 – Model of a two-exponential solar cell. 

The characteristic equations of a photovoltaic panel consisting of Ns cells 
connected in series are given as follow [3, 7]: 
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2 KA/Cm1092 ⋅= .K , where : I and V are current and output voltage of the 
photovoltaic cell; Iph is the photo-current product; IS1 and IS2 are the saturation 
currents of diodes; A1 and A2 are the factors of purity of the diode (A1 = 1 and A2= 2); 
RS and RP are respectively the series resistance and parallel resistance; T is the 
absolute temperature in Kelvin; q – the elementary charge constant; K – the 
Boltzmann constant; Eg – the energy band of semi-conductor. 
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3.4. MODEL OF DC BUS 
Fig. 3 shows the structure of the DC bus [9]. The model of this DC bus is 

defined as follow: 
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Fig. 3 – Structure of the DC voltages bus. 

4. POWER CONTROL OF THE DFIG 

In Park model, the active and reactive powers of DFIG are written [1]: 
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By orienting the stator flux on d-axis: фds= ф , фqs=0 [1, 5], which makes the 
electromagnetic torque and consequently the active power, only dependent on rqi , 
for the machines of large power, the resistance of the winding statoric Rs being 
neglected. From equation (6–8, 11) we can obtain [1, 2, 5]: 
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From (6–8), the rotor voltage can be rewritten[1, 2, 5]: 
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It is possible to describe the control of this system by Fig.4 [1]. 

 
Fig. 4 – Block scheme of the structure of indirect control by stator flux orientation. 

6. PROBLEM OF FLUCTUATION 
IN DC BUS 

Several works [9, 10] raised problems of fluctuation at the input voltages of 
the inverter of five-level NPC structure inducing instability of the voltages 
supplied. The unbalance of the different DC voltages sources of the five-level NPC 
VSI constituted the major limitation for the use of this power converter [9].  

We propose solutions which use feedback control by a regulation in closed 
loop control using fuzzy logic regulation. The clamping bridge is added to improve 
the regulation. 

6.1. FUZZY LOGIC METHOD  

6.1.1. PRINCIPLE 

The principle of fuzzy control is based on the following three blocks: 
Fuzzification of input variables which are defined by linguistic variables (fuzzy sets or 
subsets), then the Inference where these variables are compared with predefined 
sets to determine appropriate response. And finally Defuzzification, to convert the 
subset fuzzification in values, using the centroid defuzzification. The basic structure of 
our fuzzy controller is shown in Fig. 5 [3, 11, 12]. 
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Rules of fuzzy controller 
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Fig. 5 – Basic structure of fuzzy controller.  

The error E and change of error CE, at sampling instants k, are defined as follows: 
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Ppv(k) and Vpv(k) are respectively the power and voltage of PVG. The G(E), 
G(CE), G(dd) are adaptation gain of our controller.  

The input E(k) shows if the load operation point at the instant k is located on 
the left or on the right of the maximum power point on the PV characteristic, while 
the input CE(k) expresses the moving direction of this point. The fuzzy inference is 
carried out by using Mamdani method. The defuzzification uses the centre of 
gravity to compute the output of the fuzzy logic controller which is the duty cycle:  
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where – (µ(Dj) membership function of duty cycle D for point j ; Dj – duty cycle D 
for point j). 

Table 1 shows one of possible control rules base. The rows represent the error 
change CE and the columns represent the rate of the error E. Each pair (E, CE) 
determines the output level corresponding to D, 

Table 1 

Rules base of fuzzy logic controller  
    CE 
E 

NB NS ZE PS PB

NB ZE ZE PB PB PB
NS ZE ZE PS PS PS
ZE PS ZE ZE ZE NS
PS NS NS NS ZE ZE
PB NB NB NB ZE ZE

where: NB is negative big, NS – negative small, ZE – zero, PS – positive small and 
PB – positive big. These acronyms are labels of fuzzy sets and their corresponding 
membership functions are depicted in Fig. 6 [3]. 
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Fig. 6 – Membership functions of: (a) error E; (b) change of error CE; (c) duty ratio D. 

6.1.2. FEEDBACK CONTROL OF FIVE-LEVEL NPC INVERTER 

To alleviate the problem of the instability of the input DC voltages in the 
five-level NPC inverter, we propose to use a fuzzy logic regulator. The principle of 
this controller is the same as developed before, where error E and change of error 
CE are the inputs and Icref is the output 
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4321 +++
= , (16) 

where Uref – reference voltage corresponding to the average input voltage of the 
inverter; Ucmoy: average input voltage of the inverter; E – error of the two voltages 
(reference average voltage and the average voltage); CE – variation of the error E 
between the moment k and the moment k – 1.The general principle enslavement of 
five-level inverter is given by Fig. 7. 

 
Fig. 7 – Enslavement algorithm of output voltage of five-level inverter. 

6.2. INTRODUCTION OF CLAMPING BRIDGE CIRCUIT 

This circuit is composed of transistor and a resistor placed in series across each 
capacity of the DC bus, Fig. 8 [9, 10].  

 
Fig. 8 – Structure of the capacitif filter with clamping bridge. 
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The control algorithm of the clamping bridge is given by [10]: 

 ci      ri ci
p

if  200  else  0   ( =1÷4).  i  

Ui T U i
R

= ≥  (17) 

7.  SIMULATION RESULTS  

The wind profile used in our model is shown in Fig. 9. The application of this 
profile in our system shows that the variation of the mechanical speed of the 
generator, which turns at 157 rad/ s, or around 1 500 rpm.  

 
Fig. 9 – Wind profile model applied with mechanical speed of the generator. 

Figure 10 shows perfectly the problem of the unbalance of the four voltages 
of the DC bus. Voltages are increasing. 

 
Fig. 10 – The DC bus voltages and their differences without clamping bridge. 

By using the clamping bridge as a technique of stabilisation, we notice from 
Fig. 11, that the input voltages of the five-level NPC VSI stabilise around 220V.  
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Fig. 11 – The DC bus voltages and their differences 

with clamping bridge. 

Figure 12a shows important undulations of the current, torque (undulations 
due to the instability of the rotor voltages) and Fig. 12b shows that the undulations 
on the performances (torque and current) disappear after introduction of the clamping 
bridge. 

 
Fig. 12 – The performances of DFIG: A) without clamping bridge; 

B) with clamping bridge. 
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8. CONCLUSION 

In this paper, we have shown the effect of the instability of the DC voltages 
on the performances of the DFIG using in wind-photovoltaic system. The use of 
multilevel inverter system has two roles: form a sinusoidal shape and minimize the 
amount of harmonic distortion. The simulation results have shown the instability of 
the rotor voltages due to the instability of input voltages of the multilevel converter. 
The regulation of these voltages is provided by the fuzzy logic technique. The 
application of the fuzzy logic regulation has stabilized the input average voltage of 
the inverter but not each input voltages. The addition of Clamping Bridge gives the 
perfect stabilization of the input voltages of the five-level NPC VSI. These solutions 
improve the overall performances of the DFIG. 

APPENDIX 

DFIG: P = 7.5 kW; 220/380V– 50 Hz ; 15/8.6 A ; 1450 rpm ; J = 0.3126 kg·m2 ;  
f = 0.00673 N·m·s/rad; P = 2 ; Rs =1.2 Ω ; Rr = 1.8 Ω ; Ls = 0.1554 H ; Lr = 0.1568 H; 
 Pref  = –5000 W, Qref = 0 var, Cr = – 49Nm. 

Turbine: R = 3 m ; G = 5.4 ; J = 0.0017 kg ·m2 ; f = 0.0024 Nms/rad. 
Filter: C1= C2 = C3 = C4= 20 mF ; Uref  = Ucref = 200 V ; Rp = 10 Ω ; fp = 2 kHz. 

Received on February 15, 2013 
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